Riemannian geometry with skew torsion

4

—_——
MINA
TIO
MEA

S

N SaEg

DI=0=1Ce

—_—
S lpomr
Il Nvs
M|l ILLV

Ana Cristina Castro Ferreira
St Cross College
University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Hilary Term 2010






Acknowledgements

First and foremost, I would like to express my gratitude to Nigel Hitchin, my supervisor.
During the course of my research, I was always looking forward to our weekly meetings
which were always an important source of motivation. He was remarkably helpful and
patient with me and I have benefited immensely from discussions with him. I am in great
debt for his generosity with both time and ideas.

I would like to acknowledge the University of Minho and, in particular, the Department
of Mathematics for granting a leave of absence which allowed me to pursue this degree.
In this matter special thanks go to Lisa Santos for her guidance and advice.

I would also like to acknowledge the Portuguese Foundation for Science and Technology
for partial financial support.

I was fortunate to have been an undergraduate and a master’s student at the University
of Porto where I had many enjoyable and inspirational lectures. I would especially like to
thank Luisa Magalhaes, José Basto-Gongalves and Peter Gothen who encouraged me to
undertake a research degree and helped me through the application process.

Finally, I want to thank all my friends both at St Cross College and the Mathematical
Institute. My warmest thanks go to Philip Littlewood for his constant support and

encouragement.

iii






Abstract

Title: Riemannian geometry with skew torsion

Candidate: Ana Cristina Castro Ferreira

College: St Cross

Degree: Doctor of Philosophy in Mathematics

Term: Hilary 2010

This thesis is concerned with the study of metric connections with skew torsion on the
tangent bundle of a Riemannian manifold. We mainly work on compact, orientable
Riemannian manifolds of dimension four where we develop the notion of Einstein metrics
with skew torsion. Given a three-form on a four-manifold, we define an associated three-
form on the moduli space of irreducible self-dual connections. We exhibit explicit formulas
for the case of the 4-sphere with a round metric. We also consider the moduli space of

1-instantons on S* for a family of Einstein metrics with skew torsion defined by Bonneau.
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Chapter 1

Introduction

The central theme of this thesis is metric connections with skew torsion on the tangent
bundle of a Riemannian manifold. As described in chapter 2, they appear naturally for Lie
groups equipped with a bi-invariant metric and also in the context of generalized geometry.
The Bismut connection on a Hermitian manifold is also an example of a connection with
skew torsion.

We start this thesis by presenting some of the basic properties of these connections.
They are characterized by the metric and the torsion tensor which is a three-form. We
exhibit formulas for the Riemann and Ricci tensor and scalar curvature in terms of the
Levi-Civita connection and the three-form.

In chapter 3, we consider twisted Dirac operators associated with connections with
skew torsion. Considering a spin Riemannian manifold (M, g) and & its spinor bundle, we

show the following

Proposition 1.0.1. Let H be a three-form, and suppose that the left and right spinor
factors are, respectively, equipped with the connections V9 + %H and VI — iH . Consider

the tensor product of these connections on & ® $. The corresponding Dirac operator on
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$ ® &, identified with the bundle of exterior forms A, is given by

D= (d+ H) + (d + H)*

where H is acting by exterior multiplication and (d+ H)* is its formal adjoint with respect

to the metric.

We use this result and a Lichnerowicz formula for the square of a Dirac operator

associated with a connection with skew torsion to prove the following vanishing theorem.

Theorem 1.0.2. Let G be a compact, non-abelian Lie group equipped with a bi-invariant
metric and let H(X,Y,Z) = ([X,Y],Z) be the associated closed bi-invariant three-form.

Then the cohomology of the complex defined by d + H vanishes.

We specialize to compact, oriented four-dimensional manifolds in chapter 4. We
calculate the decomposition of the curvature operator RV for the splitting A2 = AL & A_

in terms of the SO(4) irreducible components of A% @ A2,

Theorem 1.0.3. For a metric connection V with skew torsion H, we can decompose the

curvature operator as

Vo xdH 1 dH
W++<i—2—*4 >Id+§(d*H)+ ZV+S<V*H+*T9>

RY =

T v
v_ *dH sV xkdHN 1
<Z S <V*H+ 1 g>> W—+ <12 + 1 Id 5 (d*H)_

where WT and W~ are the self-dual and anti-self-dual parts of the Weyl tensor, sV is

the scalar curvature for V, (d*H)y and (d*H)_ are the self-dual and anti-self-dual parts



of d*H, ZV is the symmetric trace-free part of RicY, S denotes the symmetrization of a

tensor and 1 the adjoint.

In view of this decomposition and in analogy with the concept of Einstein manifold,

we define

Definition 1.0.4. Given an oriented Riemannian four-manifold (M, g, H), we say that g

is an Finstein metric with skew torsion H, if
dH
where V s the metric connection with skew torsion H.

Notice that this definition involves a choice of orientation, see theorem 1.0.3, but we
show that for a compact manifold this choice is irrelevant. This is done by establishing
a one-to-one correspondence between Einstein manifolds with skew torsion and Einstein-
Weyl manifolds and making use of the Gauduchon gauge where the torsion is closed.

Motivated by the Hitchin-Thorpe inequality, [29], we prove a similar statement which

gives a topological constraint for a manifold to have an Einstein metric with skew torsion.

Theorem 1.0.5. Let (M,g,H) be a compact, oriented, four-dimensional Riemannian
manifold, equipped with a metric connection with skew torsion H such that g is Einstein
with skew torsion. Then

X(M) > —|7(M)|

N W

where x(M) is the Euler characteristic and 7(M) the signature of M.

Also, we investigate the case when the equality is achieved and obtain the following

classification up to universal cover.
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Theorem 1.0.6. Let (M, g, H) be a compact, oriented, Riemannian manifold of dimen-

sion four which is Einstein with skew torsion and satisfies the equality
X (M) = S[r(M)].
Then its universal cover is isometric to R*, a K3 surface or R x S3.

We proceed to consider the case of a Hermitian manifold equipped with the Bismut
connection. We show that there are not many examples for which such connections are

Einstein with skew torsion. More precisely,

Theorem 1.0.7. If (M, g, J) is a four-dimensional compact Hermitian manifold equipped
with the Bismut connection such that it is Einstein with skew torsion then either it is

conformally Kdhler or its universal cover is R x S3.

Chapter 5 is devoted to the study of instanton moduli spaces. There are several metrics
that can be defined on such a moduli space. One of them is the L? metric which has been
intensively studied by Groisser and Parker, [19, 20]. Motivated by the work of Cavalcanti,
[17], we define a “natural” three-form on the moduli space of instantons. The L? metric
and the three-form give this space the structure of a Riemannian manifold with skew
torsion.

Given a three-form on M, we define an associated three-form on the moduli space of

irreducible connections in the following fashion.

Definition 1.0.8. Let M be a four-dimensional compact, oriented, Riemannian manifold
and let E be an SU(2)-bundle over M. Given a three-form H on M we can define a

three-form H on the moduli space of irreducible connections by

~

H(al, as, ag) = /M %(Tr(l/qgag) + Tr(wggal) + Tr(l/ngag)) NH



where ay,az,as are three vector fields in TM = {a € Q1 (B(E)) : dg(a) = 0, d&(a) = 0}

and ;; 1s the solution to the equation
dydvtpiy = a;(a;) — aj(a;).

We then apply this definition to the particular case of the moduli space of 1-instantons
for the 4-sphere with a round metric g. Each point in M can be identified with the
Levi-Civita connection for a metric of constant sectional curvature. These metrics can be

written as
pA(daf + dod + daj + daf)
Jer T T A e = aPP?

for 4 € RT and a € R*. Each point m € M is then represented by the Levi-Civita
connection V of a metric in the conformal class of round metrics. Also the tangent bundle

of M can be concretely described, [19], in terms of gradient conformal vector fields,

TiyM = {ixF V. X is a gradient conformal vector field of S*}.

Theorem 1.0.9. Given a three-form H on S*, if g is the background metric used to define
the three-form H and m is the point in M corresponding to g, then the value of H atm
is given as follows

~

H(a,a’,a”):27/ *(XAYANZ)NH
S4

where a = izFY, d =ixFV, d" =iy FY and X,Y,Z are gradient conformal vector fields

of S%.

Allowing m to vary this defines in a conformally invariant manner a new three-form

H on M, in the following fashion.

Definition 1.0.10. At every point [V] € M, where V is the Levi-Civita connection for a
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round metric,

H(a,a/,a”):/ x( XANYNZ)NH
S4

where H is a three-form on S*, a = izFY, o = ixFV, d' = iyFY and X,Y,Z are

gradient conformal vector fields of S*.

This new three-form is more adapted to the information metric which gives the moduli
space the structure of hyperbolic 5-space. We show explicitly by an integral formula that
a closed form H on S* defines a harmonic form on H® this way. It turns out to be the

same as the Poisson formula of Gaillard, [23].

We observe that a connection which is Finstein with skew torsion induces a self-dual
connection on AT and, if the manifold is spin, a self-dual connection on $+. Motivated
by this, we consider, in chapter 6, a one-parameter family (S%, g, H) of Einstein metrics
with skew torsion H defined by Bonneau and Madsen et al., [12, 37]. The induced metric
connections with skew torsion H and —H are two charge 1 instantons on $+. We then

investigate the moduli space of 1-instantons for these metrics and prove

Theorem 1.0.11. Let Mp be the moduli space of SU(2)-self-dual connections of charge
1 for a Bonneau metric on S*. Then Mgp is diffeomorphic to M, the moduli space of

SU (2)-self-dual connections of charge 1 for a round metric on S*.

Finally, in chapter 7 we consider some questions that follow from the work presented

in this thesis.



Chapter 2

The basics

2.1 Connections with skew torsion

We will denote by K the fields of real or complex numbers according to the context. All
of our structures are smooth and finite dimensional, unless otherwise stated.
Let W be a K vector bundle over the manifold M. We will be using V for a connection

on W
V:T(M,W) — QY (M, W)

where T'(M, W) denotes the smooth sections of W and QY(M,W) = I'(M,T*M ® W)
denotes the one-forms on M with values in W.

Notice that a connection extends in a unique way to a map
dy : Q* (M, W) — QT (M, W).

The map dy o V : (M, W) — Q*(M, W) is called the curvature of W associated to the

connection V. It can also be seen as the End(W)-valued two-form on M defined by

F(X,Y)=VxoVy —-VyoVx —Vxy),

7
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where [X,Y] is the Lie bracket of the vector fields X and Y.
Let g be a metric on the vector bundle W. The connection V is called metric if it

satisfies the following identity
d(g(S, t)) = g(vs7 t) + 9(57 Vt)

for all s, t € I'(M, W).
We will now concentrate our study on connections on the tangent bundle T'M, these

are usually called affine connections.

Definition 2.1.1. The two-form T with values in the tangent bundle of M defined by
T(X,Y)=VxY —-VyX — [X,Y]

is called the torsion of V. If T' =0 then V is said to be torsion-free.

Notice that T is a (1, 2)-tensor which is anti-symmetric on the covariant indices.

One of the features of torsion-free connections is the following, [9].

Proposition 2.1.2. IfV is a torsion-free connection on T M, the exterior differential is

equal to the composition
T(M,A*M) —L5 T(M,T*M @ A*M) 25 T(M, A*T1 M)
where N\ denotes the wedge product of differential forms.

A manifold M is said to be Riemannian if it is given with a choice of metric g on its
tangent bundle. Every Riemannian manifold has a canonical connection on its tangent

bundle and hence in all of its tensor bundles, [9].
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Proposition 2.1.3. If (M, g) is a Riemannian manifold there ezists a unique connection

on TM which is simultaneously metric and torsion-free.

The connection defined in proposition 2.1.3 is called the Levi-Civita connection and
will be denoted by V9.

Let (M, g) be a Riemannian manifold and 7" be the torsion of a connection V on TM.
We will denote again by T' the (0,3)-tensor obtained by contracting with the metric, that
is

T(X,Y,Z)=9(T(X,Y),Z)

forall X,Y,Z e I'(M,TM).

Definition 2.1.4. The connection V is said to have skew-symmetric torsion if T is also

anti-symmetric in'Y and Z, that is, if T defines a three-form on M.

Let H be a smooth section of A? and S¥ be the one-form with values in the skew-
adjoint elements of End(7'M) defined by g(S* (X)Y, Z) = H(X,Y, Z). Denote by V# the

connection on TM defined by VH = V9 + SH and by T its torsion tensor.

