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ABSTRACT: We consider a family of perturbative heterotic string backgrounds. These are
complex threefolds X with ¢; = 0, each with a gauge field solving the Hermitian Yang-Mill’s
equations and compatible B and H fields that satisfy the anomaly cancellation conditions.
Our perspective is to consider a geometry in which these backgrounds are fibred over a
parameter space. If the manifold X has coordinates x, and parameters are denoted by
y, then it is natural to consider coordinate transformations x — Z(z,y) and y — 7(y).
Similarly, gauge transformations of the gauge field and B field also depend on both x and y.
In the process of defining deformations of the background fields that are suitably covariant
under these transformations, it turns out to be natural to extend the gauge field A to a gauge
field A on the extended (z,y)-space. Similarly, the B, H, and other fields are also extended.
The total space of the fibration of the heterotic structures is the Universal Geometry of
the title. The extension of gauge fields has been studied in relation to Donaldson theory
and monopole moduli spaces. String vacua furnish a richer application of these ideas. One
advantage of this point of view is that previously disparate results are unified into a simple
tensor formulation. In a previous paper, by three of the present authors, the metric on the
moduli space of heterotic theories was derived, correct through O(a'), and it was shown
how this was related to a simple Kéhler potential. With the present formalism, we are able
to rederive the results of this previously long and involved calculation, in less than a page.

KEYWORDS: Superstring Vacua, Superstrings and Heterotic Strings

ARX1v EPRINT: 1810.00879

OPEN AccEss, (© The Authors.

Asticle funded by SCOAP?. https://doi.org/10.1007/JTHEP02(2019)038


mailto:candelas@maths.ox.ac.uk
mailto:delaossa@maths.ox.ac.uk
mailto:j.mcorist@surrey.ac.uk
mailto:r.sisca@surrey.ac.uk
https://arxiv.org/abs/1810.00879
https://doi.org/10.1007/JHEP02(2019)038

Contents

1

Introduction

1.1 Outline of the article

1.2 Some notation and terminology

1.3 A short summary of covariant derivation

The fibration X

2.1 Defining X

2.2 Tangibility of forms

2.3 Differential calculus on X

2.4 Derivatives of tensors

2.5 The Frolicher-Nijenhuis bracket

2.6 The metric and complex structure on X

2.7 The connection ¢, as the shift, and the extrinsic curvature of X,

The universal geometry U
3.1 The extension of A

3.2 The extension of B and H
3.3 The extension of dw

3.4 The relation H = d“w, Bianchi identity and second order relations

Using X to deform connections on Tx

4.1 The covariant derivative of ©

4.2 A two-parameter family of connections ©(¢*) on X
4.3 The covariant derivative of ©(¢*)

4.4 The contribution of ©,0 to the moduli space metric
Deriving the moduli space metric from its Kidhler potential

Heterotic geometry
A.1 Some differential geometry
A.2 Heterotic action and supersymmetry variations

A.3 The background field expansion

The [ and © symbols
B.1 The I' symbols for the Levi-Civita connection

The Nijenhuis tensor for X

Some examples: deformations of w and  within X
D.1 The hermitian form w
D.2 The holomorphic form 2

0 N o =

© @

11
12
14
15
15
18

20
21
24
25
26

27
28
28
31
32

32

34
34
35
37

38
39

40

42
42
42




Nullum autem est, nisi quod animus ex se sibi invenit.
There can be no good except for what the soul discovers for itself within itself.
Seneca the Younger

1 Introduction

Heterotic geometry is the geometry associated with the moduli space of a heterotic vacuum
of string theory. The geometrical background, associated with a vacuum, is understood,
at large volume, as R13x X, where X is a complex 3-dimensional manifold with vanishing
first Chern class. This geometry is endowed with a holomorphic vector bundle £ — X,
admitting a connection A that satisfies the Hermitian Yang-Mills equations

9" Fup = 0. (1.1)

Also important are background values for the Kalb-Ramond field B and its field strength H,
which satisfy appropriate field equations and anomaly cancellation conditions. Heterotic
geometry is the analogue of the special geometry of Type II vacua.

We term the tuple ([X,w,Q],[E, 4], [Zx, 0], H) a heterotic structure and label it by
Het. The data of the heterotic structure includes the connections A and © on the bundles
E and Tx respectively as well as the hermitian form w and the complex structure .J of X,
or equivalently the holomorphic (3, 0)-form €.

The metric on the moduli space of heterotic supergravity metric was computed, correct
to O(a') (i.e. the error is O(a'?)), in [1] by a dimensional reduction of heterotic supergrav-
ity. This metric has to be Kéhler as a consequence of supersymmetry. It should not be
surprising, therefore, that verifying that the moduli space is in fact Kéhler requires taking
into account the relations between H, the connection on the bundle £, and the hermitian
form w on X, since these relations follow from both the anomaly cancellations condition
and the requirement of supersymmetry.

Let us recall these essential conditions. The anomaly relation yields a modified Bianchi
identity for H.

\
<mz—%@uﬁyqum», (1.2)
while the supersymmetry relation takes the form®
1
H=d%, d°w= gjmJ”Jp(dw)mnp. (1.3)

In the above equations R is the curvature two-form. We denote by ™ the real coordinates
of X and the holomorphic coordinates by (z#,z”). The vector-valued form J™ = .J,,"™da"
is a 1-form constructed from the complex structure. In the following we will generally omit
the wedge product symbol ‘A’ between forms, unless doing so would lead to ambiguity.

!The right hand side of this relation is often written in the form i(9 — 8)w. However we prefer to write
this in “real form” since this makes the calculation of the derivative of the relation with respect to the
complex structure parameters more transparent.



These equations already imply that the moduli space has a recondite character, since
the deformations of F', w and H are intricately related. By contrast to the case of type II
vacua, where the roles of the complex structure parameters and the Kéahler class parameters
are strictly separated, there seems to be no useful distinction, in the heterotic context,
between what are conventionally labelled the complex structure moduli, hermitian moduli
and bundle moduli.

The deformations of a heterotic structure, within a given topological class, correspond
to the points of the moduli space M, which is itself a complex manifold. This has real
coordinates y* and complex coordinates (y©, yﬁ).

We think of the heterotic structures as fibred over M and denote the total space by
U. This is the universal bundle of the title. The fibration U is of course distinct from the
holomorphic vector bundle ‘E, which is part of the heterotic data of each fiber of U. Thus
we have the diagram

Het —— U

l : (1.4)
M

The purpose of this article is to show that considering this structure is worthwhile.
Before entering into technical matters it may be helpful to indicate why this might be
expected to be the case. To start, consider for example the deformation of a manifold,
which is part of our data. In general relativity one often thinks of a three-geometry that
evolves in time. We think of time as a parameter which governs the evolution. More
generally, a manifold may depend on a number of parameters so there are a number of
‘times’. A minor, but still counter-intuitive matter to a physicist, is that whereas the
time axis almost always proceeds upwards in diagrams, in the fibre bundle language the
parameter space is the base of the fibration and is invariably drawn horizontally while the
different manifolds are the fibers and are drawn vertically. Thus time evolves sideways.

Let us take another analogy with non-relativistic electrodynamics. The fields E and B
reside in R3 and evolve in time. Of course, if we pass to the four-dimensional description
of relativistic dynamics, time is included as one of the coordinates. The vectors of R3, are
now no longer covariant under the enlarged symmetry group of SO(1,3). Instead E and B
come together into a two-form F),, that transforms covariantly under the larger group.

To see how a ‘larger group’ arises in the present context, consider the Yang-Mills gauge
field A, that is present in a heterotic vacuum. It is subject to gauge transformations

A= *A=0A07' —doo . (1.5)

Since we wish to consider deformations of the gauge potential, the gauge function & is
naturally a function of both the coordinates of xz of X and the parameters y of M. It is
convenient to define a covariant derivative D, A, which transforms homogeneously under
gauge transformation. In order to do this in a way which takes into account the parameter
dependence of the gauge transformations, one introduces also a connection A = A, dy® on
the moduli space that transforms in a manner parallel to A

A— PN, =DAP - 9,007, (1.6)



The covariant derivative contains the two connections A and A
DyA = 0,A —dal,, (1.7)
where d 4 denotes a covariant outer derivative operator
dalAe =dAs + [A, Al].
Under a gauge transformation we see that the covariant derivative D, A is indeed covariant
D,A—®D,A=dD, AP

There are certain useful identities, that can be derived in a straightforward manner
that relate to this covariant derivative. Consider, for example, these two

da(DyA) = D,F, and [Dy, Dy]A = —daF 4, (1.8)

where [Fab = 8aAb - 8bAa + [Aa, Ab]
Let us combine the connections A and A, into the single connection

A=A+ Ady”,
and form from this the associated field strength
F=dA+ A%, with d=d+ dyd,.
With this definition F is covariant. Moreover:
e [ is as defined above

e D,A = [Fydz™, so the covariant derivative is none other than the mixed component
of the covariant field strength [.

e Furthermore, it is easy to check that the somewhat subtle, but useful, identities (1.8)
are the (a, m,n) and (a,b, m) components of the Bianchi identity

daF =0.

The spin connection © plays a role with respect to the tangent bundle Zx that is
closely parallel to the role played by A with respect to the vector bundle E. Under a

Lorentz transformation ¥ the transformation law for © is
0 - veu ! —duy!. (1.9)

This has field strength R = d© + ©2, which is holomorphic and obeys the Hermitian-Yang-
Mills equation (1.1). So, for this connection, it is natural to define an extended connection

and field strength analogous to those above
0=0+E,dy*, R=db+ 062, (1.10)

where Z, is the analogue of the connection A,.



The point that is being made is that there is no clean separation between the coordinates
x of the manifold X and the parameters y. We have seen that the gauge functions ® and ¥
are naturally functions of both x and y. Furthermore, it is natural that the diffeomorphisms
of X should involve the parameters y. That is, we are allowed diffeomorphisms of the form

r— 2(r,y); y—yy). (1.11)

This, taken together with the dependence of the gauge functions on both x and y constitutes
the ‘larger group’.

We are not the first to consider a universal bundle, in this sense. What has been said
so far in this context applies to the deformation theory of gauge fields. It was originally
considered by Atiyah-Singer [2], and further exploited in connection with Donaldson The-
ory [3-5] and its relation with five-branes [6]. Gauntlett adapted the approach of [6] to
the moduli space of BPS monopoles [7|. The covariant derivatives, analogous to those con-
structed above, were observed to have an interpretation as the extended field strength of
a universal bundle. Heterotic string theory, however, furnishes a richer, or depending on
one’s point of view, more complicated structure. In particular the Kalb-Ramond field B is a
potential of an unconventional type for the H field since, technically, it is a 2-gerbe (see [§]
for a broad introduction to gerbes). The field B also transforms under gauge transforma-
tions and it is convenient also to try to define a covariant derivative for this field. It is not
possible to define one that transforms homogeneously, so we settle for a derivative whose
transformation law is as closely parallel as possible to the transformation law for B itself.

As we will see later, a quantity B, arises that is closely related to the covariant deriva-
tive, and does have the property that it transforms homogeneously. The quantity B, is of
additional interest since the combination B, + i®,w, where « is a holomorphic index and
D,w is a certain covariant derivative of the hermitian form w, take over the role that the
derivatives of the complexified Kahler form, d,(B + iw), play in special geometry. We will
review this now, but the upshot is that extended quantities that include B and H play an
important role also.