Proposition 2.1.5. The connection V¥ is a metric connection with skew-symmetric
torsion, namely, TH = 2H. Conversely, if V is a metric connection on TM whose

torsion is the totally skew-symmetric tensor T, then V = VH where 2H = T.

Proof — Since the Levi-Civita connection is metric and S takes values in the skew-
adjoint elements of End(T'M) it is clear that V7 is metric. We have, for every X,Y, 7 €

I'(M,TM),

TH(X,Y,Z) = g(TH(X,Y),2) = g(SH(X)Y, Z) — g(SH(YV)X,Z) = 2H(X,Y, Z)

since the Levi-Civita connection is torsion-free. Given the connection V as above, we
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observe that V and V¥ are both metric and have the same torsion, 2H, therefore, they

necessarily coincide.

O

Roughly speaking, the torsion three-form measures the difference between the connec-

tion V# and the Levi-Civita connection V9.

2.2 Associated tensors

We now analyze some of the symmetries of the Riemann curvature tensor, Ricci tensor

and scalar curvature for metric connections with skew-symmetric torsion.

2.2.1 Riemann tensor

Let (M, g) be a Riemannian manifold and V be a connection on T'M. The curvature

tensor RY is given, as in [9], by
RY(X,Y)Z =Vixy)Z — (VxVyZ —VyVxZ)

for every three vector fields X,Y,Z on M. We can obtain a (0,4)-tensor by contracting

with the metric

RY(X,Y,Z,W) = g(R¥(X,Y)Z,W)

and in this case we will call RV the Riemann curvature tensor.

For the Levi-Civita connection V9 we have some well-known properties, [9].
a) RI(X,)Y,ZW)=—-RIY, X, Z,W);
b) Rg(X7 Y, Z, W) = _RQ(X7 Y, W, Z)7

c) R9(X,) Y, Z, W)+ RI(Z,X,Y, W)+ RI(Y, Z, X,W) = 0 (first Bianchi identity);
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d) RI(X,Y,Z,W)=RI(Z,W,X,Y),
for all vector fields X,Y, Z, W.
Recall that property a) is satisfied by any connection and that property b) holds for

any metric connection. Property c) uses the fact that V9 is torsion-free and property d)

is derived from c).

We wish to establish similar properties for metric connections with skew torsion. In
order to do so, let us take V to be a fixed connection on the Riemannian manifold M and
consider its torsion 7" which we assume to be totally skew-symmetric.

We can relate RY and RY, using T, as follows,

Proposition 2.2.1. For every four vector fields X,Y, Z, W, we have
1 1
RY(X,Y,Z,W) = RIX,Y,Z,W)+ ZQ(T(X’ W), T(Y,Z)) - ZQ(T(Y’ W), T(X,Z2))
1 1

As a result of this identity, we get,

Corollary 2.2.2. Given X,Y,Z,W € I'(M,TM),
a) RV(X,Y,Z, W)+ RV (Y, Z,X,W)+ RV (Z,X,Y,W) =
—AT(X,Y, Z,W) ~ (VR T)X, Y, 2) + 5 o o(T(X.¥),T(Z W),
where X?/Z denotes the cyclic sum over XY, Z.
bRV(X,Y,Z,W)=RY (Z,W,X,Y) — % dT(X,Y,Z, W),

where V™ is the metric connection on T M with torsion —T.

¢) In particular if T is closed, we obtain RY (X,Y,Z,W) =RV (Z,W,X,Y).

Similar identities to the ones in proposition 2.2.1 and corollary 2.2.2 a) can be found

in [31]. The original proof of corollary 2.2.2 c¢) was done in [11].
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Proof of proposition 2.2.1 —

Replacing V by V9 + %T we get

RY(X.Y,2,W) = RIX, Y, 2,V) = 1g(T(X,T(Y, 2)), W) + 19(T(¥,T(X, 2)), W)
—%Q(V%(T(Y, 2)), W) + 39(VH(T(X, 2)), W) + 39(T([X. Y], 2), W)

1

—59(T(X, V§.2), W) + 5g(T(Y, V4 2), W)

Now using the fact that 1" is skew-symmetric, it yields

RY(X,Y,Z, W) =RI(X,Y,Z, W) + ig(T(X, W), T(Y,Z)) — ig(T(Y, W), T(X,Z))
SOV (T (Y, 2)), W) + Sg(V4(T(X, 2)), W) + ST(X, Y], 2, W)
FST(X, W, 99.2)) - ST(YV, W, V% 2)

Since VY is metric and torsion-free,

RY(X,Y, 2,W) = RI(X,Y, 2, W) + 19(T(X, W), T(¥, 2)) ~ 1q(T(Y, W), T(X,2))
—lX.T(Y, Z,W) + %T(Y, Z, VW) + %Y.T(X, Z,W) — %T(X, Z, VW)

1 1
+5T(X.W,V§.2)) = 5T(V,W. V% 2) + 5T(VLY = ViX, Z,W)

Organizing the terms and using the general formula
k
Ua(Vi,...., Vi) = Dya(Vi,...,Vi) + > _a(Vi,...,DuV;,..., Vi),
i=1
where D is any connection and « any differential Zform, we finally obtain

RY(X,Y,Z,W) =RI(X,Y,Z,W) + ig(T(X, W), T(Y,Z)) — ig(T(Y, W), T(X, Z))
1

—%(V:‘;T)(Y, Z,W) + 5 (V§T)(X, Z, W),

which is the desired formula.

Proof of corollary 2.2.2 —
Here we use the above proposition and the analogous properties of RY.
a) RV(X,Y, Z,W)+RY(Y,Z,X,W)+ RV(Z,X,Y,W) =
=RIX,)Y,Z W)+ RIY,Z,X,W)+ RI(Z,X,Y, W)

+% (9(T(Z,W), T(X,Y)) +9(T(Y, W), T(Z, X)) + g(T(X, W), T(2,Y)))
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_((VQXT)(Y7 Z? W) - (VL;]’T)(X7 Z? W) + (VgZT)(Xv Y7 W)
- (V?/VT)(Xv Y7 Z)) - (v?/VT)(X7 Y7 Z)

1

2X<}7/Zg(T(X, Y), T(Z,W)).

b)RV(X7Y7 Z, W) - va(Z,W,X,Y) =

= RI(X,Y,Z,W)—RI(Z,W,X,Y)+ %(g(T(X, W), T(Y, Z))—g(T(X, Z), T(Y,W))))

1 (T (Z,Y), ~T(W, X)) ~ g(~T(Z,X), ~T(W,Y)
—% (VT)(Y, Z,W) = (VT) (X, Z,W) + (VET)(W, X,Y) — (Vi T)(Z, X,Y))
_ —%dT(X, Y. Z,W).

¢) Immediate from b).

2.2.2 Ricci tensor and scalar curvature

Suppose (M, g) is orientable. If n = dim M, let {e;} ; denote a positively oriented
orthonormal frame of TM and {e’}?"; its dual frame.

For any p with 0 < p < n, we define the Hodge star operator * to be the unique vector
bundle isomorphism

k1 AP — AP

such that *(e; A---Aey) = epr1 A--- Aep. Notice that, on AP, we have #? = (—1)P("~P)Id.

The star operator allows us to define an inner product on p-forms by

a N *ﬁ = (a75)wgv
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where wy is the volume form of (M, g). Given d : OP~1 — QP the exterior differential,

the operator d* : QP — QP~! defined by
d* = (=1)""t" o dox
is the formal adjoint of d and we call it the codifferential. The operator
A=dd" +d'd: Q°P(M) — QP(M)

is the Hodge-Laplacian on p-forms.

Recall that the Ricci tensor Ric associated to a connection D is the (0,2)-tensor
Ric(X,Y)=Tr(Z — R(X,2)Y)

where R is the Riemann tensor of D and Tr denotes the trace of the map Z — R(X, 2)Y.

Proposition 2.2.3. Given any pair of vector fields X, Y, and a connection V with skew

torsion T', we have the following identity
1 1
Ric” (X,Y) = Ric?(X,Y) = 3 3 g(T(X, ). T(YV.e)) = 54 T(X,Y),

Proof — Just use proposition 2.2.1 and the fact that d*a = —e; JVZ,« for any differential

form a.

O

Clearly, RicV has a symmetric and an anti-symmetric part, the symmetric part being

1 1
given by Ric?(X,Y)— 1 Z 9(T(X,e;), T(Y,e;)) and the anti-symmetric by —Ed*T(X, Y).

Recall also that the scalar curvature of a connection, denoted by s, is the trace of the

Ricci tensor with respect to the metric s = Tr Ric = )" | Ric(e;, ¢;).

A direct computation yields,
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Corollary 2.2.4. The difference between the scalar curvatures sV, of a connection V with

3
skew torsion T, and s9 of the Levi-Civita connection V9, is sV — 59 = —§||TH2.

2.3 Examples

For the remainder of this chapter we will present some examples and particular contexts

in which skew torsion appears naturally.

2.3.1 Lie groups

The classical examples are those of Lie groups where connections with torsion arise natu-
rally if the Lie group is equipped with a bi-invariant inner product on the corresponding
Lie algebra (see [33], for example).

Let G be a Lie group and g its Lie algebra. Recall that the Lie algebra g is isomorphic
to the space of all left invariant vector fields on GG. Notice that if the metric is bi-invariant,

then it must be ad-invariant, i.e.,
(2. X],Y)+ (X, [2,Y]) =0

for all X,Y, Z € g.
There is a one-to-one correspondence between the set of all bi-invariant connections

and the space of all bilinear functions « : g X g — g which are ad-invariant, that is,
[Z,a(X,Y)] = a(X,[Z,Y]) + o([Z, X],Y).

Consider the one-parameter family of connections Vi (Y) = ¢[X,Y]. Given ¢, the

torsion of V! is (2t — 1)[X,Y]. Notice that since the metric is ad-invariant, it means that
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these are metric connections and also that their torsion is skew-symmetric. Note also that
ift = % we get the Levi-Civita connection, since the torsion vanishes.

The curvature of V! is given by
RY'(X,Y)Z = PX,[Y, Z]] - 2[Y, [X, Z)) - ¢[[X, Y], Z] = (#* = 1)[[X, Y], Z],

by means of the Jacobi identity.
For t = 0 and t = 1, we get two flat connections. These correspond, respectively, to

the left and right invariant trivialization of the tangent bundle, [33].

2.3.2 The Bismut connection

An important example of a connection with skew torsion is the so-called Bismut connection

of a Hermitian manifold.

Definition 2.3.1. An almost complex structure on a smooth manifold M is a smooth map
J:TM —TM

such that at each point x € M, Jf = —Id,.

It is a simple matter to check that all manifolds that carry an almost complex structure
are even dimensional and orientable, [33]. Also if 2m = n, where n is the dimension of M,

then J induces a preferred orientation on M, for which adapted orthonormal frames

{er,Jer,...,em, Jem}

are positively oriented.
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Consider the complexified tangent bundle of M, Tc M = T M ®gC. The almost complex
structure J defines a splitting

T(CM — Tl,O D TO,l

where T1OM and TO' M are the eigenspaces relative to the eigenvalues i and —i, respec-
tively. As suggested by the notation, the vector fields of THOM (resp. T%'M) are said
to be of type (1,0) (resp. (0,1)). This splitting can be extended to all (complex) tensor

bundles, and in particular we have the following identity

AEM = ) AP (TVM)" @ A (T M)
pt+q=k

and the sections of the bundle AP (TLOM )* ® AY (T 0L Mg )*, henceforth denoted by AP4M |

are called forms of type (p,q).

Proposition 2.3.2. Given an almost complex structure J, the following conditions are

equivalent:
(a) The Lie bracket of two vector fields of type (1,0) is of type (1,0);
(b) If 0 is a differential form of type (1,0), then the (0,2) component of df vanishes;
(¢) The Nijenhuis tensor N of J defined by

AN(X,Y) = [X, Y]+ J([JX,Y] + [X,JY]) = [JX, JY]

is identically zero.

If any of the conditions in the above proposition holds, then we say that J is integrable,
[9]. Recall that a complex manifold of (complex) dimension m is a (paracompact, Haus-

dorff) topological space for which there is a covering by open sets, all homeomorphic to
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open sets in C" and such that the transition functions are holomorphic. The Newlander-
Nirenberg theorem (see [33], for example) states that if J is integrable then M has the
structure of a complex manifold and, conversely, if M is a complex manifold then it induces
an almost complex structure J which is integrable.

A nice feature of integrable almost complex structures is that the exterior differential
da of a form of type (p,q) can be written as a sum of a form of type (p+ 1, ¢q) and another
of type (p,q + 1), da and Oa, respectively. We can define define two operators 0 and 0

such that

which, in turn, can be used to define a real operator d° = i(0 — 9) such that (d°)? = 0.

Definition 2.3.3. A Hermitian metric on a complex manifold (M,J) is a Riemannian
metric g such that

9(JX,JY)=g(X,Y)

for every pair of vector fields X,Y . In this case, QX,Y) = g(X,JY) is a two-form (of

type (1,1)) called the Hermitian form.

In his proof of a local index theorem for non-Kéhler manifolds, [11], Bismut introduced
a connection, described in the following proposition, which is nowadays known as the
Bismut connection. However, this connection was known before, and can be found in

Yano’s book [50].

Theorem 2.3.4. Given a Hermitian manifold (M,g,J), there is a unique connection V
with totally skew torsion which preserves both the complex structure and the Hermitian
metric, i.e.,

Vg=20 and VJ =0

V is explicitly given by g(VxY,Z) = g(V%Y, Z) + %ch(X, Y, 7).
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A Hermitian manifold M equipped with the above connection is called, in modern
literature, Kéahler with torsion or, in short, a KT manifold. If dd°Q2 = 0 then we say that

M is SKT or strong Kéahler with torsion.

2.3.3 Generalized geometry

Metric connections with skew-symmetric torsion play an important role in the field of
generalized geometry. Here we shall restrict ourselves to the basic aspects of the theory
that involve such connections. The contents of this section can be found with much greater

detail in [26, 28].

Definition 2.3.5. Let M be a smooth manifold. The generalized tangent bundle of M is
defined to be TM & T*M.

Let M be an n-dimensional manifold. The generalized tangent bundle has a natural

inner product of signature (n,n) given by
1
(X +&Y +n) = 5(EY) +n(X)).

A simple linear algebra calculation shows that if we decompose the bundle of skew-adjoint
endomorphisms of T'+ T™ as

A B

B «

then we have « is the minus the transpose of A, and B and 3 are skew. This is the first

instance where a form appears, the two-form B, usually called a B-field.

Definition 2.3.6. A generalized metric on a manifold M of dimension n is a rank n
subbundle V' of T @ T* such that the restriction of the natural inner product is positive

definite.
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Notice that since the inner product vanishes on 7™ then V NT™* = 0, which means that
we can see V as a graph of a map T — T™ or a section of T* ® T*. This section has
a symmetric part g and a skew-symmetric part B. So a generalized metric comes with a

two-form B.

Definition 2.3.7. The Courant bracket on T & T* is defined as
1 .
(X +&Y +n] =[X, Y]+ Lxn+ LyE — §d(lx?7 —iy¢)

where the bracket on the right-hand side is the Lie bracket and L is the Lie derivative.

The Courant bracket can be used to define connections with skew torsion as follows.
Let V be the generalized metric; for a vector field X take X to be the lift of X to V, i.e.,

Xt =X+g(X,-)+ixB and X~ to be the lift of X to V+, X~ = X — g(X,~) +ixB.

Proposition 2.3.8. Let v be a section of V and X a vector field, if [X~,v]T denotes the

orthogonal projection of the Courant bracket of X~ and v onto V', then
Viv=[X", 0"

defines a connection on V which preserves the inner product. Under V = T this connection
has skew-symmetric torsion —dB. Furthermore, if we exchange the roles of V. and V=,

we get another connection V'~ that preserves the inner product and has skew torsion dB.

We shall now see that skew torsion plays a crucial role in the notion of generalized

Ké&hler manifolds.

Definition 2.3.9. A generalized complex structure on a manifold M of dimension 2m is

an endomorphism J : T @T* — T & T* such that

i. J2=—-Id
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1. J is skew-adjoint with respect to the inner product

iti. If v,u are in the eigenspace associated with +i, then J{[u,v] = i[u, v] where the bracket

1s the Courant bracket.

Definition 2.3.10. A generalized Kdhler structure on M is a pair of commuting gen-
eralized complex structures (Ji,J2) such that the quadratic form defined by (J1Jou,u) is

positive definite.

The following result was proved in [26].
Theorem 2.3.11. A generalized Kdhler structure on a manifold M defines
i. a generalized metric g + B

1. two integrable complex structures Iy and I_ on M such that the metric g is Hermitian

with respect to both

iti. the connections V' and V~ are Bismut connections for I, and I_, respectively.






Chapter 3

Dirac operators

3.1 Spinors

Let V be a vector space over R, equipped with a positive definite inner product (—, —).

Definition 3.1.1. The Clifford algebra C1(V') is the quotient of the tensor algebra T(V)

by the two sided ideal generated by all elements of the form v ® v + (v,v)1.

The definition above is somewhat abstract. Note that the rule for the product is given
by

vw + wu = —=2(v, w).

Also, consider {ey,...,e,} a basis of V. Then the set
{Ley...e; iy < <ip, L<p<n}

is a basis of CI(V'). In particular, dim Cl(V) = 24mV,
We observe that although Cl(V') does not inherit the Z-grading of T(V) it is still a
Zs-graded algebra, where C1°(V) and C1'(V) are given, respectively, by the set of elements

of even and odd degree.

23
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We will be using the following important fact henceforward: if {ej,...,e,} is an
orthonormal basis of V' we can set an isomorphism between C1(V') and the exterior algebra
AV by assigning e;, ...e;, to e;; A---Ae;,. Note that this is only an isomorphism of vector

spaces and not of algebras since, for example, e;e; = —1 and ey A ey = 0.

Definition 3.1.2. Spin(V) is the group of elements of CI(V') of the form

a=aj...aym,

with a; € V and ||a;]| =1, fori=1,...,2m. If n = dim(V'), we will write Spin(n) instead
of Spin(V).

Theorem 3.1.3. There is a non-trivial double covering & : Spin(V) — SO(V'), where
SO(V) denotes the special orthogonal group of V.. Moreover, Spin(V') is compact, connected
if dim(V') > 2, and simply connected if dim(V') > 3. Thus, for dim(V') > 3, Spin(V) is

the universal cover of SO(V').

Let ej, 1 < j < n, be an oriented, orthonormal basis of V', and define the chirality
operator

I'=1e;...ep,

where p =n/2 if n is even, and p = (n+1)/2 if n is odd. Note that I" € C1(V)®C does not
depend on the basis of V used in its definition. It satisfies I'> = 1 and super-anticommutes
with v for v € V, in other words, I'v = —vI if n is even, while I'v = oI if n is odd.

We now wish to define what a spinor bundle is. We have two different situations
depending on whether the manifold is even or odd dimensional. For more details on this

subject, see [34].
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Proposition 3.1.4. If V is an even-dimensional oriented real vector space, there is a
unique (up to isomorphism) Zo-graded Clifford module S = St & S, called the spinor

module, such that there exists an isomorphism
p:Cl(V)®C — End(S5).
Furthermore, ST = {s € S: p(I')(s) = £s}.

For a concrete construction of “the” spinor module see [32].

Notice that p is an irreducible representation as a Clifford module. Let 2k = dim(V).
Since Spin(2k) sits in C1(V') and hence in CI(V) ® C, any representation of the Clifford
algebra C1(V)®C restricts to a representation of Spin(2k). Given that Spin(2k) c C1°(V),
Spin(2k) leaves the spaces ST and S~ invariant, and these are in fact irreducible repre-
sentations.

The representation of Spin(2k) on the spinor space S is called the spin representation,
and the representations on ST and S~ are called half-spin representations.

Consider now the inclusion R#~! — R2?*. We have that the action of e, gives an
isomorphism St ~ S, where S* are the half-spinor spaces of R?*. These two spaces are
therefore isomorphic as representations of Spin(2k — 1) and are in fact irreducible. We
denote them simply by S. This defines the spin representation in the odd dimensional
case.

Let M be an oriented Riemannian manifold of dimension n and let P be the principal

SO(n)-bundle of oriented orthonormal frames of T'M.

Definition 3.1.5. A spin structure on an oriented Riemannian manifold M of dimension

n s a principal Spin(n)-bundle P together with a double covering & : P —5 P such that

€(pg) = €(p)éo(g), where p € P and g € Spin(n).

An orientable Riemannian manifold with a fixed spin structure is called a spin manifold.
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The existence of a spin structure depends on a topological condition, [34].

Proposition 3.1.6. An orientable Riemannian manifold M has a spin-structure if and
only if its second Stiefel-Whitney class wo(M) € H?(M,Zs) vanishes. If this is the case,

the different spin-structures are in one-to-one correspondence with elements of H' (M, Zs).

The above representations allow us to define vector bundles over M using the associated

bundle construction. We define the Clifford bundle C1(M) by
CI(M) = P x,, CI(R"™)

where p is the representation of SO(n) on CI(R™) induced by the standard one on R™.

If M is a spin-manifold, the spinor bundle § is defined to be
$="Px p S

where p is the spin representation defined as above.

For the remainder of the section, we will only consider oriented manifolds with a fixed
spin-structure.

Consider V a metric connection on T'M. Suppose that V is given in terms of an

orthonormal basis {e;} by the formula

V= d‘i‘Z'UJijEi Aej
i<j
where d is the exterior differential, {w;;} are one-forms and e; A e; denotes here the skew-
symmetric matrix with (-1) in the position (4,5), +1 in (j,¢) and 0 elsewhere. This con-
nection induces a connection on P. Then since P is a double cover of P then a connection
on P defined by a one-form with values in the Lie algebra so(n) ~ spin(n) lifts since the

projection gives an isomorphism of tangent bundles. Using the spin representation, then
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we have an induced connection on &, also denoted by V., such that in its corresponding

trivialization it can be written as, [34],
1
V=d+3) wiei
1<j
where w;;, e; and e; are acting by Clifford multiplication.

These connections satisfy important compatibility conditions: the spinor bundle & can
be endowed with a Hermitian metric such that the Clifford action of a vector field X € T'M
is skew-adjoint, that is

(X, ¢) + (o, X¢) =0

for ¢, € T'(M,$). With respect to this metric, such connections are compatible. Also,

these act as derivations in the following sense
V(Xp) = V(X)p + XV(p)

where the products are given by Clifford multiplication.

We may define the Dirac operator I on § with respect to V by means of the following

composition
'M,8) —T(M,T*M @ 8) — T'(M,TM @ $) — T'(M,§)

where the first arrow is given by the connection, the second by the metric and the third
by the Clifford action. In terms of a local orthonormal basis of the tangent bundle, the

operator D may be written as
lD = Z e,-Vel..
i
It is easy to see that this is independent of the choice of orthonormal frame.

Suppose now that we have a complex vector bundle W, we can form the tensor product
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$ ® W, which is usually called a twisted spinor bundle or a spinor bundle with values in
W. The bundle W is often referred to as the auxiliary bundle.

If W is equipped with a Hermitian connection V"V, we can consider the tensor product
connection V® 1+ 1® V", again denoted by V, on § ® W.

We can consider the Dirac operator on this twisted spinor bundle associated with the
connection V by the same formula, where the action of the tangent bundle by Clifford

multiplication is only on the left factor.

3.2 An example

As an application of the concepts given so far, consider the following.

Consider the spinor bundle with values in itself, that is, § ® &. We have, in even

dimensions, the following chain of isomorphisms

$F~8 ©8 ~End($) ~ Cl~A.

If we take the induced Levi-Civita connection V9 on both factors of $ ® & and consider
the tensor product connection VI®1+1®VY we obtain the induced Levi-Civita connection,
again denoted by V9, on A. If we consider the associated Dirac operator D on § @ § we
get a familiar operator on A.

We remark that if 1 ® ¢o € I'(M .8 ® $) corresponds to the differential form «, the
Clifford left and right actions of a vector field e are given by ep; ® 9 = e = e A v — e
and p1 ® ey = ae = (—1)P(e A a + euq).

The bundle A has two canonical operators, namely the exterior derivative d and its
formal adjoint d* with respect to the usual metric on forms. Choose an orthonormal

frame field {ey,...,e,}. The Dirac operator associated to the Levi-Civita connection on
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the exterior bundle is therefore given by

D = Zn:eivgi = Zn:ei /\Vgi — Zn:epvgi = d—l-d*.
=1 =1

i=1
The same fact can be claimed for an odd-dimensional manifold. Consider R x M and its

spinor bundle. Then the spinor bundle of M is &t ~ $ . Under this identification, the

Dirac operator associated to the Levi-Civita connection becomes
D —
§T S8 gt

where ey denotes multiplication by eg, a unit vector field of R. Consider also the Levi-

Civita connection on § and the twisted Dirac operator
EREN SR T RN S 3

Notice that the exterior bundle of M is A ~ Cl ~ $+ ® &, and so the twisted Dirac
operator above is, in terms of differential forms, the restriction of the Laplacian d + d* on
R x M to forms that are independent of the coordinate t of R, and can therefore be seen
as the Laplacian on M.