The field strength H is related to B by the relation

\

H=dB - a—(CS[A] —CS[@]), (1.12)
4
where CS denotes the Chern-Simons three-form
CS[A] = Tr <AdA + §A3) .

The Chern-Simons forms transform under gauge transformation and so does B, with the
transformation law for B chosen to ensure that H is gauge invariant. This transformation

law is .

"B =B+ (T (YA=20) + U= W), (1.13)

with
Y =dod !, Z=duut,

and U and W are such that dU = 1Tr (Y?3) and dW = 3 Tr (Z3).



As H is gauge invariant its variation with respect to the parameters can simply be
given as a partial derivative. In this way we arrive at a relation of the form

\ \
OuH = dB, — T (D,AF) + Tr (D.OR). (1.14)

This relation identifies a gauge invariant quantity B, that is defined up to the addition of
a d-closed form.
Let us define extended forms of B and H that are related by

H=dB— ‘Z (csw - CS[@]) , where CS[A] = Tr </A dh + §A3> . (1.15)

It is pleasing that the important quantity B, turns out to be a mixed component of the
gauge invariant tensor H

1
B, = §[Hamndacmd:v".

We take H to satisfy an extended supersymmetry relation and a Bianchi identity
a\
H=d, dH = —Z<Tr[F2 —Tr[R2) ,

whose mixed components give important relations (3.14), (3.15) and (3.17) among the
heterotic moduli.

So far, we have discussed the consequence of allowing the gauge functions ® and ¥
to be functions of both x and y. In order to discuss the extension of vectors and tensors
to the bigger space we have to take into account the freedom expressed by the second of
equations (1.11). We are led to introduce a covariant basis of forms and a corresponding
dual basis of vectors

e™ =dx™ + ¢, dy?, e® =dy*,
em = Om, €as =04 —Ca" O .
The quantity ¢ = ¢,"*dy® is a connection which transforms, under z — Z(x, y), in the form

~  Oz™ ox™ b
m n 1.1
¢ =g ¢ J dy”, (1.16)

and this ensures that the forms €™ and vectors e, transform as expected

m
ﬁz_am n

T ¢ @ Dy

e

With these basis forms, we write the extended vector potential, for example, as
A= Ape™+ Aldy®, with A% = A, — Ae™.

We will introduce a pair of covariant derivatives D and Dg for the connection ¢,™. The
operator B covariantises the de Rham operator d along the manifold X, and so within X
defines a fibre-wise cohomology; while the operator P# describes how tensors on X change



under a change in parameters. In order to describe the variation of gauge dependent
quantities we will also introduce a covariant derivative ®,, which is covariant with respect
to both diffeomorphisms and gauge symmetries.

Inevitably, we are led to define covariant derivatives that decompose with respect to the
fibre X and the base M, and again, when we come to discuss the complex structure, with
respect to the complex structures of X and M. Thus we will have a fourfold decomposition
of the derivatives, which we require to be covariant. By covariant we mean covariance with
respect to the diffeomorphisms (1.11), which is more general than the situation considered
in [1]. This allowed the gauge functions to be functions of both x and y, but which only
envisioned diffeomorphisms (z, y) — (Z(z), y(y)). The freedom to make transformations
xr — Z(x,y) requires the introduction of the connection ¢,™ and forces a redefinition of the
derivatives. In an attempt to make this transition as easy as possible we have summarised
these in section 1.3.

The connection ¢” can be identified with the cross term in the ‘minimal’ extended
metric. We have two metrics that arise naturally: the metric gp,, on the manifold X and

i

the metric g;, on the moduli space M. If we combine these into a ‘minimal” extended metric
dSQ = gmnemen + ggbdyadyb )
and write this out in terms of the basis forms dz™ and dy® we find the cross term

_ n
Oma = 9mnCa -

The connection ¢ appears also in an interesting way in relation to the variation of the
complex structure of X. The first order variation of the complex structure is recorded in a

form Ay* = AqpPdz” which is defined by

A * = dydat 0

It will also be shown later that A,* is also related to c* by
Anp! = =0zt . (1.17)

The connection ¢, also plays an important geometrical role in relation to the fibration
X, in that it determines an almost product structure L that provides a splitting of the
tangent space of the fibration 7Ty into vertical and horizontal subspaces. Being a fibration,
X naturally encodes a vertical projection X — M. A horizontal structure, equivalent to
a local choice of ¢,, is not invariantly defined. The freedom inherent in choice of ¢,™
corresponds precisely to the freedom to make coordinate transformations as in (1.11).

1.1 Outline of the article

In the body of the article we give a detailed discussion of the points outlined above.
Within the fibration U lies the fibration of the manifold X over M,

X —— X

|

M



This is the natural context in which to discuss the Ehresmann connection — equivalently,
the projection m — the metric g and complex structure J for the extended space. This is the
subject of section 2. The connection ¢, allows us to restrict g and J to fibres covariantly
and, when this is done, they are identified with the metric g and complex structure J on X.
Furthermore, using 7 we can also project g and J to the moduli space metric ¢gf and complex
structure J¥.

In section 2, we describe the differential calculus of X and its relation to deformations.
For example, we show that the covariant derivatives such as (1.7) are identified as Lie
derivatives acting tensors on X. This leads to an interpretation of deformations with flows
on X.

In section 3, we start to see the profits of our labour. We introduce on X extensions of
the connections A and ©, denoted A and © respectively, which allows to discuss the extended
symmetry groups mentioned above. The fields A and © are holomorphic connections for
the vector bundle U — X. Moreover, we define the extensions of w and H, denoted w and
H respectively, and suppose a relation H = d“w, as the extension of the supersymmetry
relation (1.3).

Surprisingly, this relation together with its Bianchi identity, encapsulate in a simple
pair of tensor equations, a set of long and otherwise complicated equations relating covariant
derivatives which were crucial to the derivation of the Kéhler moduli space metric in [1].
This is similar to how the laws of electrodynamics when viewed relativistically are unified
into a simple tensor equation.

In section 4, we illustrate a utility of X by showing how the curvature R in (1.3) can
be used to compute the covariant derivative D,© in terms of the complex structure moduli
Ay* and hermitian moduli ®,w! to zeroth order in a'. We then use this to compute the
last term in the moduli space metric g* derived in [1] to be

12 _ o f o 8.
ds f2gagdy ® dy” ;

t 1 7 1 — Oé\
gCYB_ V/X{AO‘M*AB gup+EZQ*ZE+ ZTI‘ (DQA*QBA) (118)
o _
‘l‘? (AO‘WABPU + @awpﬁ @Bw(;§> Rupyg} 5
which generalises an expression in [9] to include all the moduli.
In section 5, we put all of this together to show how to derive the moduli space metric

giE from its Kéhler potential in a concise way, which simplifies much of the analysis of [1].
1.2 Some notation and terminology
It is useful to summarise some notation and terminology that we will introduce later.

e Tangibility [p, g] means the form has p legs along the moduli space M and g legs along
the fibre X. Our convention is that legs along the moduli space are written first.

e The corpus of a form is the part with all legs along the fibre X. The animus consists of
all remaining components of the form, and these are distinguished by a f superscript.



Coordinates

Real indices

Complex indices

Total space X | PQ,R,S
Base manifold M y® a,b,e,d a, B,
Fibre manifold X ™ m,n, k,l Ly Uy Ky A

Table 1. The coordinates and indices for the total space, fiber and base of the fibration X.

Relation Reference
d = b +bt See section 2.3
bt = dy“Dg See section 2.3
D=0+0 b =t + ot See section 2.5

DoA = eq(A) — (Dcg™) A — D 4 AL,
where D 4 A% = DAL + [A, Al

See section 3.1
especially eq. (3.4)

Vop =09p 78) Vep = @QpeQ See section 4
\ Levi-Civita connection section 4.2
% Bismut connection section 4.2
\% Hull connection section 4.2

Variation of ©. See section 4.3

D,0" =V (An) +iVDawD

Table 2. A table of derivatives used in the paper.

1.3 A short summary of covariant derivation

We have need of derivatives that are covariant under the coordinate transformations (1.11),
this requires a refinement of the derivatives defined in [1] for which covariance was required
only under the simpler transformations (y, ) — (9(y), Z(z)). We are led to construct
outer derivatives that descend from d and covariant derivatives Bg and ®,. For complex
manifolds X and M the operators D and P¥ split further into 3+ 0 and 9* —i—@, which are
the analogues of the familiar split d = 9 + 0.

Furthermore, we overload the derivative symbol so that b 2, say, should also be covariant
with respect to gauge transformations. When we take into account the complex structure of
X and M, the Dﬁa decomposes further into ®, and 93’ which are suitable generalisations
of the holotypical derivatives of [1]. From section 3.3 we write © in place of D¥ even
when acting on ‘gauge neutral’ objects since no ambiguity arises, and this gives cleaner
expressions. For example, we understand that D, w = Baw.

2 The fibration X

Our goal is to realise the embedding of heterotic structures Het, corresponding to the tuple
([X,w,Q,[E, A],[1x,0], H), and their parameter space M inside a single object, which
is a fibration U. In this paper we will not discuss singularities of the heterotic structure,
leaving these global issues for future work. Differential calculus on U will then account for



the variations of a heterotic structure as one moves across M. We start by first considering
variations of the manifold X over M. We will include the vector bundle ‘E, three-form
H and the constraints on these objects deriving from the anomaly and supersymmetry
later. To describe these variations we consider a fibration X which represents the family of
complex manifolds X with ¢; = 0 and conformally balanced metric over the moduli space.

2.1 Defining X

The fibration X is pictured as
X —

X
|- (2.1)
M

it has the following properties:
1. The fibres of X corresponding to the manifolds X, and all the fibres are diffeomorphic.

2. There is a orthogonal decomposition of Ty = Vi & Hy where V% corresponds to Tx
and Hy is an orthogonal complement; sections of Hy will correspond to deformations
in an appropriate way.

We introduce local coordinates u = (y,x) for X, with notation as displayed in the
table 1. This is such that, for a fixed y, V% = span{d,,} is the subbundle of 7y identified
with Tx. We also need a notion of a horizontal subbundle Hy of Ty such that Ty = Hy® V.
This is facilitated by introducing a projection operator 7 : Ty — Tx:

7€ End(Ty) ~ Q' (X, Tx), w=m, 7l =idy,. (2.2)

This operator 7 is referred to as an Ehresmann connection in the literature. The most
general expression for projection operator 7 satisfying the conditions above is

T =dz"™ Q Oy + " dy* @ O, (2.3)
for suitable quantities ¢,"". This connection provides the desired orthogonal decomposition
Ty = Hy ®Vy =kerm ®imm, (2.4)

where the horizontal and vertical subbundles, together with their duals, are spanned by the
following basis vectors and forms

szspan{ea :aa—camam}, szspan{em zﬁm},

25
Hj = span{e” = dy"}, Vi =span{e™ = da™ + ¢, dy"} . .

We will refer to this as the “e-basis” for the tangent and cotangent space of X. This is also
referred to as a non-holonomic basis in the literature. This decomposition into horizontal
and vertical subspace is referred to as an almost product structure.

The projection operator 7 in the e-basis takes the form m=e™ ® 0,,. We can define
a related tensor L=1—27 which satisfies the property that 1.2=1. This tensor defines an



almost product structure, and is the natural analogue of an almost complex structure. We
refer the reader to [10] for a comprehensive introduction. In the e-basis L is diagonal with
eigenvalues +1 for the horizontal subbundle Hy and —1 for the vertical subbundle V.

The horizontal subbundle Hy is integrable in the sense of Frobenius’s theorem if the
Lie bracket of two horizontal vectors is also a horizontal vector. That is,

[hl,hg] € Hy for hl, ho € Hy . (2.6)

A short computation shows this is satisfied if and only if the Lie bracket of the basis vectors
eq vanishes
[€as €p] = 0.

As we will see, we can view the symbols ¢, as a connection on M with curvature S which
is a vector valued two-form with components:

Sap™ = [ea, ] =ca™ b — " aF e n — e ca™ n - (2.7)
The tensor L has a Nijenhuis tensor defined as
Ny = (LPaplL? — 1LpQdLT)ayg, (2.8)
where uf” = (y%, ™) denotes a point in X and we have written
LY = LgPdu”.
Another short computation shows that

1
N, = i Sy dydy® .

Hence, vanishing of the Nijenhuis tensor Vi is equivalent to vanishing S,; and this is in turn
equivalent to the horizontal subbundle being integrable in the sense of (2.6). Geometrically,
it means that X is foliated with Hy being the tangent bundle to codimension six leaves in X.
That is, the tangent space of M is identified with Hy and M is a submanifold of X. We will
see later that the vanishing of the Lie bracket above is equivalent to demanding deformations
of heterotic structures commute. Frobenius’s theorem implies that given Np = 0 we can
find a set of coordinates in which ¢, = 0. Diffeomorphisms that preserve this are of the
form 7 — Z'(Z) and ¥ — ¥'(9).

In the following, in the interest of generality — possibly with a view to describing
non-commuting deformation theory — we will not assume S vanishes except in the final
two sections when we apply it to heterotic geometry.

When no additional structures are present, the automorphism group of X consists of
bundle diffeomorphisms, that preserve the bundle structure. A key property of such a
diffeomorphism 7 is that the following diagram should commute:

X —T—

X
l l , (2.9)
M

¢
M T



where 7% : M — M is the naturally induced map. Under such a diffeomorphism the fibre
X, is mapped onto the fibre X i (y) and there is no intersection of fibres. In other words,
at least locally, there is a unique manifold X, corresponding to each point in the base M.
In our coordinate system (y*,z™) a bundle diffeomorphism acts as

(y® ™) = (T%(y), 7" (y, 7)) - (2.10)
We can now see that under 7, the symbols ¢, transform as a connection

om 37‘mcn_87'm oyb
@« =\ ggn oyb ) ore’

This is just the transformation law given in (1.16). With this transformation law the basis
elements e,, ey, in (2.5) are covariant and span invariant subspaces.
Consider a 7 that is the identity map when restricted to the base manifold M:

X —% 5%
l l . (2.11)
M 2y 6
This acts as
(v 2™) 5 (v, ™ (y, ) - (2.12)

These transformations correspond to the action of the structure group on X. Since X is a
manifold the structure group is Diff(X), which is infinite dimensional and non compact, so
the bundle X is quite different from a principal bundle or a vector bundle. For example,
the principal bundle associated to X is not a manifold.

2.2 Tangibility of forms
An n-form n on X extends to a form n on X. In a coordinate basis this takes the form

1 1 et 1 .

n= E Nayaz--an dy® o 4+ m Nay-an_1m dy® 4 -1da™ 4+ ﬁ Ny my, AT ,
where dy®92 % = dy*1dy*? ... dy* and dz™ ™2 " = dx™ dz™?2 - .- dz™". This expres-
sion does not manifestly respect the symmetries of X under bundle diffeomorphisms (2.10),

and so is not convenient. Instead, we will always decompose forms in the e-basis
1 1 1
= 77ﬁa1a2~~-an dy™ e + W mﬁa1~~-an71m dy®n=te™ 4o+ nl Tma-mn el

(2.13)
where we adopt the convention of denoting components of forms in this basis by a f, and

note that nﬁml.,.mn = Nmy--m,,- We also order forms such that the dy’s are written first.
We divide this decomposition into its corpus and animus: the corpus being the unex-

tended part, Nm,...m,, €7

.- e and the animus being the remainder, including the mixed
dy®e™ terms. The components of the corpus are always identified with the components of

the original unextended form on the manifold X. Since we will sometimes want to break
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up the forms according to their ranks as form on X and M we will make reference to the
tangibility of the parts. We define the tangibility of each term in (2.13) as the pair [p, ¢] in
which ¢ denotes the number of corporal indices.

n= 3 gvd.

p+q=n

Thus the corpus of n has tangibility [0,n] while the animus is the remainder, including
the mixed terms: the key virtue of this decomposition is that different tangibilities do not
mix under bundle diffeomorphisms. We use square brackets to distinguish tangibility from
holomorphic type.

2.3 Differential calculus on X

We now introduce a differential calculus on X that will eventually describe how heterotic
structures vary over the moduli space M.

The de Rham operator on X, which defines the exterior derivative, is denoted by
d: Q"(X) — Q"TH(X).
When acting on the basis of forms {dy?,e™} it gives?
d(dy®) =0, de™ = —0,c, dy®e™ — %Sabm dy®dy®,

where the second relation has parts of tangibility [1,1] and [2,0]. This implies that d acting
on a [0, ¢] form n is

dn = (dn) 7 4 (dn)9 4 (d) o1,

where the different tangibilities are given by

(dn)[o’q+1] = a (OnNmy-my) €™ M

1
(dﬁ)[l"ﬂ = a (ea(nmr--mq) - Can,mlnnmz---mq - Can,mqnml---mq_1n> dyaeml M,

- 1 n a maq---m
(a1 = — )!sab My gy dy®em™ma=1 (2.14)

2(¢g —1

where in the second line we have denoted the non-holonomic derivative as eq(7m,...my ) =(0a—
€a" O )Mmy-m .- This is also referred to as a pfaffian derivative in the mathematics literature.
We see that, in general, a tangibility [p, q] form, with ¢ > 1, is mapped to a form with three

2We are redefining the operator d, so the differentials, hitherto denoted by dy®, should now be writ-
ten dy®. Since d now denotes the z-part of d, we have d(y®) = 0. We will however abuse notation by
continuing to write dy®, when we mean dy®.
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different tangibilities divided up into branches as shown

Qlatil(x)
o
d: Qlpd(x) _ bt QlpLa(x)
\
Qlrt2.a-1](x)

The presence of three possible branches is analogous to a non-integrable complex struc-
ture in which the exterior derivative of a holomorphic type (p,q) form has non-vanishing
(p+2,¢g—1) and (p — 1,9 + 2) projections which depend on the Nijenhuis tensor. Note
that, we get a reduction to two tangibilities as the horizontal subbundle is integrable but

we have illustrated the presence of S for generality.
The first two branches are defined by two covariant derivatives B and D*
b :QPd(x) - qlratix),
(2.15)
bt QPdx) - QlP+ld(x) .

They are defined by specifying their action on a zero-form f, a function, and on the basis

{dy®, e™} of one-forms:3
b f=(00nf)e", be™ =0, b (dy*) =0,
(2.16)
Bﬁf = ea(f) dy®, Piem = *Cam,ndyaenv Dﬁ(dya) =0

It is straightforward to check that
b?2=0 and {D,Df}=0.

It is straightforward to check that the second line of (2.14) is consistent with applying the
rules (2.16) to compute Dy
by = dy* Bl

where we have defined a shorthand

1
n n m m
D(LT’ T' (ea(nmlmq) - Ca , M1 nnmz---mq - C(l s M2 nmln..-mq - ) (& L. e

=ea(n) — (Bca™) N -

In passing to the second line we have used e, - €™ = 0 and

1
m = W NMmny..ng—1€

ni... enq—l

The derivative Dgn describes a variation of 7 in the direction of a vector e,, along the
moduli space. Notice that this is identified with the Lie derivative L. 7.

3Note that it is not the case that B = ¢™8,, and D* = dy®8,.
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Both the P-operator and Df-operator are invariant under diffeomorphisms. This is
most easily seen by projecting onto tangibility, we have for example Dy = (dn)[l’q}.

In [1] we implicitly assumed that variations could be written by partial derivatives, for
example that the first order deformation of w is given by dw = dy,d,w. Now we see that
we should write

dw = dy*Diw.

We also have need for second order variations of fields. In this case, the curvature S
introduces a commutator:

D, DHw = S (Bw)m + D (Sap™ wim) -

So we see that demanding that m be integrable, so that S = 0, is equivalent to demanding
that all variations commute and that (P*)?2 = 0. The bundle then becomes locally flat. As
previously mentioned we will keep S around in the interest of generality, and set it to zero
at the end.
To summarise: in general, dn decomposes into three terms,
dn=Pn+ Dy —

1
Pyl dyal Ce dyaq—ldybdyc Sbcn (218)

2q!

O agrn s
with the parts given by (2.18) as above. We have the identities
=0, P2=0 and {b,D?} =0.
If, in addition, the curvature S vanishes, then we have also
d=D +DP* and (PH2=0.

2.4 Derivatives of tensors

Consider a tensor ¢ whose indices are purely vertical:
é- = gnl"'nsml'”mr enl ® tee ® ens ® am1® e ® amr .

The deformation of this tensor in the direction of a horizontal vector Y# = Y(y) e, is given
by a Lie derivative

Ly:& =YL E.
We take horizontal vector fields Y* to depend only on the parameters. This Lie derivative
then acts as a directional derivative along the moduli space.?
It is useful to describe the action of the Lie derivative in this way in components. Its

action in the direction e, is determined by

Loof =€alf), LeyOm)=ca" mp, Le(€™)=—ca™ ne™— Symdy’. (2.19)

4This does not hold generally for the Lie derivative. For instance the Lyy(X) = fLy(X) — Y (£)X,
where f is a function and X,Y two arbitrary vectors.
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Therefore, the Lie derivative of £ along the horizontal vector e, has vertical components
given by

mi-m mi-m m kmao---m m mi--me_1k
Lea gnl---ns ! " :ea(gnl---ns ! T)‘*'Ca 1,k£n1---ns 2 TGy T,k:gnr--ns ! !

mmy (2.20)

mi-me

k k
—Ca ,my Ekngmns *—Ca | ng gnlmnsflk

When applied to a differential form 7 reduces to the form given by (2.17).
We can relate this to the derivative D?. The covariant derivative with respect param-
eters is
Dif=eulf), PLom=c"mOn, DPLe™=—c™ e, (2.21)

)

and this is the projection of (2.19) onto the fibers. This amounts to dropping the term
proportional to S so, when 7 is integrable, derivatives of tensors are described exactly by D

2.5 The Frolicher-Nijenhuis bracket

The Frolicher-Nijenhuis (FN) bracket extends the Lie bracket on vector fields to vector field
valued forms:
[7 ]FN : Qk(xa TX) X Ql(xa {I’X) - Qk+l(xa {IIX) :

We are interested in the case k =1 = 1. Given K, L € Q' (X, Ty) and vectors v, w we have
L, K] pav (v, w)=[Lv, Kw]+[Kv, Lw]+ (KL + LK) [v, w]—K([Lv, w]+[v, Lw]) = L([Kv, w]+[v, Kw]),

where the brackets on the right-hand side are the usual Lie brackets. The Nijenhuis tensors
of L and K are expressible in terms of the Frolicher-Nijenhuis bracket:

1 1
N = g[ﬂ-, Llrn, Nk = §[D<,[K]FN-

2.6 The metric and complex structure on X

We now put a metric and complex structure on X in a way that appropriately reflects the
fact we are studying the moduli of heterotic structures. We start with a metric on X. For
the vertical fibers X, we have a family of metrics gmn(y, z)dz™ ® dz”, and for the moduli
space M we have a natural metric ggb(y) dy® ® dy®, which, correct through O(a'), is given
by (1.18). The most straightforward way to combine these parts is to require the metric
to be compatible with the projection operator = which amounts to the metric being block
diagonal in the e-basis.

ds? = gmn(y, ) €™ @ €™ + gb, (y) dy* @ dy’ . (2.22)

With respect to this metric, the spaces Vy and Hy are orthogonal.