We may now ask ourselves what happens if we introduce connections with skew torsion

in this setting.

Proposition 3.2.1. Let H be a three-form, and suppose that the left and right spinor
factors are, respectively, equipped with the connections VI + %H and V9 — iH . Consider
the tensor product of these two connections on & @ &. The corresponding Dirac operator
on A is given by

D=(d+H)+(d+H)

where H is acting by exterior multiplication and (d + H)* is the formal adjoint of d + H
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with respect to the metric, namely, d* 4+ (—1)"P « Hx on AP.

Proof — Let o = 1 ® o € I'(M,$ @ §). Then, using the summation convention,

1
(einH)p1 ® @2 + eip1 @ VI 2 — —eip1 ® (eiaH )pa.

1
D(p) = e;Vi01 @ p2 + 1

12
Identifying ¢ with a differential form «, this yields,

D(a) = &Vi(p)+ teileinH)p — teip(e;oH)
= da+d*a+1Ha+ eo(e H)

If we write H with respect to the orthonormal basis as Hg.eq€pec, after calculation of

the action we find that 1 Ha + e;a(e; oH) amounts to
Hapeeq N ey A ee Ao+ Hypeeea(epa(eqaar))

which corresponds to (H + H*). The proof in the odd-dimensional case is perfectly
analogous.

O

Notice that these are lifts of the metric connections on T'M with torsion %H and —H.
If H is closed, then d+ H : Q***(M) — Q°¥(M) defines a 2-step chain complex, and we

get the so-called twisted De Rham cohomology, see [7].

3.3 A Lichnerowicz formula

Definition 3.3.1. Let (M, g) be an orientable spin manifold and V be a metric connection
on TM; denote again by V its lift to . We define the rough Laplacian /A of V to be V*V

where V* denotes the formal adjoint of V with respect to the metric. If {e;} is a local
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orthonormal frame of TM then we can write

A=-% (veivei - vveiei> .

i
In what follows, we wish to prove a generalization of the standard Lichnerowicz formula

for the square of a Dirac operator. We use some of the ideas given by Agricola and Friedrich

in [2]. Consider the one-parameter family of metric connections with torsion on 7'M,
V% :=V9+2sH

In particular, the superscript s = 0 corresponds to the Levi-Civita connection V9 = V0.
As remarked before these connections lift to connections on §, where they take the
expression

Vi(p) = V() + s(XaH)p.

Introducing the parameter does not cause any extra complication, due to proposition

2.1.5, and is in fact useful since we have the following,

Theorem 3.3.2. The Laplacian A® and the square of the Dirac operator D*/3 are related

by
1
(D*V?)? = A"+ FV + 2+ sdH — 25|,

where £ is the Riemannian scalar curvature and FYY is the curvature of the twisting bundle

W acting as ZK]- FW (e, ej)eie; on SW.

Taking s = 1 and noticing that D9 + H = D3, we get the formula given by Bismut
in [11]
(D9 + H)? = Al + FW + g +dH — 2| H|?,

where D9 = DY is the Dirac operator associated to the Levi-Civita connection.
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In order to prove theorem 3.3.2, let us first establish the auxiliary lemmas.

Lemma 3.3.3. The square H? of the three-form H considered inside the Clifford al-
gebra has no contribution of degree 6 and 2, and its scalar and fourth degree parts are
given by H3 = ||H|[* and H} = =3||H||?> — Y (e;uH)(eiuH), ie., H> = =2||H||? —
o (eisH)(eiusH). Furthermore, e;H + He; = —2e; 1 H.

Proof — 1t is easy to see that e; H +He; = e, AH —e;uH +(—1)2(e; AH +e;0H) = —2¢;0H.

Clearly H? is even and has even degrees up to 6. Now the transpose operation on the

E(k—1)

Clifford algebra acts as (—1) 2 ~ on elements of degree k. So H = —H and (H?)! = H?.

Thus H? can only have components in degrees 0 and 4. Now if we use the summation
convention and write

2
H* = HgpeeqepecHympeemen

then it is clear that the scalar part is obtained when the indices coincide, i.e., {a,b,c} =
{l,m,n}, and that it is given by H%_ = ||H|[>. To complete the proof we show that
(e;0H)? = —3||H||?> — H?. Using the formula above, we get (e;.H)?* = L(e;H + He;)? =
(e; Hgpeeaepee)?, where i € {a,b,c}. So when we consider the product we have two
situations, the first when all indices coincide and where we get —3||H||?, and the second
where only two indices are equal from which we obtain —HZ. Thus (e; H)? = —3||H||? —

H} = ~2||H|]* - 1.

Lemma 3.3.4. The anti-commutator of DI and H is given by
DIH + HDY = dH + d"H — 2(e;uH) V..

Proof — Let 1 be a section of § ® W. Since H is acting only on & and by Clifford
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multiplication, we have that
DIHY + HD% = ¢,V (HY) + H(e;V4,(¥)) = e; V4, (H) + e; HVY,(4) + He; V2.
Now using the fact that D9 = d + d* on smooth sections of A and lemma 3.3.3, we obtain
DIH + HDY = (dH +d"H)y + (e;H + He;)VY () = (dH + d*H)yp — 2(e; uH)VY (1))

which is the desired result.

Lemma 3.3.5. For every differential form o, d*a = —V,(e;0a).

Proof — Tt suffices to show that V¥, (e;0a) = e;0VZ, (). Since the interior product is the
formal adjoint of the exterior product, and the Levi-Civita connection is compatible with
both the metric and the exterior product, it results that the Levi-Civita connection must

also be compatible with the interior product.

0

Proof of theorem 3.3.2 —  Since both sides of the equation are invariantly defined, we
can work in an orthonormal frame {e; }, such that VZ,e; = 0 at a given point z. Note that
ng e; = Ve +2sH(e;,e;,—) = VI e;. This allows us to simplify the expression for the
Laplacians V9 as well as V* on § as AY = —(VY)? and AS = —(V )2

Noticing that D%/? = ¢;(VY, + se;uH) = D9 + sH, and squaring this formula we have
(DY + sH)? = (DY) + s(DIH + HDY) + s*H?,
Using the usual Lichnerowicz formula, [8], and lemmas 3.3.3 and 3.3.4, we get

(DY +sH)? =A9+ FV + g + s(dH + d*H — 2(e;sH)VY) + s*(=2||H||* — (e;2H)?).
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In this setting, we can relate the rough Laplacians associated to V¢ and V* by
A9 = —(V9)? = —(VE )2+ s(e;uH)VY + sV (e;H) + 5% (e;uH )*.
Replacing in the above expression
(D9 4+ sH)? = AS + FV + g + sdH + sd*H + sV (e;0H) — s(e;oH)VY, — 25%||H||*.

Finally, using lemma 3.3.5, we get the desired result.

3.4 A vanishing theorem in twisted de Rham cohomology

We wish to use theorem 3.3.2 and proposition 3.2.1 to prove a vanishing theorem.
Let G be a compact, non-abelian Lie group. Start by writing the one-parameter family

of connections of subsection 2.3.1 in our usual setting
VEY) = VL (Y) + 2s[X, Y.

Notice that the Levi-Civita connection corresponds now to the parameters s = 0 while the
two flat connections correspond to s = j:%.

Consider the lift of these connections to the spinor bundle & of G. Take the connection
V1291 4+1@ VY on I'(M,$ ®$). We know from proposition 3.2.1 that the Dirac
operator D'/12 then corresponds to (d+ H) + (d + H)* on AG, where H is given by
H(X,)Y,Z)=([X,Y],Z2).

Remark 3.4.1. [t is well-known that bi-invariant forms are always closed. But also as an

example of an application of the formula in corollary 2.2.2 ¢), we have dH(X,Y,Z,W) =
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Q(RVU4 (X,Y, Z, W) — ]~2V71/4(Z7 W,X,Y)) =0, since these two connections are flat.
We need the following auxiliary lemma.

Lemma 3.4.2. Let G be a non-abelian Lie group equipped with a bi-invariant metric, then

the scalar curvature k of G is given by

1
w= 12 llessesll.
ij

Proof — This can be shown by direct computation or simply observed using corollary

2.2.4.

Theorem 3.4.3. Let G be a compact, non-abelian Lie group equipped with a bi-invariant
metric and let H(X,Y,Z) = ([X,Y],Z) be the associated bi-invariant three-form. Then

the twisted de Rham cohomology of d + H vanishes.

Proof — Consider the connection V/12 = V122 14+ 1@ V% on § ® . By theorem
3.3.2, we have

1 1 1
(DY12)2 = AVA 4 p1/4 YL ZdH - §HHH2

From remark 3.4.1, we know that H is closed, and from subsection 2.3.1 that V—/4 is flat

so the formula above simplifies to
1 1
(D1/12)2 91/4 Z"i gHHH2

We show now that the constant p = %K} — %HH |? is positive. We have already computed

k in lemma 3.4.2; so if we take the same orthonormal basis we get that

1# = £ S I(les. sl ex) P,

ijk
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and using the Cauchy-Schwarz inequality

1 1
1P < & D leweillPlenl® = 5 3 lfes, i1l
ij

ijk

So p > 0. Consider now 1 a smooth section of § ® &, the Lichnerowicz formula gives
(D22 = AV + py
and calculating the global inner product of this with 1, we get
IDY 2|12 = VY42 + pllo)1?

since the Dirac operator is self-adjoint and the Laplacian A is given by V*V. Since p > 0,
it follows that DY/ = 0 if and only if 1) = 0. Since DV/? = (d + H) + (d + H)*, using

now the Hodge theorem (see [43], for example), the result follows.

Remark 3.4.4. To see this result for connected, compact, simple groups in a different way,
note that it is well known that by averaging, each cohomology class of G can be represented
by a bi-invariant form. Also the de Rham cohomology ring H*(G) is an exterior algebra
(more precisely H*(G) is an exterior algebra on generators in degree 2d; — 1, where each d;
is the degree of generators of invariant polynomials on the Lie algebra of G). Furthermore
H3(G) = R. Consider now the twisted de Rham complex d + H. Since bi-invariant forms
are closed, then the complex amounts to

A[H]
—

H*(G) HF(G)

where + stands for even forms and — for odd forms. Since [H| is a generator then

H A a =0 implies that « = H A 8. Therefore, the twisted cohomology vanishes.
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3.5 Bismut’s local index theorem

As mentioned briefly in subsection 2.3.2, Bismut gave a proof of the local index theorem
using a metric connection with closed skew torsion instead of the Levi-Civita one, [11].
The same result appears in the physics paper [38].

In order to state the result clearly, let us fix what the setting is. We start with a
compact, oriented spin manifold of even dimension, equipped with a Riemannian metric.
On its tangent bundle, we consider the unique metric connection given by V9+2sH, where
H is a three-form which we will assume to be closed. Denote this connection by V* and its
curvature by R®. Let us take the lift of this connection to the spinor bundle § and denote it
again by V. Consider now a bundle W equipped with a Hermitian metric and compatible
connection V" and its curvature F"Y. Take the connection V¥ = V¥ ® 1+ 1® V" on
the tensor product bundle § ® W. Consider D* the Dirac operator associated to V¥, the

analytic index of D? is
Ind(D?®) = dim ker (DS+> — dimker (Df)
where D" : $ i@W — T ®@W. Bismut’s theorem is then given by the following identity

Ind(D*/3) = (2mi) /2 / A(TM, V%) ch(F")
M

where A(TM,V~*) is the A-polynomial of M calculated using the connection V—*, ch(F")
is the Chern character of W and the integral is taken with respect to the n'® piece of the
inhomogeneous form fl(T M,V~%)ch(F"), the product here being the wedge product.
The right hand-side of this equation is usually called the topological index.

Of course, it can be argued that the index of D* is the same for all s. Nevertheless,
local index formulas are used in discussing eta invariants and analytic torsion as well as

more refined versions of the integer index theorem.
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Bismut was interested in finding a local formula for the Riemann-Roch-Hirzebruch
theorem (this involves the index of the & + 5*, which is up to a factor v/2 the cubic Dirac
operator for the Bismut connection) for non-Kéhler manifolds, which was why he had to
introduce this connection that preserves both the metric and the complex structure, and
turns out to have skew-symmetric torsion.