In more erudite language: we note that since Vy = Ty we should identify the inner
product on Vy with the metric on X. For the horizontal part, first note that 7|, and
Hy|(y,») are isomorphic as vector spaces. Demanding compatibility between the two projec-
tions Ty — Ty and Ty — Hy , so the horizontal metric needs to coincide with the moduli
metric. This leads to the form given.
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The given form of the metric is not unique, since the components of the connection
c,™ are not specified. In a coordinate basis we have

n
Oma = 9mnCa -

So the off-diagonal blocks of the metric have been left, so far, unspecified.

The fibers of X and also the base M are complex manifolds; we ask if X is also. Denoting
the complex structures of X and M by J and J*, we can combine them into an almost
complex structure J for X in a manner analogous to the construction of the metric

J=J%dyb @ eq+ J,™ " @ Oy, . (2.23)

This is tantamount to demanding that J and 7 commute as endomorphisms, but not as dif-
ferential structures. Demanding they commute as differential structures means, essentially,
that [J, ]y = 0, which is too strong for our situation. It is immediate that J? = — 1,
without further conditions on the connection ¢,™.

We examine next the Nijenhuis tensor of J. In appendix C we show that this has
the form

Ny = _2(2[135, Pl9e® €™ Qu+2(Qh, Q) e® €™ Pyt [P PH7 et e Qu+[QF, QF)7 e e Pq) :

where P, = P,,"0,, is a vector constructed out of the projector P,", and Pg is constructed
analogously. The term [P?, Pﬁ] is the (2,0)-component of the curvature S. If the manifold
is complex, which is the case Nj = 0, then we can write these terms in complex coordinates
(y“, yﬁ, x#,x7). The vanishing of the right hand side requires

[eas )’ =0, and |eq,e5)” =0.
These equations are then constraints on the connection ¢,™:
0= [ea,eﬂ]y = — ucaﬁ
T o o (2.24)
0=lea,ep]” = ca” g =" o+ ca” cg" 5 — 5" ca” 5,

where, in writing the second equation, we have omitted terms that vanish as a consequence
of the first equation.

Furthermore, both J and 7 are elements of End(Zy). As their action commutes they
can be diagonalised simultaneously, inducing a further split

T = HO @ HOD & (M0 g v O
which is realised through
H)(zl’o) = span{ea = 0y — M 8#} , V;l’o) = span{ﬁy} ,

together with their complex conjugates. In fact, in the first line one could have included
a mixed term —c,” &5. This vanishes because the following relation needs to hold if X
is complex

span{ea, 8u} = span{aa, 8#} .
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Note that if

CocV:07

then equations (2.24) are both satisfied, without further conditions on the ¢,™.

We can decompose P and P? into holomorphic type

b=0+29,
_ __ (2.25)
bf = 8" + 0% = dy* b}, + dy’ Di5,

where 8,9 both square to zero and anticommute, and are Dolbeault operators with respect
to J. That is, @ maps a J(p,q) form to a J—(p,q + 1)-form. Their close relatives, d*
and Of anticommute when S o5 =0 and 0f squares to zero when 55" = 0. When this

is the case 9 is a Dolbeault operator with respect to J# mapping a Jﬁf(p, q) form to a
Ji(p+1,q) form.

Recall that in special geometry and Kodaira-Spencer theory, the parameter variation
of complex structure and the integrability condition N; = 0, to first order, becomes

At e BV (X, M), (2.26)

The covariant deformation of the holomorphic projector Pm”:%(ém"—iJm”) is given by the

Lie derivative (2.20), and this facilitates a covariant definition of A,:
Ay = Lo P = (ea(an) 4 (Dpca™) Pk — (anca’f)Pkm> " O - (2.27)

If Np = 0 so that the product structure is integrable, then we can find a set of adapted
coordinates in which ¢, = 0 and that A, = 0, FP,,"dx"™d,. This is what is familiar from
special geometry. Provided 9,J,," # 0, so that complex structure depends on parameters,
we cannot find a set of holomorphic coordinates in which ¢, is also zero.

On the other hand, as Nj = 0 we can find a set of holomorphic coordinates in which
J is constant and diagonal. In that case

Le, P =—0pci". (2.28)
In this coordinate chart we identify
—0co = AGMO, (2.29)

Although the symbols c,* transform in the manner of a connection, the quantity dzc,* is
covariant under holomorphisms and so is a well-defined d-closed form, consistent with (2.26).
It is important to note that we cannot set c,* = 0 since A, is a tensor which does not vanish.

If we have N = Ny = 0 then this does not necessarily imply we can find a set of
holomorphic coordinates for X in which ¢ vanishes. Indeed, as we see from the above
LoJ = leq, J]pn is precisely the obstruction to doing this. Instead, the structures J and L
are simultaneously integrable if

J,Jlpn =0, [L,Ljpy =0, [J,L]pny =0.
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While we will often use the first two conditions, we will always have [J, L]py being non-
vanishing and so we cannot discard c.

In [11, 12] it is observed that given {e, } define normal vectors to fibres c,* with respect
to the metric on X. Hence, c,* is related to the extrinsic curvature by (9zca”)g,r which
describes the curvature of fibres are embedded within X. It is also shown that deformations
of complex structure satisfy exactly the relation (2.29). We discuss this further below.

The J-Dolbeault operator @ acting on a form of J-type (p,q), denoted WP | is de-
fined as

dWPD = (W) L)

In the language of X, 0, is promoted to a Lie derivative L., while holomorphic type of
vertical forms are defined by the projectors

1 1
P= 5(5m" —iJ,")e" ®0,, and Q= 5(5,”" +iJ,") e ® Oy . (2.30)

We have L. P = A, and L., Q = —A,. On a corporal 1-form n = n,,e™, the Dﬁa operator
is the appropriate projection of the Lie derivative:

bt ned = (£, 0P

This is precisely the holotypical derivative denoted by D, in [1|. As may be seen by writing
out the components for a 1-form, for example

Dﬁm(l’o) = (Leatm) Pr™e" = Le, (P me™) — Ad"Nm.,

D&U(O’l) = (Eeanm) Qnmen = Eea (Qnmnmen) + Acum77m .

The second equality follows by the Leibniz rule.

(2.31)

m

2.7 The connection c,™ as the shift, and the extrinsic curvature of X,

Recall first the formalism relating to the extrinsic curvature of a submanifold as it applies
in an elementary setting such as in figure 1. Here we have a curve which we approximate to
second order by a circle of curvature. At a point on the curve we have a normal én = érn
(n=0/0r) and a tangent m (= 9/00). We consider the result of parallely propagating dn,
in the embedding metric, to a nearby point, this gives the dashed vector in the figure. The
pre-existing normal dn at the displaced point differs from this by an amount proportional
to m. We write®
m-Yn=ym,

and this defines the extrinsic curvature x. FEither from the diagram, or from a direct
calculation of the covariant derivative, one sees that x = 1/r for the situation depicted.

We could study also the variation of the tangent vector, by parallely propagating the
tangent vector to a nearby point on the surface and comparing it with the preexisting
tangent vector there. In this way we see that

m-Vm = —xn.

5There is a choice of sign here. Our choice makes the extrinsic curvature of a cylinder in a flat embedding
space positive. An opposite convention is also common.
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Again, we can check this directly by computing the covariant derivative, and we can also
deduce this relation by noting that the right hand side is in the direction of —n and the
coefficient follows from the previous relation, on noting that m -V(m-n) = 0.

We turn now to figure 2, which relates to the fibration X. We first consider the case
that the quantity ¢, vanishes, so that the normals connect the points labeled by z on X,
and X, s, and also the points labelled by x + dz. We may parallely propagate the normal
eq from x to x + dx, on X, and compare it with the preexisting normal there. In this way
we can define and extrinsic curvature tensor yqm"

em - Veg = Xam'" €n - (2.32)

We can study the variation of the tangents rather than the variation of the normals. We
take a tangent vector e, at x, parallely propagate it to x + dx and compare it with the
pre-existing tangents. There will be an out of surface component that can be expressed in
terms of the normal vectors. This process yields

k
em - Ven = —X%mnea + T neg.

The fact that the coefficients that involve the e,, on the right hand side, are the extrinsic
curvature follows from (2.32), on noting that e,,-Vg(eq, e,) = 0. We see also, in this way,
that the a index on the extrinsic curvature is raised and lowered with the metric gqp, while
the n index is raised and lowered with the metric g,,,.

The extrinsic curvature so defined is a tensor, so covariant and so unaffected by whether
we choose to take ¢, = 0. However, if we do so, we can identify the extrinsic curvature
with minus the Christoffel symbol [',,”,.

Now let us include the effect of nonzero ¢, and turn to figure 3. The vector dy“d,
now connects the two points (y, ) and (y + dy, =). So the point labeled by = on X, with
the point labeled by z on X,s5,. The normal vector dy“e, connects the point x on X,
with the point x — ¢, dy® on X, ,s,. The difference is the vertical vector c,dy®. Following
the usage in relativity, we refer to ¢, as the shift. For the displaced point x + dx, the shift
has become (cq + dcq)0y®. For the case of real coordinates, we have the freedom to take
¢ = 0. In complex coordinates, however, this is no longer possible. Indeed the shift plays
an essential role.

We see from (2.32) that the extrinsic curvature is a rotation coefficient

1

Xamn =04"m = §gnk©a9kma

where © are the rotation coefficients in the e-basis, and the last term follows from computing
the Levi-Civita connection coefficient in the e-basis, see appendix B.1, with

l l
gagkm = ea(gkm) —Ca ,kGtm — Ca ,m 9tk -

In complex coordinates, it follows that we have

1 - 1
Xaﬁy = 591/&@&9@ = D) gy)\ (Cozpjgpﬁ + Cap,ﬁng) . (2-33)
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Figure 1. The calculation of the extrinsic curvature for a cylinder embedded in a flat space.

The last term in this equation expresses the extrinsic curvature in terms of the derivatives
of the shift.

We also know from (2.29) that c,” v = —A_5”. So we also have the following expression
for the extrinsic curvature in terms 0f7 ALY

Xow = Do (m) -

The extrinsic curvature is a tensor, as is A ( so we see from (2.33) that we cannot

m)>
set ¢, = 0. In fact the extrinsic curvature is the obstruction to so doing. The reason that
this is so, is that the shift is defined in terms of the normal to the fibres, and so by the
metric gy, thus ¢,” is not a holomorphic function of the coordinates and so cannot be

removed by a holomorphic coordinate transformation.

3 The universal geometry U

In the previous sections we have described in detail how to extend the geometry of X to
the larger structure of the fibration X. This also allowed us to describe geometrically the
variations of the metric and complex structures on X in terms of Lie derivatives and flows
on the moduli space M. We now study the geometry U, the universal bundle, whose base
manifold is X. This is a holomorphic bundle with connection A, with A the natural extension
of A. The field strength F for A has a tangibility [1,1] part which exactly describes the
variation of A. The Bianchi identity for [ efficiently encapsulates otherwise subtle identities
derived in [1].

The universal geometry also includes the three-form H = dw and its Bianchi iden-
tity (1.2). The extension of H to X is defined in a natural way

H=dw. (3.1)
We demand that H obeys an extended Bianchi identity

dH = —Oi (Tr (F2) — Tr ([R2)> .
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Figure 2. The calculation of the extrinsic curvature for the fibres X, for the case that ¢,” = 0.

Remarkably, this equation elegantly captures otherwise complicated algebraic relations de-
rived with much effort in [1]. These identities are important as they are central to the
construction of the metric on M and showing that it is Kéhler. Using the extended quan-

tities on X we re-derive the metric on M in a concise fashion in section 5.

3.1 The extension of A

The covariant derivative for A defined in [1| transforms covariantly under gauge transfor-
mations. It needs to be generalised to transform, additionally, under bundle diffeomor-
phisms (2.10). To do this we define an extended connection A for the extended vector
bundle U — X

A= Ape™ 4+ Aldy®, AL = A, — Apnca™,

where the components of the corpus A,, are identified with the connection along X. In
the following, we will denote the corpus of A by A = A,,e™ in the e-basis, the animus by
Al = Aidya. We can divide the form into holomorphic type

A=A—-A", A=p0D,

We will not be specific about the structure group of the universal bundle U beyond requiring
it contain & as a subgroup when restricted to X appropriately. This restriction is important
in later sections when we discuss deformations of Ty.
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: 0x — 0Ca, 0y
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Y+ 0y

< em----

T — ca0y®

Figure 3. The calculation of the extrinsic curvature for the fibres X, for the case of complex
coordinates.
The form A can be decomposed into its animus and corpus
A= AL dy® + Az el
The field strength of A is defined as usual
F =dA+ A%, (3.2)
This can be decomposed according to tangibility and in terms of the covariant derivatives
D, P¥ defined in (2.15) and (2.16), respectively:
F=(D+Df— §)(A+ A + (A+ AN = LE0men + dy* FY + 2 FF, dyody?
= (D +BF — S)(A+ A°) + (A+ AN = L Fpne™e" + dy L+ dytdy’ . (3.3)

Let us unpackage each of the three components of F. The corpus is the field strength of A

on X,
Fon = OmAn — OnApm + AnAy — AnAp, .

The second term defines a covariant derivative that transforms homogeneously under gauge

transformations and is invariant under bundle diffeomorphisms:

F¢ =D,A, where D, A =e,(A) — (Dca™)A, — D AR, (3.4)
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here
D 4A" = DAL +[A AR,

and

ea(A) = 0, A — "0 A.

On a gauge neutral object, ®, reduces to Bg.
In holomorphic coordinates, using the identification of A, in (2.29), we find it is the
appropriate generalisation of the holotypical derivative introduced in [1]:

DA = eq(A) — AV Al — T4 A%
The third equation of (3.3) is

t _opt 4t
Fi, =2P% A

LAY+ (AL A]] — S A, where DEA] = eq(A]).

We take U to be holomorphic meaning
F02 =0,

The corpus of F automatically satisfies this requirement in virtue of F(©2 = 0. The
tangibility [1, 1] component is the condition that .4 depend holomorphically on parameters

The tangibility [2,0] component implies [Fﬁaﬁ = 0. That is, that the bundle U restricted to
M is holomorphic. In deducing this we have used SEB = 0.
Consider now the Bianchi identity for |

daF = 0. (3.5)

The corpus realises the Bianchi identity on X. The animus gives two further identities

DA(D,A) =D F and [D4,Dp)A = D A(F:,) + Sop™ Fry =0, (3.6)
where
DA(D.A4) =D (D,A) + [A,D,A], D.F =DEF + [A} F],
Da(DpA) = DE(DHA) + (AL, D, 4], D AFt, = DFY, +[4,F ).

The relations (3.6) can be derived directly from the definition of the covariant derivative
as in [1] with some labour. What we see here is an alternative derivation through the
Bianchi identity. This also has the advantage of unification, reducing a pair of identities to
a single identity.

The Atiyah constraint comes from taking ¢ = « in the first equation of (3.6), and
considering the (0, 2)-component together with the identification of A, in (2.29):

TA(Dad) = A F, .
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3.2 The extension of B and H

The field H is the extension of H, and defined as

\

H=dB— < (CS[A] - CS[@]) , where CS[A] = Tr (A oA+ 3A3) , (3.7)
4 3
where B is the extension of the Kalb-Ramond field

1 1
B = 5 B ¢™e" + B, dye™ + 5B, dy’dy’ = B+ B dy” + B

H decomposes as

1 1
[H:ﬁdyabc[Hﬂ +§dyabwib+dyawg+ﬂ,

abc

where the [1, 2] term will be relevant in what follows. It is given by
a' a'
Wi = DiB-PB; - (Tr (45 D A)—Tr (O} B@)) += (Tr (AD,A)—Tr (6 @a@)) . (3.8)

We can now rewrite this in terms of covariant derivatives

\

H: = D,B + O‘Z (Tr (AD,A) — Tr (O @a@)) — DB, (3.9)
with the covariant derivative ®,B is defined as
Oé\
D,B=D!B - Z(Tr (AEDA) — Tr (@gDe)) ,

which sharpens the relation derived in [1]. We will see why this is a covariant deriva-
tive shortly.
By demanding H be gauge invariant, we see that the field B transforms under gauge

transformations:
\

B—""B=B+ - {Tr(YA-Z0) +U—-W}. (3.10)

Which is the natural extension of the rule given in (1.13). Given the above relations the field
strength H is invariant. As the animus of B transforms inhomogeneously, it is inconsistent
to try to set it to zero. Here Y, U are the extensions of Y and U:

1
Y=0"14d0, d(U:§TrY3,

with Z, W being the spin connection counterpart.

The right hand side of (3.9) is the combination of terms identified in [1| as being gauge
invariant. This we now understand since B, = [Hg and H is gauge invariant.

The covariant derivative is defined such that it transforms in a manner parallel to the

B-field itself:

\

(q>7\11)©aB = @aB —|— %(Tr (Y @aA) + @a - Tr (Z@a@> - 3(1)
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We have also defined
Vo =DIU — Tr (YY) + D (Tr (ViA - AYaﬁ)) ,
30=DPiZ—Te (722 + D (Tr (200 - €52)) |
Using that the form Y satisfies dY = —Y2, we find that this quantity is D-closed
b9, =0.

In addition to the gauge transformations above the field strength H is invariant under
an additional symmetry, in which B shifts by a d-exact amount,

B—B+dB, B=pme"+p5hdy",
where the one-form 3 is gauge-invariant. Decomposing this into tangibilities we have
B— B+Dg,
B} — B} +Dis - DpL, (3.11)
B, — B, + DLS —DIBE — S0 B

The first line corresponds to shifting B by a D-exact term. The second line corresponds
to shifts of [Bg. The way to think of [B,ﬁl is that it is another connection; its purpose to is
define an invariant quantity B, as in (3.9). This invariance can be checked directly, but
an easier way to see this is to note that H is invariant and so [Hﬁa = ‘B, is invariant. The
quantity B,, mentioned in the introduction, plays an important role as B, + iD,w plays
the role in heterotic geometry analogous to the role of complexified Kéahler class in special
geometry. All this goes to show that the animi of A and B are connections which are needed
to define covariant derivatives on the moduli space.

Although we have not fully explored this aspect, we believe the quantity [Bib with the
transformation rules as in the third line above, provide connections that enable one to define
second and higher order derivatives. For example, see [1| where a second order covariant
derivative was defined.

3.3 The extension of d‘w

We will shortly have need for the quantity

|
d“w = gJJPJJQJJR(dm)pQR.

In a holomorphic basis w is (1,1) and so
dw = i(dw)®V —i(dw)b? |

The term d°w has vanishing [3,0] term due to the fact that giB is Kéhler, while the re-
maining components are given by

(0)q = iDawhY —iDaw®?
(d°w)ap = —15as" Wy, (6°0)a5 = 1 955" wi (3.12)

(dcw)aﬁ = — iSaEﬁwﬁ_‘_iSaguw#‘
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Note that the action of the covariant derivative ®, on a gauge neutral object is the same
as D? so that Daw®?) = Dgw(p’q). In the sections to follow, where no ambiguity will arise
we will use ., to prevent an unnecessary proliferation of symbols.

On setting .S = 0 the expression simplifies significantly
dw =i(0 — 0)w + idya(Qaw(l’l) - @aw(O’Q)) + idyE(QEw(Q’O) - @Ew(l’l)) )

While w is type (1, 1), its derivative D is type (2, 1)®(1,2): Daw = Dow VD +D w2 and
this expresses the type changing property of variations with respect to complex structure.
3.4 The relation H = d°w, Bianchi identity and second order relations

We suppose that the extended supersymmetry relation (3.1) holds on X This imposes some
constraints on the variations of a heterotic structure. The tangibility [1,2] part of this
relation gives

B, D — i 0w =0, (3.13)

We define
Zo =By +10Dqw, and Zy = B, —iDow,

which are the generalisation to heterotic geometry of the variation of the complexified Kéhler
class familiar in special geometry dB + idw. In terms of Z, Z, (3.13) can be written as

2,20 _F 20 _ g
Z,00 =0,
0.

(3.14)
Za(072) —

These equations described first order conditions on the heterotic moduli which were derived
in [13-16] and in this notation in [1] by taking partial derivatives of the supersymmetry
relation H = dw. We identify B, with b, and note that H = d°w captures all of the moduli
equations except one. For the remaining one we turn to the Bianchi identity for dH on X:

Oé\

dH = 1

(Tr F2 — Tr IRZ) = d(dw).
The curvatures [ and R are of type (1,1) and so only the type (2,2) part of this relation is
non-vanishing.

We start with tangibility [1, 3], focusing on holomorphic variation with index a. The
first equality of the previous equation is

\

(dH)q = —% (Tr (Do A F) = Tr (D0 R)) :
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Meanwhile (dd“w), is simplified using

D (dw)y = iD (Dawh! — Dow®?),

Da(DW) =21 A" (Bw), — 210(Apt wy) +1(0 — 0)Dw,
and by using (3.13) we get

\

B(ZD) = 2 Ag (dw), + % (Tr (D0 A F) — Tr (Do) R)) . (3.15)

Let us now turn our attention to tangibility [2,2]. Assuming that S = 0, this consists
of two relations

\
Da(d°0)s — Dp(0°w)a = —% (Tr (D0 ADA) — Tt (Do 959)) ,
\
Do (dw)g — Dy(dw)a = —% (Tr (DaADGAN) — Tr (D40 D561 )) (3.16)
a\
- (Tr (F 5 F) = Tr (R R)) .