Bismut’s proof makes use of the following features where it is important that H is

closed,

e we trivialize T'M using the parallel transport map for V* rather than V9,
e use the Lichnerowicz formula 3.3.2, so that the curvature term is a scalar,

e and the identity 2.2.2 ¢): RV (X,Y,Z, W) =RV (Z,W,X,Y).

Finally, notice how the local formula involves the curvature of the connection V™% even

though we started with the cubic Dirac operator D*/3 = D9 + sH.



Chapter 4

Einstein metrics with skew torsion

4.1 Flat metrics with skew torsion

As mentioned in subsection 3.4, the classical examples of metric connections with skew
torsion which have vanishing curvature are the (4)-connection and the (-)-connection on
a simple Lie group. That such connections are flat was first observed by Cartan and
Schouten, [16].

A natural question to ask is then what other manifolds carry such connections with
vanishing curvature tensor. Cartan and Schouten gave the answer to this in [15], shortly

after [16].

Theorem 4.1.1. Let (M, g,T) be a connected, simply-connected, complete manifold, equipped
with a metric connection with skew torsion which is flat. Then M is either a Lie group or

the 7-sphere.

For a modern treatment of the subject we cite Wolf, [48, 49], who generalizes Cartan
and Schouten’s work for the case of pseudo-Riemannian geometry, giving a complete
classification of absolute parallelisms, that includes the flat Riemannian case. Also, a

good account on this subject is given by Agricola and Friedrich, [3], who provide a simpler

39



40 4. Einstein metrics with skew torsion

proof of theorem 4.1.1 that does not depend on the classification of symmetric spaces.

A particular instance of this result can be found in [39] and [27]. In [27], Hicks shows
that when the torsion is covariantly constant, the manifold admits a Lie group structure
such that left translations induce the original connection. The physicist McInnes, [39], gave
a much shorter proof of the same result as in [27] using only simple tools of Riemannian

geometry.

We are interested in knowing what happens if we relax the condition of 7' being
covariantly constant to being closed. Notice, curiously, that the formula for the Ricci
tensor, proposition 2.2.3, immediately implies that the torsion is co-closed, since d*T is
the skew-symmetric part of the Ricci tensor. Whether the torsion should necessarily be
closed or not is not apparent and this a natural condition to ask, as can be evidenced in the
last chapter, namely the motivation coming from generalized geometry, the Lichnerowicz
formula for the cubic Dirac operator and Bismut’s proof of the local index theorem. If we

impose the condition that 7" is closed, it turns out that nothing new happens.

Proposition 4.1.2. Let V be a flat metric connection with skew symmetric torsion T. If

dT =0 then VIT = 0.

Proof — Using the Bianchi identity in corollary 2.2.2, if the curvature tensor vanishes

identically, we get
1
VATV, 2,W) = —dT(X,Y, Z,W) + 5 o g(T(X,Y),T(Z,W))

where ox y z denotes the cyclic sum over X,Y, Z. It is simple to see that this cyclic sum
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is totally skew-symmetric. For example,

g JTXLT(ZW) = gT.X)T(ZW)) +g(T(Z.Y), T(XW))
+g(T(X, 2), T(Y, W)

= —g(T(X.Y),T(ZW)) - g(T(Z,X), T(Y, W)
~g(T(Y.2), T(X, W)

= - g 9(T(X.Y).T(ZW))

and for any other pair of indices the calculation is analogous. Then V9T is a totally

skew-symmetric tensor and therefore is a multiple of dT'.

O
Once this proposition is established it is simple to prove that the only possibilities for

closed torsion are Lie groups, [39].

Theorem 4.1.3. Let M be a complete, connected, simply connected Riemannian manifold
endowed with a metric connection with skew torsion ¥ such that the curvature tensor RY
vanishes. Then, if the torsion T is parallel with respect to the Levi-Civita connection, i.e.

VIT =0, M is a Lie group.

Proof — Since V is flat the local holonomy group of V is trivial, and since M is sim-
ply connected, this coincides with the global holonomy group. Therefore using parallel
transport we can define a global orthonormal frame {e;}? ; such that Ve; = 0, for all i.

From the definition of torsion we obtain, for each j, k, the equation
[ej, er] = —Tjper.

Now, we consider a vector field of the form X = a’e; where the a; are fixed numbers. Since
VX =0 then VIX = —%T(—, X) and this means that V9X is skew-symmetric, therefore
X is a Killing field. Similarly, since VxX = 0 then V%X = 0 which implies that the

integral curves of X are geodesics for both V and VY.
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Now let x and y be arbitrary points in M. Then since M is complete, there exists
(by the Hopf-Rinow theorem) a minimizing geodesic joining = and y. The tangent vector
to this curve at x may be expressed as a linear combination of b’e;(x). By uniqueness of
geodesics with given initial condition, the geodesic joining x to y is an integral curve of
X = be;. The isometry group G of M acts on M through motions along integral curves
of the Killing vector fields, hence G maps = into y. Since xz and y are arbitrary, G acts

transitively, and so M must be a homogeneous space G/H.

Now suppose that T is parallel with respect to the Levi-Civita connection. If {F; ) 1s
; 1 .
the connection matrix for the Levi-Civita connection with respect to {e,}, I';, = —ET;k.

Since V9T = 0, we have the equation

. 1 . 1 . 1 .
ei.T,gm—F—T?Trk—FiTJ ’;+§Tg T.,=0

22rm mr=1 rim

Now permuting twice on ¢km and adding we find

. . .3 . , .

r—im

Also, the Jacobi identity corresponding to the basis {e,} gives

0T + e Tl em Tk + T Ty + Ty T + T, T = 0.

rwm

Subtracting the two equations we find

and so ei.Tgm = 0. Then the Tgm are constants. In view of [e;, ej] = —T[ e, then {e;}
generates a Lie algebra. Let G be the corresponding connected, simply connected Lie
group. Then G acts on M through motions along the integral curves of the vector fields

a'e;.
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Arguing as before, we find M = G/H. But now we have (since the Lie algebra of G is
generated by {e,}) the relation dim G = dim M — dim H, hence H must be discrete. Since
M is simply connected, H must be trivial (since 71 (M) = H, given that M is homogeneous

and G simply connected), and so M = G.
O

The example of S7 remains, where the torsion cannot be closed. A family of such
flat connections is given in [3] together with an interpretation of these connections as
G connections. Here we present an elementary example that only makes use of basic

properties of the octonions.

Example 4.1.4. Absolute parallelism on S”.

Consider the set of octonions Q

T =x0+ 11 + 2] + x3k + x4l + 2515 + x50k + X701l

and identify it with R® as vector spaces with inner product. The 7-sphere can then be seen
as the set of unit octonions. Note that {i,j, k,1,ij,ik,il} is an orthonormal basis of the
tangent space of ST at 1. We rewrite this basis as {e1,...er} for simplicity of notation.

At any point x of ST, consider the vector fields

Xi(z) =e;.x

for i =1...7, where the multiplication here is the multiplication of octonions, which we
recall is not associative. Since the norm on the octonions is the standard norm on RS,

simple calculations will show that

(e;x,x) = 0
(e;.x,e;.x) = (x,x)

(ej.z,ej.x) = 0
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for alli,j with i # j. This means that indeed the X;(x) are in the tangent space T,S” and

that they form an orthonormal basis. The Lie bracket between two such vector fields is

(X, X;l(2) = [es, ). = 2(esej).x

fori # j. We can now simply define a connection by taking all the X; to be covariantly

constant. This connection is clearly metric and flat. The torsion will then be given by

T(X:, X5, Xi) = —([eix, ejz], epx) = —(2(ese5).2, e.x)

which gives —2(x, x) if eje; = ey, and vanishes otherwise. Then T is skew-symmetric. Also

it can be seen directly that T is not closed, for example, at 1

S

4.2 Features of four-dimensional manifolds

We now restrict our attention to manifolds of dimension four. We will also be assuming

compactness and orientability.

For a Riemannian four-manifold (M, g), the Hodge star operator on two-forms

¥: A2 — A2

defines an involution. Therefore, we have two eigenvalues, 1 and -1, and can split the
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bundle of two-forms into the corresponding eigenspaces. We denote

Ay ={a €A :xa=aqa}

A ={a €A xa=—a}

and call them, respectively, the bundle of self-dual and anti-self-dual forms. We will adopt

the following conventions,

{e! A2+ netet AeB+et net el Aet +e? AP}
and

{e?ne? —enetel ned —et ne? el et —e? ned)

will be our preferred bases of local sections for the bundle of self-dual and anti-self-dual

forms, respectively.

Consider the triple (M, g,T) where T is a three-form. In the four-dimensional situation,
the star operator also allows us to see the torsion as a one-form, which turns out to be

very convenient. If

T = T123€1 AeAed + T124€1 Ae A et + T134€1 Aed A et + T234€2 Aed A et

then

t =T = T12364 — T12463 + T13462 — T23461

will be called the torsion one-form.

One of the features of the torsion one-form is that it provides us with a simple way of

writing the expression for the Ricci tensor.

Proposition 4.2.1. On a four-dimensional manifold, the Ricci tensor for a connection
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V with skew torsion T can be written as

1 1 1
RicY = Ric? — =[|t||?g + =t ® t — = * dt,
ic ic? =S|Ity + 5t @t — 3

where g is the metric tensor.

Proof — Direct computation using the orthonormal frame {e;}.

4.3 Decomposition of the Riemann tensor

The curvature tensor RV of a connection with skew torsion lives in A2 ® A%, Using the
metric, we can see RY as a map RY : A2 — A2, called the curvature operator, given by
the prescription

g(RY(XAY),ZAW)=RY(X,Y,Z,W).

We are going to work out the decomposition of RY in terms of the splitting A% =
Ay @ A_. First let us recall briefly what happens in the usual Riemannian situation. The
symmetries of RY mean that this is an element of S?A%, which can be decomposed as

follows, [9].

Theorem 4.3.1. Under the action of the special orthogonal group, we have the following

decomposition of S?A? into irreducible sub-bundles

S?A? =RIdp, ®RIdy & (AL @ A_) D SF (A4) D S5 (A-).

Let W+, W=, Z be the components of RY in S2 (Ay), S3(A_) and Ay ® A_ ~ S2,
respectively. Then W = W+ + W™ is called the Weyl tensor, W and W~ are called the
self-dual and anti-self-dual parts of the Weyl tensor, and Z is the trace-free part of the

Ricci tensor, i.e., Z = Ric? — 7g.
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The map RY : A2 — A? can be written as the matrix, [9]

S
Wt + —1d VA
* 12

7t -+21q
Wt o

For a connection with skew torsion the situation is slightly more complicated, since
RY has a non-vanishing part in A2(A?). We can write down what the decomposition of

A? ® A? into irreducible SO(4)-components is. We have

MNP =AA)0 A A ) (A_0A) D (A_®A).

Consider the half-spinor bundles of M, which for notational ease we denote, as in [9], by
YT and ¥~ (these might not exist globally if M is not spin, but can be defined at least

locally). Using the fact that Ay ~ S2%* and the Clebsch-Gordon formula, [9], we get

A @ Ay ~ S22t @ §29F ~ 94yt @ §2nF ¢ SO+

and the anti-symmetric part is given by S?2*. Hence, we can conclude that

A(AH ~ (A_@A) DAL B A

is the SO(4)-irreducible decomposition.

Remark 4.3.2. If A is a trace zero symmetric tensor, and we consider it as a map

A: A — Ay, then we can define a symmetric endomorphism and an anti-symmetric
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endomorphism by

0 A 0 A
and

AT 0 —At 0

respectively, where AT : AL — A_ is the adjoint.

Theorem 4.3.3. For a metric connection with skew torsion V, we can decompose the

curvature operator RY in terms of self-dual and anti-self-dual blocks as

\%
" s¥  xdT 1 v *d T
W +<—12 v >Id+2(dT)Jr Z¥ 4+ 8 V*T+—4 g

T \Y
v_ *dT N AN AT e
<Z S <V*T+ 1 g>> W— + <12 + 1 Id 5 (d*T)_

where S denotes the symmetrization of a tensor and 1 the adjoint, ZV is the symmetric
trace-free part of RicV, and (d*T) . and (d*T)_ are the self-dual and anti-self-dual parts

of d*T', respectively.