The second relation forms part of a critical algebraic relation needed to derive the moduli
space metric in [1] and so we focus on this one. It becomes

1,1)

Dao(dw)g—D5(d w)a = —2i (@C,@Ew)( +2i A" (Dgw0), 421 Ag7 (Do)

+iDa(A7 wp) —1A57 (Do )r+iDg(An wy) —1 A (Dgw ) ..
The last equation can be simplified by noticing a further relation
Da(A5" wp) — A7 (Daw™V)y = (38,57 wp =0,
which sets the last line to zero. Putting everything together, we can rearrange (3.16)

to obtain

i

(L1
(D) = - (Tr (DaADZA) — Tr (D06 D561 ))
ia’ b b 1 (D, (20) 7 () y(02)
- ?(Tr (F, F) = Tr (R R)) + Adk (D70 30), + AF (Daw @)y
(3.17)

This shows that the Bianchi identity for H incorporates the second order algebraic rela-
tion for the variation of the hermitian form that is crucial in deriving the a'-corrected
moduli metric.

4 Using X to deform connections on Tx

The moduli space metric, expressed in (1.18), has a contribution from the variation of ©.
As is the case for the gauge connection A, the variation of © is expressed as a covariant
derivative with respect to parameters. However, unlike A, the derivatives of © are tied to
the geometry of X, up to Lorentz gauge transformations. Our aim in this section is to
compute D,0 to zeroth order in o', expressing the answer in terms of the moduli of X.
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4.1 The covariant derivative of ®

Our approach to computing covariant derivatives of © is to extend this connection to X.
The connection © is then a connection on the frame bundle, and its associated tangent
bundle Ty. We take the connection © to be metric compatible. It has a curvature two-form
R = dO + ©? which transforms in a Lorentz algebra so(D) where D = dim X. In terms of
tangibilities, © decomposes as

0 =0!dy*+0,.em. (4.1)
The curvature R has a tangibility [1, 1] component which defines the covariant derivative

0,0 =R ™.
For any frame on X with basis of sections {sg, s, }, the connection © has symbols
Vs, = 0% sp + 0"y sp Vs = 0™ sn + 0% sp .

In the physical string theory, the connection © is s0(6) valued, when (s%, s™) form an
orthonormal basis, and the term that appears in the moduli space metric involves a trace
over 50(6):

Tr (%9 " 939) = (Da0)" * (D50)" -
However, under a change of basis
Sa=5"0ey, Sm=5"m0, (4.2)
for some invertible matrices s, and s™,,. The covariant derivative ©,0 transforms as

k. —11
Qagmn — Smk D.,0%5" s

and so Tr (Da©*D30) is invariant. Hence, we are free to compute this term in the e-basis,
which turns out to be very convenient. Our first task then is to compute the covariant
derivative,

9,0", =bie", —bei", +[6L 0], (4.3)
in the e-basis. The first term in (4.3) is evaluated like a 1-form using (2.17). In explicit
detail it is given by Bg@"m = €4(0",) —€P(0pcq?)Oy" ", while the second term is B @ﬁnm =
emo,, 08"

4.2 A two-parameter family of connections 0(¢?) on X

As reviewed in appendix A, the supersymmetry Killing spinor of heterotic supergravity is
covariantly constant with respect to the connection

1

By using this and writing J as a spinor bilinear, it follows that J is covariantly constant with
respect to this connection VBJ = 0, and so ©F is hermitian. Furthermore, the equation
VEJ = 0 can be expressed in terms of forms, and when so written, in a holomorphic frame,
we have that H = i(0— 0)w, as we see from (A.9) and (A.10). This is stated more generally
as H = dw. On the other hand the torsion of ©F, as defined in (A.1), is exactly H, more
precisely 1T ,, = H™,,. Thus, we find that ©® has totally antisymmetric torsion equal
to d%w. This connection is known in the mathematics literature as the Bismut connection.
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While the supersymmetry spinor is covariantly constant with respect to ©F, a different
connection ©" appears in the heterotic action (A.7). It is non-hermitian and has torsion
given by —H. Hence,

en =017+ %Hm :
We call this the Hull connection.

The last term in the moduli space metric (1.18) derives from dimensionally reducing
the quantity Tr |[R(O")[?, and our task therefore is to compute the covariant derivative of
the Hull connection ©,0Y. However, we will first work in more generality and compute
the covariant derivative of a two-parameter family of connections introduced in [17], of
which ©®, ©" are special cases. This family also includes the 1-parameter family defined by
Gauduchon [18]. We will show that only a 1-parameter subfamily are holomorphic on X, and
this includes the Hull connection. To define the family, consider a fixed complex manifold
X, and on Tx we introduce the connection ©¢*) with €, p € R and symbols

@(E,P)#VU _ @Lcul/o + (e=p) HV

B U oo
@(e,p)iu — @LC_v (6 - p) H-V
o n oot B T oo (4.4)
@(E’p);ﬁa =0,
@(e,p)ﬁﬁa _ @Lcﬁﬁa + (6 "2‘ p) Hﬁﬁa 7

where ©¢ is the Levi-Civita connection and H = d°w. The Bismut connection is given
by ©8 = ©(-1.0) the Hull connection by ©F = O and the Chern connection by @°h =
O~ Furthermore, when p+¢ =—1 this reduces to the 1-parameter family of Gauduchon.

To compute D,0*) we extend O to X as follows. Firstly, we consider the Levi-Civita
connection ©“° on X. In terms of an arbitrary basis of vectors, denoted ep, using (A.2) it
has symbols given by

1
O g = 3 g@s (6P(@SR) + er(gsp) — €S(QPR))

1 s . . 1 (4.5)
~3 g¥ ([GP, es]” arr + [er, es] @TP) +3 lep,er]?.
For the e-basis ep = (eq, Om) we get
1
O "y =M+ dy® <0kca" +3 9" D, glk> ,
Le b L ted Lo tbda 1
0" = —5¢"9 ngmk_idy 97" Sad ik ,
(4.6)

1 1

(Ol "= 5 e™ gnlgc Gim + 5 dya Sac" )
1

@LC bc — _5 em gﬁbd Scdl Gim + dya FﬁLcacb’

where "¢ and T'*'C are the standard expressions, see (A.3), in terms of g, and ggb
respectively; Dq0mn = (ng)mn = (Le,9)mn and (2.20) provides us with an expression
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in components
ga Imn = ea(gmn) - Cak,m 9kn — Cak,ngmk .
The connection B(&*) extends (4.4) to X in a natural way. The resulting symbols are written

below in holomorphic coordinates. We have used (4.6), H = d°w and the calculation of d“w
in (3.12).

e Internal indices purely vertical:

PV = et @Le,p)va +eF @(ﬁe’p)’ja + dy® (&,ca” + Ute=p) ; =/ g”X @agﬂ)—k
+ w dy® 9" Dag,5 -
&) Lo— @(ﬁap)vo +(1+e+p) dy® gw‘ Aa[,\a] _
e Internal indices of mixed type, upper index horizontal:
0P B, — _en gi6s ( A + (€~ ) AEW}) B (1—2”0) & ¢ D gt
Ch: ; —P) gy g5 S Xg -+ (1 - ; ) g7 55 S g,
eEn B — _(1+g+p) eFf giBs Dsgon + (1"'62"’@ dy® gt% S&axggx-

e Internal indices of mixed type, upper index vertical:

€ v (1_6+p) v o UA
eler) v, = 5 e g A©7gux+e“g A<Av(ﬁx) + (e_p)AW[ﬁf})
1— 14e— _
+(€2_'_p)dy04 Scwu_i_(—i_;p)dya Sapyy’
o) T 14+e+ T 7 14+e+ @ v
&P 7_(2/))6;19/\@79)%_’_(2'0)(@ Sz’ .

e Internal indices purely horizontal:

€ l—e+ P 5 N 1—€e+ P) S
@( 0) 57 — (2) eP gﬁﬁcs SS»YA 9. + ( : ) P gﬁﬁé Sg’y)\ 9 + dya @ﬁaﬂﬂ“

plend, — 1retn) z s
2

S5 g -

Some comments are in order. First, the symbols ©(?) coincide with the symbols ©(¢)
on the fibre X when all three indices are vertical. This is not the case if the symbols
are expressed in the coordinate basis {0y, 0p}. Second, when all indices are horizontal,
© coincides with ©% the connection symbols formed from g*. As g is Kéhler the connection is
the unique hermitian torsionless connection on M, whose only nonvanishing components are

oo = g0t .
Finally, we denote the split ¥V according to tangibility as follows
V =V 4 V=™V, + dy*V¥,.
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4.3 The covariant derivative of ®(€:P)

We now compute D,0(?) to zeroth order in o'. We will find that only when ¢ — p = 1
is the connection holomorphic, that is R(®? = 0. For the remainder of the paper we set
Sap = 0, and work in harmonic gauge, the conventional choice in supergravity: V™dgm, = 0
where V,,, = O, + Oy, is computed with respect to the affine spin connection on X that is
discussed in appendix A. This gauge fixing decomposes into

AJ'w, =0, V,AM =0, 0On (wW@awW) =0,

provided X has h(®2) = 0. Interestingly, without vanishing curvature S = 0 and gauge
fixing, the connection is not holomorphic for any choice of ¢, p.
First, we demand that the connection is holomorphic 9,0, = 0. Using (4.3), we find
the following components are not immediately zero:
(1—€+p)
2i

We see that the covariant derivatives of the variations appear

(1-— e.—l— )

(ep) v _
Da® wa 2i

.gV)\ vu gang ) @a@(e,p) ugﬁ = g?A vu Dawirs -

Vo Aaﬁy = 0y Aaﬁy + 04" Aaﬁ)\ ) vﬁgawaﬁ = &ugawaﬁ - @EXUQQWUX .

For the connection to be holomorphic we need to set € — p = 1. It can be checked that this

relation is sufficient to ensure that R(0:2)

= 0. So we have found a l-parameter family of
holomorphic connections on X.
Computing, we find the following non-zero components for the physical deforma-
tions 0,05
@a@(e,e—l)ﬁua =V, Aaﬁy NI vid @awaﬁ, (4 7)
0,0V ="M (Vy Aaz? + 1 VPDawirg) Gy -
Before we continue, let us pause to make some comments. Firstly, we have not com-
puted terms which have vertical indices, such as ©,0,%, as they do not appear in (1.18).
Second, it is straightforward to show that 0,0 satisfies the Atiyah condition:

v D000 = A MR, . (4.8)

Third, for the Hull connection (e, p)=(1,0) if we compute the covariant derivative of
the fibre metric, we find it vanishes since we have set S to zero:

Voz(dS?X) =V, (2 uv e & 6?)) = _2QMP(S

QB“ dy’ @ e” + Sagve“ ®dy5) =0.
These covariant derivatives do not mix components of the fibre metric with components of
the base metric under parallel transport along the moduli space.

Fourth, the extended connection © defines a covariant derivative of tensors, and it
might be tempting to interpret this parallel transport as the appropriate deformation theory
of tensors. However, this does not reduce to known expressions derived in [1] for the
appropriate deformations of tensors on X. Note also, if one were to impose that V and 7
commute, then this would imply 0™, and ©%,, vanish. This would mean that ©,g,7 and

Aqz” both vanish, which is a condition we do not want.
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4.4 The contribution of ®,0 to the moduli space metric

We are now in a position to compute the last term of (1.18). The connection in that metric
is the Hull connection (e, p) = (1,0), though in fact e drops out of the following calculation
and so it is valid for a 1-parameter family. The integration is evaluated for a fixed point
y € M giving a simplifying rule e™ — da™

We use the result (4.7) to find

Tr (D20 %050) =2 (VOOA +i VF Duw) )« (VODAGT =i V7 D500 ) g,

where V(I’O)A b =dz¥V,
O(a

AP
(0,2) — )

we find

\

Using @ ,w!

\

- [ (@a@*%@) -

Oé\

o _
_ (LO)A m OVA_PD , _ _
2V/Xv Aot VOVAT g — S

/ VEDaw * V, Dgw

ia\ / 10 ia\ / 01 - 2
+— [ VADA %V, D0 — — [ VpDowx VODAT 1+ 0(a'?).
2V Jx kB 2V Jx B ()

At this point, we notice a series of useful identities. The variation of the complex structure

satisfies

Ve VU Aau = AozUVRUXuNd:EX and VNV(I7O)AQM = Oa

where we used the vanishing of the pure part of the curvature tensor for ©: R, ,z\* = 0.
For the Kéhler form variation we find

VoV w = Rup‘ﬁ Dowor dztdz” and ¢ V' VDawrsdz® =0.

After integrating by parts, using the terms above and metric compatibility of V we

find to first order in a':
\ \

(@ O+ D~ @) ;v

_a
n

This expression agrees in form with that derived in [9].

/ (Bamlgy, + Datyn Dgwor ) R

5 Deriving the moduli space metric from its Kahler potential

We derive the moduli space metric from the Kéahler potential in a concise manner using
extended forms on X. As in the previous section, we set Sy, = 0 and within integrals over
X we have the rule ™ — da™, e, — Oq.
The moduli space metric giE has the associated Kéhler form
f— it ad,B
W' =1ig 5 dy*dy” .

We show using X that

wﬁ:i®§?(, where 17(:7(1+i7(2:—10g<§/w3>—1og<i/QQ>.

That is, we are showing that X is the Kéahler potential for the moduli space metric.
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We adopt the convention that when a universal form appears within an integral over
X, the only surviving part is that which makes the integrand a top form on X. Some useful
statements illustrating this are

/w2[F:/w2F:0,

X b's

1 — —

2/ WTrF? = / w Tt (F Fog—Fa [FB) dy*dy® = / w?Tr (@aABDBAT)dyadyB, (5.1)
X b's

X
/wQC‘D@w:/w285w:/w2@5w.
X X X

where we use the relations w?F = 0, D54 =0 and O(w?) = O(w?) = 0. We will also use,
within the integrand, 2 1

D= =—"*Dw. 5.2

<2V> v (5:2)

Recall that dQ = —k#Q + y with y = %Xa;wﬁ dy®dztdz¥da? and kf = DKo = dy®0. K 2
and we use dQ = D = 0.
Consider first the derivatives of X 1,

—_— 27
DOK | = ©<2V/ C‘Dw)
/ C‘Dw*@w—/ W2DDw

(5.3)
2 2
T w? (TrF? — Tr R?)
1 il [ 2 f ) ayedy®
-+ Xsaw*©5w+ ol (DQAQEA — D050 ) dy®dy? |
where we have used (5.1) and (5.2).
While for the derivatives of K o we have
_ D0
Jx Q2Q
_ (fX@sm [, QD0 [, @Q@Q) (5.4)
=1 — — — .
(Jx Q)2 Jx Q0

fXXaXﬁ «a ﬁ
—i—=——— dy“dy
Jx Q0

where we use 92 = 9Q + D = 0 and, in the second line, several terms vanish owing to
considerations of holomorphic type.
Finally, combining (5.3) and (5.4), we obtain the desired result

iDDK = wh.
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A Heterotic geometry

The purpose of this section is to establish the notation that we use in this paper, and to
review some material derived in [1] and [19].

A.1 Some differential geometry

This material is standard, and used in section 4. Our notation follows that of [19, 20|, and
more detail may be found in those references.

Consider a manifold X with metric given by
ds? = gp dz™ @ da™ = 29 dat ® dz”.

We introduce a basis of orthonormal 1-forms s = s4,,dz™ so that ds? = 455 @ s and
an affine spin connection 1-form © which satisfies

1 1
ds? + 015 AP = §TABC sBAsC = §TAmndxmda:”, 01 =0, gdz™, (A1)

where T4 (Bc] is the torsion. In this section only we use upper case roman letters 4, B, - - -
to denote flat Lorentz indices. The ordering of the indices here is important, and without
care, can lead to sign errors. In the following, we omit the wedge symbol ‘A’ where possible.

The connection © being metric compatible means that © 4g = —©p4, where the in-
dices are raised and lowered with the flat metric d45. The Levi-Civita connection O¢
is the unique connection that is both metric compatible and has vanishing torsion. The
Levi-Civita connection has symbols, in a coordinate basis, given by the following transfor-
mation law

@LcmAB = SAnamSBn + SAqFLCpquBp ) (AQ)

where S4 = S4P0, is a basis of vectors dual to the 1-forms s4. In the coordinate basis I'-C
is symmetric in its lower indices; in other bases this is not necessarily the case. In the litera-
ture, the I' symbol is often written with a change of ordering of the indices I';, 5 = 0,,” 5.
Care must be taken with signs and for this reason we largely avoid writing the I" symbols.
In the coordinate basis, the symbols of Levi-Civita connection are the Christoffel symbols

1
FLcmpq = igpl (amglq + aqglm - 8lgmq) . (A'S)
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The curvature 2-form is defined as
1 1
RAB = d@AB + @AC @CB = §RABCD SC SD = iRAand$mdxn .

We will have a need also for spinors. We denote the hermitian gamma matrices on X
by 7™; these satisfy the Clifford algebra {7,+"} = 2¢™". The anti-symmetrised product

of £k gamma matrices is
mk]

Y ’

miemy 7[m1 .

v

and the covariant derivative acting on a spinor € on X is
1
Vmé = Ome + Z@mAB’yABE. (A.4)

Suppose ¢ is a non-vanishing Weyl spinor on X and is covariantly constant V,,e = 0. We
normalise so that efe = 1. We can then use € to define tensors as spinor bilinears. The
complex structure J = J,,"dz™ @ 9, = J4Z s4 ® Sp will also be relevant. As a spinor
bilinear it is

" = —iET")/mnE.

It is covariantly constant
Vind = (0mJa? +0,2c T3¢ — 0,,55 Jc*) 54 @ Sp = 0. (A.5)

It can be shown that the Nijenhuis tensor of J vanishes [21], so the manifold is complex. We
denote its complex coordinates z#, ¥, then J,”=i§,” and Jz"= — i65”. The compatibility
equation between the hermitian form wy,,, metric g,,, and complex structure J,;," is

Wmn = Jmpgpn . (AG)
In complex coordinates w,z = ig,z.
A.2 Heterotic action and supersymmetry variations
The supergravity action, correct to up to and including o' ? is the following [22, 23]:
1 1 !
S=_— /dlox,ﬁgm e 2® {73 - §\H\2 + 4(09)? — %(Tr |F[>~Tr \R(G)H)|2)} + O0(a?).

N 2&%0
(A7)
The 10D Newton constant is denoted by k19, g10 = — det(gayn), @ is the 10D dilaton and
R is the Ricci scalar evaluated using the Levi-Civita connection.

The point-wise inner product on p-forms is
o1 M, N,
|T‘ = 7'g ..gP pTMl...MpTNl...Np'
p!

Thus the curvature squared terms correspond to

1 1
T |F|? = 5T FynFMYN and Tr|R(O") = 5T Rynpo(©")RMNPQ M)
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where the Riemann curvature is evaluated using
1
" =0" + §H :

Using (A.1) this connection has torsion given by
TAuN =—H N
The connection V¥ has torsion with the opposite sign to the connection V® which appears

in the supersymmetry variations. In string frame, these are

1
Wy = VPe = Vije — ZHME =0,
1 1
O\ = —§(<?<I>)5 + Zfls =0, (A.8)

1
5X:_§F€:07

corresponding to the gravitino, dilatino and gaugino variations. We have introduced
1 1 1
Hy = iHMNPFpr H = §HMNPFMNP7 F = §FMNFMN7 =Ty .
We will always assume the dilaton is constant, and work in weakly coupled perturbative
string theory at large radius. The spacetime geometry is R3! x X where the manifold X is
FM

compact. The gamma matrices and spinor ¢ are decomposed in a manner compatible

with this direct product
I‘=9®1, I"™=7"®7y", e=¢on+(®n_,

where e, f, - - are spacetime indices, ¢4+ are Weyl spinors on R*! and 74 are Weyl spinors
on X with (7 = (- and n} =n_.

From the calculation in the previous subsection, equation (A.5) requires J,," to be
covariantly constant with respect to VE:

Vo Il = Ve TP — %Hmpq I+ %qun Jf =0. (A.9)
Contracting with gp,J,"dz™dz"dx®, gives
dw + %Hmnpdxmdm”ﬂ? =0.
Evaluating this equation in complex coordinates gives
i(0—0)w=H. (A.10)

The manifold X admits a holomorphic volume form € which is related to its hermitian
form w through a compatibility relation

1 5 iQAQ
—w” = . (A.11)
3! 1921

The holomorphic form € is 0-closed and satisfies x2 = —if2, which also means it is O-

harmonic. Similarly, € is covariantly constant with respect to ©®. This implies that

H,"=0 and 9,log|Q|*=0.
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A.3 The background field expansion

The background field expansion is a small fluctuation expansion around a classical back-
ground, in which the small fluctuations modulo gauge redundancies are the dynamical
quantities of physical interest. We describe this for heterotic theories following the back-
ground field method.

Consider a small fluctuation A — A+ A, together with a variation of the gauge trans-
formation & — ®(1 + ¢). The total quantity A + JA transforms by (1.5). The doctrine of
the background field method assigns A the transformation law (1.5) while the fluctuation
transforms as

A — ®(6A—dae)d .
This is understood as the composition of two gauge transformations:

e Background gauge transformations

A = PADT' - ddd! and 64 — AP, (A.12)

e Small gauge transformations

A — A and JA — 0A—due. (A.13)

The former is a classical symmetry of the background, while the latter describes the gauge
redundancies of the dynamical variables. Although we have described this using deforma-
tions dA it equally well applies to other gauge symmetries such as Lorentz or diffeomor-
phisms. The former acts on all tensors, including 6© and the metric §g. The B-field §B
has an additional symmetry through its Gerbe property.

To first order, variations of heterotic structures are related by differentiating H = dw
and using the cohomology of X:

B = 05,7,

@aw(Q,O) — 0,
B2 1 iD,w0? = gpd! (A.14)

Q;O(},l) — 0,0 = (’Ya d (0&1 +5(11,0) )(1,1)7

\ \
(B + 10,00 — 9kOD) = %A H(Fw — dw,,) + %Tr (D AF) — %Tr (Da0R),

where 7&1’1) is d-closed (1, 1)-form. As B, is defined up to d-closed form, we can absorb the

9 and a&o’l). We show in [1] that ~y, can be absorbed by an «'-correction

terms involving B&L
to the moduli space coordinates.

Using the covariant derivatives of fields as a basis for a Kaluza-Klein reduction, with
the harmonic gauge fixing, gives the moduli space metric (1.18). It is Kahler after taking
into account the second order relations between fields. This observation can be generalised
to account for the charged matter fields and their fermionic superpartners in order to give

the matter field metric as derived in [24]. This normalises physical Yukawa couplings.
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B The [ and © symbols

The calculation in this section follows that of [10]. The two relevant bases for Ty are the

coordinate basis and the e-basis
Op = {04y Om}, ep ={ea, em} ={0a — ¢ Om, Om}.
While for 7y they are
du? = {dy?, dz™}, e? ={e, e} = {dy®, dz™ + ¢, dy?}.
We introduce the matrix eQP and its inverse E¥ o as follows

eP:eQPduQ, eQ:EPQap.