Proof — We start with the upper left corner and call it A. The best way to see what the
entries are is to do an example. We will be using the convention R;j; for R (e;,ej,ex, €;).
Write R = RY + R and recall proposition 2.2.1. Take the first diagonal entry, this is given
by

A = = (Ri212 + Ri234 + R3a12 + R3434) -

N | —
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We only need to worry about the R component. We can easily see that

_ — 1 1
Ry212 + R3494 = 1 (T7,* + T5,°) = —ZHTHz

and that
_ _ 1 1
Ri234 + R3412 = 3 (T7, T35 — T{3T54) — 3 (dT) 1934

and since, 7Ty vanishes if 4, j, k, [ are all distinct, we get

— T|? *dT
SO\ i

8 4

and the same holds for the other diagonal entries. Consider the off-diagonal entries now.

Taking Ajs, for instance, we get that

— 1 1 " N
A = 3 (T15T5 — T{yToy + Ty T — T3,T5,) + 1 ((d*T) 14 + (d"T)q3) -

Once more the quadratic part of the expression vanishes, so we obtain

Aty = = ((d"T) 4 + (d"T)y3)

and the other off-diagonal entries are analogous. Then, clearly, we have

T|>  +dT (d*T)
A=Wt i_”___l A o
W +<12 8 )l

and since sV = s9 — 3| T'||2, by corollary 2.2.4, we get the desired expression for A. If D is
the lower right corner then the arguments are perfectly similar to the ones for A. Consider

now the upper right corner, B. Let us start with the diagonal entries. Take

_ 1 _ _ _
B = 3 (Ri212 + Ri23a — Raai2 — Rauza) .
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We have

Ri912 — Rauza = —% (Ttoz + Tihy — T3y — Tis4)
E1234 - E3412 = _% ((V?T)234 - (VgT)134 - (VgT)412 (VZT)312)

and we now wish to write this in terms of ¢ = *T". A local calculation shows how V9t and

VIT relate.

Lemma 4.3.4. Let D be a metric connection, H a three-form and h = xH. We have the

following relations between DH and Dh

(Dih); = (=1)""(D;H);,

(Dih); = (—1)*7(D;H)

iab

where {i,j,a,b} ={1,2,3,4} and o, 7 are the signs of the permutations that order {i,a,b}

and {j,a,b}, respectively.

We then get that

1
Bu =g (i +15 -6 —1]) + 5 (Vit), + (Vit), — (Vit); — (Vit),)

| =

and analogously for Bys and Bss. Consider now
1
Big = 3 (Ri312 + Ri3sa + Rosi2 + Roasa)
and we see that

Biy = ~ (T123T34 — T124T134 + (VT) 135 — (V4T) 514 — (V3T)gyy (VAT) 43)

-
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and, rewriting in terms of t, we get

Bia = — (tatz — tats + (V3t), + (V5t), — (Vit), — (Vit),)

and we have similar results for the other entries. We wish to express B in terms of
symmetric trace-free 2-tensors, so we need to choose the right isomorphism between the

bundles A4 ® A_ and S3.

We will use the Ricci contraction ¢ : Ay ® A_ — S2 as given in [9].

Remark 4.3.5. If we consider two-forms as matrices then —p is given by standard matriz
multiplication. For example, the form el A e? corresponds to the 4 x 4 matriz A such that

Aoy =1,A12 = —1 and A;j = 0 elsewhere.
We can now conclude that

1 1, g, A
B_§<t®t—1||t|| g>+S<Vt—|— 4g>

where S denotes the symmetrization of the tensor. Notice that

d*t
4

VIt + —g

is the trace free part of V9t. Observing the following two lemmas, which again can be

proved by simple local calculations,

Lemma 4.3.6. The trace-free symmetric part of the Ricci tensor RicY, denoted by ZV,
s given by

1 1
zv :Zg—|—§>kT®*T—§HT||2g.
(This is in fact an immediate consequence of proposition 4.2.1.)

Lemma 4.3.7. If V is the metric connection with skew torsion T, then V+T = VI«T.
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we finally get that
T
B:ZV+S<V*T+%9> :

If C is the remaining block, by means of corollary 2.2.2 ¢) and noticing that we always

have two repeated indices, C' is the transpose of B when replacing T by —T'.

4.4 Einstein metrics with skew torsion

The above decomposition of the Riemann tensor of a connection with skew torsion is our
main motivation for the following definition, recalling also that in standard Riemannian

geometry, a manifold (M, g) is said to be Einstein if Z9 = 0.

Definition 4.4.1. Given an oriented Riemannian four-manifold (M, g,T), we say that g

is an Finstein metric with skew torsion, if
dr

where V s the metric connection with skew torsion T .

We remark that the standard notion of Einstein metric is equivalent to having the
induced Levi-Civita connections on A and A_ self-dual and anti-self-dual, respectively.
Our definition of Einstein with skew torsion simply adapts this, but we usually do not have
both statements in our situation. Here we have chosen that V on A1 be self-dual. We see
will later in corollary 4.5.6 that for a compact manifold this choice does not constitute a

problem.

Example 4.4.2. The very basic example is the one of the Lie group S' x S3, with one of

the two flat connections described in subsection 2.5.1.
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Example 4.4.3. Recall that the equations of type Il string theory may be geometrically
described as a tuple (M, g, H, ,1) consisting of a manifold M with a Riemannian metric g,
a three-form H, a so-called dilaton function ¢ and a spinor field ¢ satisfying the following

system of equations, [1],

RicY + 3d*H + 2V9d¢ = 0 (V% + 31X H)y =0

d*(e"*H) =0 (2d¢p — H)p =0
where V = V9 4 %H Suppose H =T and 2d¢p = «T, then the first equation implies
S(RicY) + VT =0

since VxT 1is the Hessian of 2¢ and is therefore symmetric. Hence the trace-free part

satisfies definition 4.4.1.

Later on, in section 4.9, we will give more examples. We will also show, in section
4.8, that Bismut connections do not give new examples of Einstein manifolds with skew

torsion.

4.5 An inequality

Our definition of Einstein metric with skew torsion implies that A, has a self-dual con-
nection. This means that Tr(RA R) = fw,, where f is a non-negative function, and hence
the first Pontryagin class of Ay is non-negative. This implies a topological constraint on

a compact four-manifold that generalizes the Hitchin-Thorpe inequality, [9, 29].

Definition 4.5.1. Let M be a differentiable manifold of dimension n, and b; = dim H*(M,R)
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the Betti numbers of M. The Euler characteristic of M, x(M), is

Definition 4.5.2. Let M be a compact oriented 4k-dimensional manifold. The wedge

product defines a symmetric bilinear form on the “middle” cohomology group H?*(M,R),

H?(M,R) @ H*(M,R) — R

(lwn], [wa]) — /Mwl A wy

and its signature, denoted T(M), is called the signature of M.
The following result is the Hitchin-Thorpe inequality.

Theorem 4.5.3. Let M be a compact oriented Finstein manifold of dimension 4. Then

the Euler characteristic x(M) and the signature T(M) satisfy the inequality

We have a similar result for connections with skew torsion.

Theorem 4.5.4. Let (M,g,T) be a compact, oriented, four-dimensional Riemannian

manifold, equipped with a metric connection with skew-symmetric torsion T, such that

zZV 4+ 8 (V*T—I— *iTg) =0, then

Proof — This is perfectly analogous to the proof of theorem 4.5.3. We use the formulas

discussed and proved in [10]. Both the Euler characteristic and the signature can be
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written in terms of the curvature operator R as

X(M) = # /Tr(*R * R)wyg

1

T(M) = 9.2 /Tr(R * R)wg

where * is the Hodge star operator and w, the volume form with respect to the metric and

the chosen orientation. Recall from the proof of theorem 4.3.3 that R is given in blocks

by

Clearly, we have that xA = A, *D = —D and since B = 0 we get Tr(xR * R) = Tr(A2+D?)
and Tr(R * R) = Tr(A% — D?). Observe now that

Tr(¥R * R) = Tr(A%? + D?) > Tr(A? — D?) = Tr(R * R)
Tr(xR * R) = Tr(A% + D?) > Tr(D? — A?) = ~Tr(R * R)

which gives two inequalities x(M) > 37(M) and x(M) > —37(M), and combining these

two we get the desired one. O
We have an interesting property in the case where the torsion is closed.

Proposition 4.5.5. If dT" = 0, the FEinstein equations with skew torsion imply that the

vector field X defined by ixwy =T, where wy is the volume form, is a Killing field.

Proof — 1t suffices to prove that

| 18P, =0,

where ¢ is the one-form dual to X. We can write S(V9t) as VIt — %dt and using the

Einstein condition with skew torsion also as —(Z9 — z||t||%g 4+ 3t ®t). Observing that the
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decomposition T* @ T* = S?T* @ A2T* is orthogonal we get that

1 1
/ 15(V94)| 2w, :/ - <Zg — ||tl2g + =t @t v%) W,

where the round brackets denote here the inner product of tensors, for convenience. It is

easy to see that (g, V9t) = 0, since d*t = 0; therefore we are left with

1
/ — <Ricg + -t®t, Vgt> Wy
M 2

Recall that the divergence of a two-symmetric tensor is given by (V9)*, the formal adjoint
of V9. Recall also that by contracting the differential Bianchi identity, we get that the

divergence of Ric? is —%dsg . Then we can write the integral as

1 1,
/M <§dsg — §Vg (t® t),t) Wg-

The idea now is to write this as a divergence; since d*t = 0, (ds9,t) = —V9*(s9t) and

(VI*(t®t),t) = V9*(||t]|*t). Finally we get

11
/M o <—§st + Z””’Qt> wy = 0.

O

The above result also derives from another interpretation of the Einstein equations

which is related to conformal invariance and was originally proved in this context, [45].

Corollary 4.5.6. On a compact four-manifold, an FEinstein metric with closed skew

torsion satisfies the equation ZV =0, where ZY is the trace-free part of the Ricci tensor.

Remark 4.5.7. It is clear, using the corollary above and looking at the expression of

1 1
ZV:Z9+§*T®*T—§HT"29=
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that if (M,g,H) is a compact Einstein manifold with closed skew torsion then so is

(M7g7_H)'

4.6 Conformal invariance

We now introduce the notions of Weyl structure and Einstein-Weyl manifold, [14].

Definition 4.6.1. Let M be a manifold with conformal structure [g], i.e., an equivalence
class of metrics such that § ~ g if § = elg, where f : M — R is a smooth function.
A Weyl connection is a torsion-free affine connection D such that for any representative
of the metric g there exists a one-form w such that Dg = w ® g. A Weyl manifold is
a manifold equipped with a conformal structure and a compatible Weyl connection. The

Weyl structure is said to be closed (resp. exact) if (any) w is closed (resp. exact).

We note that the notions of closed and exact Weyl structures are well defined. If w is

the one-form associated to ¢ and @ is the one-form associated to § = ef g, then & = w+df.

Definition 4.6.2. A Weyl manifold is said to be Finstein- Weyl if the trace-free symmetric

part of the Ricci tensor So(Ric?) vanishes.
The following formulas, [42], are simple but extremely useful calculations.

Proposition 4.6.3. The Weyl connection D with one-form w is given explicitly by

1 1 1
D =V%Y — SW(X)Y = Sw(Y)X + 5g(X,Y)wjj (4.6.1)

where W' denotes the vector field dual to w. The symmetric part of its Ricci tensor is equal

to

1 1
S(Ric?) = Ric? — §(||w\|2g —wRw)+S(Viw) — E(d*w)g. (4.6.2)
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This immediately yields,

Theorem 4.6.4. Let (M, g,T) be a four-dimensional Einstein manifold with skew torsion.
Then if w = T, the torsion-free connection D such that Dw = w ® g is an Einstein- Weyl
connection. Conversely, given an Finstein- Weyl manifold, each metric in the conformal

class defines, with T' = — x w, an Einstein manifold with skew torsion.

Proof — Suppose (M, [g]) is Einstein-Weyl. Take a representative of the metric g and its

associated one-form w. The connection defined by equation 4.6.1 has scalar curvature
3
sP =59 — Z|jw||? — 3d*w
2
Therefore, using also equation 4.6.2, the trace-free symmetric Ricci tensor is equal to
D : 1 1 2 1 *
So(Ric™) = Ric? + v S w — gﬂwH g+ S(Viw) + Z(d w)g.

Now take the metric connection with skew torsion 7' = — x w. Then clearly (M,g,T) is

Einstein with skew torsion. The converse is perfectly analogous.

O

As an immediate corollary of this, we get that the Einstein equations with skew torsion
are conformally invariant, that is, if the metric g is Einstein with skew torsion, then so
are all metrics in the conformal class of g, if we transform the torsion appropriately.