5% 0 5% 0
e"=" ). Efq=("" " |. (B.1)
™ On - 0"y

The covariant derivative V defines symbols © in the e-basis and [ in the coordinate basis:

More explicitly

V(o) =dzM Ty "g0p and V(eg)=eMOpygep.
The relation between the symbols follows from
Vieq) = eM (eM(EPQ) + E’NMESQ[I—NPS>8P = eM(DMSQ Efsop,
which we rewrite as
em(EPq) + EN yE ol nPs =00 g EF 5. (B.2)

Under a coordinate transformation, z — z(z,y) and y — y(y), the shift ¢, transforms
so that the e-bases elements rotate in a block diagonal fashion

= m

.b_8yb _ oz"

~ _ .b 3 _ - on
€a — €a = Ja €b, Om — Om = Jm" On Ja = o =

This is viewed as a block diagonal rotation of the e-basis

- b
) 0
I
0 Jm

The © symbols therefore transform as
6nTo = (gM (io”) +]'MT]'QN®TSN>J'71PS-

The block diagonal structure ensures that symbols such as ©,,", and ©,,%, transform as

tensors, and so their geometric meaning is independent of our choice of c:

Om"a = JmPi " 4a"0p %, B = JmPin®i % 0,0, .
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The geometric interpretation of these symbols is that they are the components of the ex-
trinsic curvature Y, of the fibration of X in X as described in section 2.7.

The covariant derivative for ¢,™ follows by choosing M = m, P = p, Q = a in (B.2)
and using (B.1) together with ©,,% = I,,%0—Tnb4ca?:

Xamp =0ple = _(amcap + 0Pred” —Tfo + [rmbacbp - [rmchthcbp) : (B'B)

The extrinsic curvature x is a tensor and so also is the final expression above. We could,
following [10], regard this final expression as the definition of a new covariant derivative of
the shift ¢,™.

When S, = 0, the expression simplifies
Xamp = _(8mcap + ﬂ—mpncan - u—mpa) .
We can make some comments on this equation.

1. If ¢,™ = 0, so that normal vectors are given by d,, then

Xamp = |]—mpa .

The following symbols are trivially identical 0,,P, = I ,7,.

2. In complex coordinates if we choose the Levi-Civita connection for ¥V and use the [
symbols of (B.5), we find

Xofip = Da(mp) -
3. An analogous calculation gives
1
Xogip = angpﬁ-

B.1 The [ symbols for the Levi-Civita connection

These are the [" symbols for the Levi-Civita connection. We first invert the relation (B.2)
and decompose the indices, giving

[rmn - _Cam (Dbn + Gmn ;
[ran - ®an 5
™y = —ca™ 0% — " 0% " + 0"y + 0™ " +d ™,

ﬂ—ab = ®ab + @an Cbn .

(B.4)
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Using the symbols for ©“° from (4.6), we have
1
M =dz™ (FLCm”k+2 ey gﬁbd@dgmk;>
1
+dy“ (Cam T e+ ca™ " 670 D 4G+ Opca™ + 3 9" Dagi ™ g Sad glk) ,
b L m ed L ool m fbd thd o 1
T k=—§dx g :Ddgmk_§dy (Ca 9" Dagmrk+9""" Sad glk)7

1 1 1
|rnc =dz™ (FLCmnk cck +8mcck + 5 cbn gﬁbdgdgmk Cck + 5 gnl chlm + 5 Cbn gﬁbd Scdl glm)

+dy” (8accn + (ak‘can)cck +ecg " ey CckFLcmnk - FjjLcabc (B'5>

1 1 1
+5 "o 91D ggmn - 5 ca” 9D egim+ 5 ce” g™ D g

1 1 1
+ 5 Sac"+ 5 Scdl ca ey gﬁbd gim~+ 5 Sadl " Cck gﬁbd glk) )
1
|]—bc = _5 da™ (Cck gﬁbd Qd Imk — Sdcl gﬁbd glm)

1 1 1
+dya (FﬁLCabc - 5 co™ Cck gﬁbd@dgmk + 5 Sdcl Camgﬁbd 9im — 5 Sadl gﬁbd ik Cck> .

C The Nijenhuis tensor for X

The Nijenhuis tensor for J is
Ny = (JPapJI? — Jp@dIP)ag, (C.1)

where u” = (y®,2™) denotes a point in X and we write J© = JgPdu®. The complex
structure is triangular in the coordinate basis:

J=Jnem@e,+ et @ey = Jp " Az @0, + (ca ™ T — T ey™) Ayt @8, + I dyt @8y .

Thus,
Im® =0, J,™ = J,"e,™ — Jhbe™ .

The terms in (C.1) decompose according to tangibility. In the following, we suppress the
® in writing out the tensor structure of Nj to simplify notation, so for example Nj =
%NJ} pQRduPduQaR.

1. The first term, proportional to dz"dx™, reduces to that on X
1
5N min2dz™dz"dg = Ny . (C.2)
2. The next term has mixed tangibility dy*dz™
Ny am?dy®dz™0g = Ny mnea™ dy*da™ 0g + (J43°6,% — 3" T, 7) ep(JmP) Og

+ (JﬁabJpqcsm” - Jﬁb“Jm"cSpq) len, e)? dy®dz™a, .
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where

ep(JIm?P) = O — " O0p it and ey, ep] =—(0ncp?) Oq

We use the projectors of (2.30) to rewrite the N am® components
Ny am®dy®dz™0g = Ny mnlca™ dy®da" 9, + 2i (Po°Qp? — Qo Ppl)ec(JmP) 0,
(C.3)
+4( PP Q" + QuQu" By ) en, ec]? dyda™),
3. The final term of (C.1) has tangibility dy®dy®
1 QJ,a,3,,b 1 di,a,b 1 g, m.,n ay, b
5Nyt dy"0g = 5 Nys ap"dy dy” cat S Nymn'ca™ e dy"dy”eq
+ (Jﬁac ec(Jpt)ep? — I 1 ea(me)cbp) dydy’o,
(800,14 T2 T 10 T Ty 0,14 T 116, ) (Buca) Ay dy 0,
(B0 1= 00 Ty T 01 TG 8 Ty T Ty 6,8,
X e (OmegP) dy®dy® 9, .
In terms of projectors
1 Q3,030 1 dj,a.3,,b 1 q., m.,nj,a73,b
iNJJab dy’dy 6Q:§Njﬁ ab dy“dy ed+§NJmn ca ey dydy’ eq
+2i(Pachq —Q;qu) ee(JmP)cy™dy dyd, —2 (PCPdeJrQCQde) lec, eq]?
~4(PPIQ, P+ QUQ R Q"+ PUQUQu Pyt QPR Qp ) [emsedl” . (C.A)
Gathering (C.2), (C.3) and (C.4), and simplifying we find
1
Ny= §NJ mnle"e"eq+2iec (Jn?) (Pﬁceme—QﬁcemPp> (C.5)
4 P Pﬁan fcyn p fc pid e id 1 c a b
—dfecsenl? (PP Qpt-QHQ" Py ) 2lec,eal” (P PHQy+Q Q' P, )+ Nye e"ele.
The second and third terms combine in virtue of the relation
(P!, PJPdy®e™ = _%Pﬁc ee(JmP)e™ + PP e, eml? .

Note also that
[PE, Pi9 = PPt bleg, ep)? .
These relations, together with (C.5), give the final expression

1
Ny = §NJ mnle™ e eq — 4[P§, Ppl%e®e™ Qq — 4[@5“ Qm]lee™ P,
1
—2[P%, Pg]q el Q, — 2(Q%, le]q e et P, + §NJ;¢ dfefele,.

The first and last term are N; and N ;.
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D Some examples: deformations of w and {2 within X

We now illustrate the extensions of some natural tensors in special geometry and calculate
their deformations. For this subsection only, X is a Calabi-Yau manifold and we are at
the standard embedding. It is a good check that the formalism here reproduces the known
deformation theory of a Calabi-Yau manifold.

D.1 The hermitian form w

The hermitian form w on X is
W = Wpne e + wgbdy“dyb ,

with its form is determined by the metric (2.22) on X.
The variation of the hermitian form w due to a variation dy® is

Dow = ea(w) = (Da™) W,
and when decomposed into holomorphic type this yields
’Daw(270) =0,
Dyl = D oWy ete Dawuw = ea(wup) — (Opca”) wrw (D.1)
Dow 02 =i ALY w, ,
Under a small diffeomorphism (A.13) dw = dy®D,w transforms in the following way
dw — dw— Lew = dw— €"(dw)y, — d(€™ wp,) = dw + de, £ = —€"wn,

where €™ is a vector and ¢ a 1-form. Harmonic gauge is when dféw = 0. This requires
Dgw(oz) =0 and Dﬁaw(Ll) to be harmonic.

D.2 The holomorphic form

We define the holomorphic three form on X to have an extension which is purely vertical®

1 1
0= 3 Quupete’el = 30 f(x,y) upete’e’, (D.2)
where €,,, is the constant antisymmetric symbol and the function f depends holomorphi-
cally on the coordinates. As Q) = —if2, it follows ) that is d-harmonic. Supersymmetry
implies that it is covariantly constant with respect to the Bismut connection VEQ = 0.

Decomposing according to holomorphic type yields two relations
vEQ = (au log [|2|> — HW”) Q=0,

VR = —g"NOggy, — Oxgm) Q@ = Hz* Q =0,

50f course there may be a three form for X with horizontal components. In this work, they do not play
a role and so we do not consider them. This is an example of an object which does not have a natural
extension to the universal manifold X.
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which are solved by
H,' =0, 9,log|Q|*=0.

The three-form 2 is a section of a line bundle over the moduli space M with a C*-gauge
symmetry

Qo AyQ,  Aecr. (D.3)

Now consider variations of €2, which need to be covariant under (D.3). The derivative
050 is decomposed into holomorphic type on X:

B0 = (DAQ)Y) + (DAY,

where the superscripts refer to holomorphic type with respect to J. Using {D,Dﬁ} = 0,
applying D* to PQ = 0 and decomposing according to

ML) =0 and FDLQ)CY +HBIO)ED =0, (D.4)

The first equation defines a 9-closed form x, = A,#Q,,. For the second equation the Hodge
decomposition of (DﬁaQ)(?”O) with respect to the 0-operator gives the sum of a harmonic
form and a O-exact term. As h*? = 1, the harmonic term is € multiplied by a parameter
dependant coefficient K 5,

(D)D) = K 5, Q4 8, . (D.5)

Multiplying this equation by £ and integrating over X, we see the coefficient K 5, can be
written as a derivative

Koa=0aK2; K2=—10g</XiQQ> .

Under small diffeomorphisms, there is a transformation law for {2 = 6y°‘DﬁaQ
5030 5 5060 (et Q) and Q3N - 50D (et Q).

Comparing this equation with (D.5) we see that we can solve " Q, = dy“(, with explicit

solution given by
L Sveo 1,0)
e = Q" 3y oo + (91 )0) |
219

where €19 is an arbitrary one form. With this choice 6230 is harmonic. We see that
£€1.9) ig a residual gauge freedom that does not affect 992
Returning to the second equation in (D.4), we see that it implies y, is 0-closed.
The derivative of  that is covariant both with respect the symmetry (D.3) and diffeo-
morphisms is
0,0 = (P4 + K24) Q2= xa = An"Q, .
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