Notice again that, unlike in string theory and Einstein-Weyl geometry, definition 4.4.1
does not work in any dimension except four. Indeed, it is crucial that 7" is a one-form.

Still in the context of conformal invariance we have the following important fact: given
a metric g on a compact manifold and a one-form w, there is a unique (up to a constant)
metric § = ef g for some smooth function f, such that the one-form @ = w+df is co-closed
with respect to g. This metric is of particular importance in Hermitian geometry and it

is known in the literature as the Gauduchon gauge, [24]. We, then, have the following,
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Corollary 4.6.5. If (M, g,T) is a compact Einstein manifold with skew torsion then there
exists a function f on M such that (M, el g, e/ T + e/ x df) is Einstein with closed skew

torsion.

The above corollary together with corollary 4.5.6 implies that our definition of Einstein
metrics with skew torsion is independent of orientation in the case of compact manifolds.
It should also be mentioned here that a generalization of the Hitchin-Thorpe inequality

for Einstein-Weyl manifolds was proved in [40].

4.7 The equality

We are now interested in the case where equality is achieved. The usual Riemannian

situation was studied by N. Hitchin [9, 29], who proved the following.

Theorem 4.7.1. Let M be a compact oriented four-dimensional Finstein manifold. If the

Euler characteristic x(M) and the signature (M) satisfy

then the Ricci curvature vanishes, and M 1is either flat or its universal cover is a K3
surface. In that case, M is either a K3 surface itself (m (M) = 1), or an Enriques surface
(m (M) = Zs), or the quotient of an Enriques surface by a free antiholomorphic involution

(m (M) = Zo X Zso) with the metric induced from a Calabi-Yau metric on K3.

In the following we investigate what happens when equality holds in our setting of
connections with skew torsion. Given the link with Einstein-Weyl geometry, it is not
surprising that a classification has been achieved for the four-dimensional case with closed

Weyl structure, [25]. This is quite similar to what we want, but the arguments rely on
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some complicated twistor theory which we want to avoid, [25]. Instead we will keep to the

language of Riemannian geometry.

Theorem 4.7.2. Let (M, g,T) be a Riemannian compact, oriented four-manifold M which

is an Finstein manifold with skew torsion satisfying the equality

The either M is Einstein and one of the manifolds of theorem 4.7.1 or its universal cover

is isometric to R x S3.

Remark 4.7.3. As mentioned before M = S x S® is a compact solution of the Einstein
equations with skew torsion. Also observe that S' x S is not an Einstein manifold in the

usual sense. Since x(M) =0, if (M, g) was Einstein then we would have

o) = g | S W
M =52 ), 2 g

which would mean that both the scalar curvature and the Weyl tensor vanish. Therefore

S x S3 would be flat with respect to the Levi-Civita connection which is a contradiction.

Proof of theorem 4.7.2 — From corollary 4.6.5, we can assume that (M,g,T) is such
that dI" = 0. Let t be the torsion one-form. Suppose, without loss of generality, that
X(M) = —%T(M ). Then Tr(A2%) = 0 and from the decomposition of A?®A? into irreducible

SO(4)-components, we get
W2 = [|sV]1* = [I(d"T)+[* = 0.

Then, in particular, xdt is anti-self-dual, and we have

—|ydtH2:/ *th*dt:/ dt/\dt:/ d(t A dt)
M M M
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and so dt vanishes by Stokes theorem. Recall, from lemma 4.5.5, that if X is the dual of
t via the metric g, then X is a Killing field. Combining these two facts we conclude that
V9X = 0. Then either X = 0 and we are in the situation of theorem 4.7.1 or otherwise
X is a nowhere vanishing parallel vector field. Thus, by the Poincaré-Hopf theorem, the

Euler characteristic vanishes. Since this can be written as

0= X(M) = () = gz [ (WA = WP

we get that the Weyl tensor vanishes and M is flat with covariantly constant skew torsion.
(We now know that its universal cover is a Lie group, in view of theorem 4.1.3.) Notice that
the orthogonal complement of { X'} is preserved by V9 since this is a metric connection, and
since it is torsion-free the Lie bracket is also preserved; then by the Frobenius theorem,
it integrates (locally) to a submanifold N. Therefore M is locally a product R x N.
This product is, in fact, Riemannian; it is known that we can pick a local coordinate
system {x,y1,y2,y3} such that {Oz} and Oy, dys, dys are local frames of TR and TN,
respectively. Then it is easy to show that g(0z,dx) is independent of dyi and g(9y;, dy;)
are independent of dz, thus the metric splits locally as a product. (Of course, the same
can also be argued by means of the de Rham decompostion theorem, since we have a
covariantly constant vector field, we have a reduction of the tangent bundle under the
action of the holonomy group and the claim follows). Since RicY = 0 then

1 1
Ricd = = ||t]|?g — =t @ .
ic 2HHg 5t ®

This shows that N is Einstein, since TN is the orthogonal complement of {X}. Hence,
since NV is of dimension 3, it is of positive sectional curvature. Therefore M is locally
isometric to R x S3, the metric splits as a product and the three-form is the pull-back of

a three form in N, using the inclusion.
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4.8 Hermitian manifolds

Recall that given a Hermitian manifold (M, g, J), the Hermitian two-form € is defined by
Q(X,Y) =g(X,JX) and the Lee form 6 is the one-form such that 6 = d*Q o J.
We wish to remark the following interesting feature about Hermitian manifolds in the

four-dimensional case.

Proposition 4.8.1. Let 6 be the Lee form of (M, g,J), if we consider the Weyl connection

D such that D is torsion-free and Dg =0 ® g, then DJ =0.

That this property always holds in four dimensions was observed in [47] while discussing
locally conformal almost Kéhler manifolds, and is mainly a consequence of the fact that,
in four dimensions, d2 = 6 A ), where ) is the Hermitian form. We sketch the proof

below.

Proof — We wish to see that g((DxJ)Y,Z) = 0, for any vector fields X,Y,Z on M.

Recall that

1 1 1
DxY = V%Y — SOX)Y = S0(V)X + 5g(X,Y)@jj

and that since J is integrable
o(VLT)Y, Z) = %(dQ(X, JY,JZ) — dX,Y. 7))
and since in this case d2 = 0 A Q we get
A(V4I)Y,2) = SO0V )g(X, 2) = 0T Z)g(X, Y) +0(Y)g(X, 12) = 6(Z)g(X, JY)).
Replacing the terms in

9(Dx )Y, Z) = g(Dx(JY) — J(DxY), Z)
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and using the fact that (J6%)” = —0 o J, we get the desired formula.
O

We now proceed to showing that, in the compact case, Bismut connections are not

usually examples of connections which are Einstein with skew torsion. More precisely,

Theorem 4.8.2. If (M,q,J) is a four-dimensional compact Hermitian manifold equipped
with the Bismut connection such that it is Finstein with skew torsion then either it is

conformally Kdhler or its universal cover is R x S3.

Our first step torwards the proof it to compare the Bismut connection V with the

Chern connection D.

Proposition 4.8.3. Let (M, g,J) be a Hermitian manifold. There is a unique connection

D on T'M such that both the metric tensor and the complex structure are D-parallel, i.e.,
Dg=0 and DJ = 0;
and also such that the torsion tensor satisfies
C(JX,Y)=C(X,JY).

This connection can be written as g(DxY,Z) = g(V%Y, Z) + 1dQ(JX,Y, Z).

The connection above is known as the Chern connection, sometimes also referred to as
the Hermitian connection. It is defined for more general bundles, [33], but that will not
be relevant to our purposes.

Let us denote by RY and RP the Riemann tensors of V and D, respectively. Define

the Ricci tensors RicY and Ric? as usual and the Ricci forms as

1 <& 1 <
\Y _ \v4 ) ) D _ D ) )
p (X,Y)_5 E’—lR (X,Y,e;, Je;) and  p (X,Y)_§§_1R (X,Y, e, Je;).



64 4. Einstein metrics with skew torsion

It is well-known that p” is a closed (1,1)-form that represents the first Chern class of M,

[33]. It was proved in [4] that the two Ricci forms satisfy the following relation.

Lemma 4.8.4. For a Hermitian manifold (M, g, J) the Ricci and Chern forms are related

by
pP = p¥ +d(J6)

where 0 is the Lee form.

We give here a more elementary (perhaps less elegant) argument.

Proof — Every affine connection A can be written as AxY = V%Y + E(X,Y) where
E(X,—) is an endomorphism of the tangent bundle. It can be easily seen (as in proposition

2.2.1) that the curvature tensors R and RY satisfy

RA(X, Y, Z, W) = RIX,Y,ZW)—g(EX,E(Y,2)),W)+g(EY,E(X,Z)),W)
—(V4E)Y, Z,W) + (VSE) (X, Z,W)

where E(X,Y,Z) = g(E(X,Y), Z), i.e, the contraction of E with the metric. For the

Chern and Bismut connections we clearly have
~ 1 ~ 1
EP(X,Y,Z) = FAQ(JX,Y,Z)  and EV(X,Y,Z) = —5dUTX, JY, T Z)

and given the particular form of EP and EV we can conclude that when we take the trace

with J the quadratic parts of the respective expressions vanish, that is,
(PP — pV)(X,Y) = =V%(EP — EV)(Y, e, Je;) + VL(EP — EV)(X, &, Jes).

Now, before we proceed, we need to observe the following, since J is integrable, from the
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classical formula, [33],
(VQ)(Y, Z) = —% (dQUX, JY, JZ) — dQX,Y, Z))

we get

0(2) = —(V.Q)(e1,JZ) = —%dQ(ei, Jei, 7).

Using the formula for extension of connection to tensor bundles and the standard argument
that at a point p there is always an orthonormal frame {f;} such that (V‘}i fi)p =0, we
have

(0" = pV)X,Y) = V4 (JO)(Y) — Vi(J)(X) = d(JO)(X,Y).
O

As an immediate corollary, notice that the Ricci form for the Bismut connection is
closed.
Suppose now that M has (real) dimension four. We have the following (known)

important simplification.

Lemma 4.8.5. If (M, g,J) is a Hermitian four-manifold, the Lee form 6 is the one-form

dual to the torsion of the Bismut connection, that is,
0 = xd°Q
where § is the Hermitian form.

Proof — Take {e1, Je1, ez, Jea} to be an adapted frame of T'M, then

0(Z) == (VI,Q)(e;, JZ) = —dQey, Je1, Z) — dU(ez, Jea, Z),

(2

since  is J-invariant, d°Q(X,Y, Z) = —dQ(J X, JY,JZ) and it is now a straightforward
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computation to check that, indeed, 6 = x d°€). O

We now check that we can work in the Gauduchon gauge. Fix the complex structure
J. Let g = e/ g, for some smooth function f € C°°(M). From section 4.6, we transform
the torsion one-form by § — 6 + df. We need only to check that the 0 =0+ df is the

Lee form for the metric g. The Hermitian form for g is simply Q = e/Q. Then
dY=df Ne'Q+efdQ=df ANQ+ e/ (OAQ) = (df +6) A Q,

so our claim follows, i.e., the Bismut connection for (M, J, ) satisfies the Einstein equations
with skew torsion if the Bismut connection for (M, J, g) does.

In four dimensions, we can express the Ricci form pV in terms of the Ricci tensor and

the Lee form 6, [31], by
pV(X,Y) =RicV(X,JY)+ (Vx0)JY.

Working then in the Gauduchon gauge, we can simplify this expression, since V6 = V90 =
%d@, and write

1
pV(X,Y) =RicV(X,JY) + d0(X, JY).

Also, given that M is Einstein with skew torsion then
v 1 v 1
pY(X,)Y) = 25 QX,Y)+ gdG(X, JY) (4.8.1)
and this equation is crucial to our proof. We now need the following lemma.

Lemma 4.8.6. Let M be a Hermitian four-manifold such that the Bismut connection is

FEinstein with skew torsion, then the two-form o defined by

a(X,Y) = di(X,JY)
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1s closed.

Proof — Since a equals p¥ — isVQ(X ,Y'), it is the difference of two forms and is, therefore,

a form. From the fact that a and df are both two-forms we deduce
dO(JX,JY) = a(JX,Y) = —a(Y, JX) = dO(Y, X) = —df(X,Y)
which means that df is a (2,0) + (0,2) form. Write § = 1% + %!, Then
df = (0 +0)0 = 90M° + 90°" 4- 900 + 9 6% = 9010 + 57!
since 901 + 9910 = 0 given that df is (2,0) + (0,2). Now, a = 900 — i96*! and so
dov = (0 + D) — i(D00M0 — 9IY) = —i(996™0 — HOPL) — i(908%L — HOPLO) — 0.

O

Since we are working in the Gauduchon gauge, we know that sV = s, where s is the
conformal scalar curvature. A results of Pedersen and Swann, [41], tell us that, for a

compact n-manifold,

A = 2D A e

so the sign of s is always constant and that in four dimensions s is, in fact, constant.
Therefore, looking at our equation 4.8.1, we can see that if sV is non-zero then d2 = 0
which means that (M, g, J) is Kahler. Another result by Pedersen, Poon and Swann, [40],
gives that

A(9) = %s 0

then if sV = s is identically zero, 6 is harmonic and therefore df = 0. We have proved

Lemma 4.8.7. Let (M, g,J) be a Hermitian (non-conformally Kdhler) four-manifold such

that the Bismut connection is Einstein with skew torsion, then the Lee form 0 is closed.
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From the discussion above we can conclude that 6% is a V-parallel field (since this is
a Killing field and @ is closed). It could also happen that § = 0, but in four dimensions
d°Q) = —x 0, which would imply d°Q2 = 0, a situation that we have excluded a priori. If we
now look at the proof of theorem 4.7.2, we see that repeating the argument we can prove
that the only candidates for Einstein with skew torsion Hermitian manifolds are those of

type S! x 83. This concludes the proof of theorem 4.8.2.

4.9 Examples

Given the link provided by theorem 4.6.4, a good source of examples for Einstein metrics
with skew torsion is that of Einstein-Weyl geometry. We can find a classification of four-
dimensional Einstein-Weyl manifolds whose symmetry group is at least four in [37]. This
article has two errors in the case of U(2)-invariant structures which were pointed out by
G. Bonneau in [12] who also offers a simpler description of the metrics in the Gauduchon
gauge. Using the language of skew torsion, we can summarize the results for the compact

orientable case as follows.

Theorem 4.9.1. Let (M, g, H) be a compact orientable four-dimensional manifold which
s Finstein with closed skew torsion and whose symmetry group is at least four-dimensional.

Then we have one of the following possibilities:
o if xH is exact then M is Finstein,

o if xH is closed but not exact then M is finitely covered by S' x S3 with its standard

flat structure,

e if xH is not closed then the symmetry group is
- StxSO(3) in which case M is S*, S1x §3, St x(_l,_l)S?’, S2x 5% or S? x(_l,_1)52,
- U(2) in which case M is S*, CP? or (CP2#(C—P2.
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Also, for each of the listed manifolds there is, in fact, an Finstein structure with skew

torsion.

For the U(2)-invariant case, there is a very concrete description of the metric and

corresponding closed three-form given in [12]:

2 2 k—x 2, k—x 1 a2 (2) 3)2

=1 |y @t el e )
_ k—a 1, 2
H—i2(1+w2)2dx/\a Ao

where x € (—00, k) is a coordinate, the o’ are left-invariant forms,
Q*(x) = 1+ (2 — 1 — 2kz) (I + lp arctan(x)) + lo(z — 2K),

I' is a positive homothetic parameter, [5 is a positive parameter and k and l; depends on

l2 in the following way:

e for 54,

b=y

2
lok —1
k is the unique solution of g + arctan(k) + 7 2
2

A

e for CP2, there are two families with opposite orientations:

b=l
, k:—1+4l2h+3h2
()4 k= 2(2l + h)

lah —1
h is the unique solution of g + arctan(h) + m =
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klo — 1
ll = —12 <arctan(k‘) + m)
_ 1+4lyh + 3h?

o for (CPZ#(C—Pz,

7

(ZZ) 2(2[2 + h)
lah — 1
x h is the unique solution of % + arctan(h) + m =0
2loh + 1
L =-1 tan(h) + ———~
1 2<arc an( )+2l2(1—|—h2)>
o 3+ Alh+ h?
— 2(2lp — h)
h is the unique solution of
2ly(4ly + h) — 1 2loh + 1

=0

t L4ly + 1 tan(h
arc an(3( 2+ )) + arctan(h) + 2, (1+ %(412 +h)2) + 205(1 + h?)

We observe that for each of these families the Euler characteristic and the signature

are given respectively by x = 2,3,3,4 and 7 = 0, —1, 1,0, so then all satisfy the inequality

in theorem 4.5.4, as expected.



Chapter 5

Instanton moduli spaces

5.1 Yang-Mills equations

Let M be a compact, oriented, four-dimensional Riemannian manifold and let E be a
Hermitian vector bundle of rank 2 over M with structure group G = SU(2). Also consider
g = su(2) the Lie algebra of G.

The gauge bundle of FE is the bundle of G-automorphisms of the bundle F, henceforth
denoted by G(E). Consider also &(F), the infinitesimal automorphism bundle, i.e., the

g-endomorphisms of E. For G = SU(2), we have a very concrete description,
G(E)={9 € Awt(E) : g* = g7}

&(E) = {p € End(E) : ¢" = —¢}

where % denotes the adjoint with respect to the Hermitian metric on FE.

Throughout this chapter, we will only be considering SU(2)-connections. This means,
in particular, that the curvature will be a &(FE)-valued two-form. Two connections on F,
V1 and Vg, are said to be gauge equivalent if there is a gauge transformation g : £ — F

such that Vo = ¢~V ¢g. If FV! and F'V? are the associated curvatures of the connections

71
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V1 and Vg respectively, then they are related by FV2 = g7 1FVig,
The total Chern form of (F, V) is given by

_ v
c¢(E,V) = det <1+ 27TF > .

Since E is a rank 2 bundle, we only have the first and the second Chern forms, given by

i

a(B) = 5-Tr(EY),

1

co(E) = W(Tr(FV AFY) — (Tr(FV))?).
Since V is an SU(2)-connection, c¢1(E) = 0. (Recall that the corresponding de Rham
cohomology classes are independent of the choice of connection and are, in fact, topological
invariants of the bundle.)
We will write F instead of FV when there is no danger of confusion. We can split

F = FT™ 4+ F~ into self-dual and anti-self-dual parts, by splitting the bundle of two-forms.

A connection is said to be self-dual (resp. anti-self-dual) if F' = F*t (resp. F = F™).

Definition 5.1.1. A connection V is said to satisfy the Yang-Mills equations if
dy(*F) =0

Recall that a connection always satisfies the Bianchi identity, i.e., dyF = 0. Then

clearly a self-dual or an anti-self-dual connection always satisfies the Yang-Mills equations.

Definition 5.1.2. An instanton on E is a connection V such that its curvature is self-

dual.

The topological charge k of an instanton V is defined by the integral

1

k= —
871'2 M

—Tr(FANF)=— /M c(F) ,
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which is always an integer.

Remark 5.1.3. The notion of self-duality is a conformally invariant one. This is simply
because if g1 and g2 are two conformally equivalent metrics, then on two-forms x4, = *g,.
Therefore, a connection is self-dual with respect to g1 if and only if it is self-dual with

respect to go.

Let A(E) be the set of all connections on E.

Definition 5.1.4. The Yang-Mills functional Y M : A(E) — R is defined by

YM(V)=|F|*= /M —Tr(F A *F).

The number Y M (V) is sometimes called the energy or the action of the connection V.
The Euler-Lagrange equations for this functional are exactly the Yang-Mills equations.
In particular, self-dual connections and anti-self-dual connections are critical points of this

functional. Splitting the curvature into its self-dual part and anti-self-dual part, we have

YM(V) = [FF? + | F7)7

It is then easy to see that

YM(V) > 87|k
and we have an absolute minimum when *F" = sign(k)F'.

Example 5.1.5. The Levi-Civita connection V9 for an FEinstein metric g induces a
connection on Ay which is self-dual. This is simply because the curvature of the connection
on AT is given by the first column of the block decomposition of V9. As observed in chapter
4, given a metric g which is Einstein with skew torsion H then the metric connection with
torsion H induces a self-dual connection on A*. This was in fact the motivation of our

definition 4.4.1.
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5.2 Moduli spaces

Fix an SU(2)-vector bundle E. The difference between two connections is a &(E)-valued
one-form. Therefore, the set of all connections on E, A(E), has the structure of an affine

space over Q'(&(F)). The gauge group G(F) acts via conjugation

9.V =g 'Vg.

We can form the quotient set B(E) = A(E)/G(FE), which is the set of equivalence classes

of connections on F.

Definition 5.2.1. The moduli space of instantons on E is the subset of B(E) composed

of equivalence classes of self-dual connections.

Denote the moduli space of instantons by M(FE) or simply by M if there is no danger
of confusion. A connection V is said to be reducible if there are vector bundles Eq, Fo
and connections V1, Vo such that £ = E1 ® Ey and V = V1 + Va. A connection is said

to be irreducible if it is not reducible. We will be using the following fact henceforth, [22].

Proposition 5.2.2. The following statements are equivalent for an SU(2)-connection V

on the bundle E:
1. 'V is reducible;
2. there is an element ¢ € QY(B(E)) such that dy(p) = 0.

Proof — Suppose that ¢ : E — FE is such that dy(¢) = 0. Since this is an su(2)-
transformation, then at any point € M the eigenvalues have the form i\,, —i\, for
some A\, € R. Since dy(p) = 0, it can be checked that these eigenvalues are constant

and that we have a splitting E; + F»> in terms of the eigenspaces. Now suppose we can
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decompose E = E1 + F and V1 + Vs. Let ¢ be the bundle homomorphism that has F;

as i-eigenspace and Es as —i-eigenspace, then dy(p) = 0. O

Denote by M the set of gauge equivalence classes of irreducible self-dual connections.
Since A(FE) is an affine space modelled on Q'(&(E)) then there is a canonical identification
of Ty A(E) with Q'(&(E)). In this setting we examine the tangent space to Oy, the orbit
of V under the gauge group. The tangent space T1G(E) is just QY(&(E)). It is known,

[22], that the differential at 1 of the action of G(E) on V is the map
0 dv, o1
V(B(E)) — QO (&(E)).

Therefore, the subspace Im(dy) C Q'(&(E)) represents the tangent space to Oy .

If V is a self-dual connection then the following is an elliptic complex
.
0 — QU(B(E)) 2% Q1 (6(E)) % Q2 (6(E)) — 0

where dg denotes the projection onto the anti-self-dual part.

For any vector bundle V with a metric we can define a metric on A"T'M ® V and a

Sobolev p-norm by setting

eIl = /M (Il* + 1Vl + - + [[VPg||?)

(different choices of connection give equivalent norms). Consider the completion in this
norm to (V). Now apply this to &(F). Extend the above elliptic complex to a complex
of Banach spaces. Then it is still elliptic. Using Sobolev norms and Banach space implicit

function theorems, we have the following theorem, [22].

Theorem 5.2.3. The space M(E) is a Hausdorff space in the quotient topology. Further-

more, if dy is surjective for all self-dual connections, M\(E) can be given the structure of
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a smooth manifold and
Ty M(E) = {a € Q{(B(E)) : dga =0, dba = 0}.
By means of the Atiyah-Singer index theorem,
dim M = 8k — 3(1 — by + b)),

where £ is the instanton number, by the first Betti number of M, and b, the dimension

of the space of harmonic anti-self-dual forms on M.

5.3 An induced three-form

We now wish to define a three-form on the space of irreducible connections ﬁ(E) We
describe first ideas from the work of Liibke and Teleman [36] and also of Cavalcanti [17].

Fix a bundle E. Our definition will take a few steps. First note that the gauge group
G acts freely on the space of irreducible connections .Z Therefore we can see .Z as a
principal G-bundle over M. Using a fixed metric ¢ on M, we can define an L?-inner
product on TA = Q&) by < ¢, ¢ >12= [, —Tr(p ) which we will write as [,,(p,v)
for convenience of notation. The space A is an open dense subset of A and therefore
Tvﬁ = Ty A, for every irreducible connection V € A. As mentioned in section 5.2, the

map

Q) — QUTA)
v o dyy
gives an identification of the infinitesimal gauge group & inside the tangent space T'A ~
Q1(®) at the point V, where V is a connection in A. By irreducibility, this map is injective.

This defines the vertical space V for T'A. Since we have an L?-inner product, we can define
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the horizontal space H formally as the orthogonal complement. This G-invariant family

of horizontals defines a connection. We have that ¢ € H if and only if, for all ¥

/M (p,dvyp) =0 <= /M (d5p,1p) =0

that is, if dg ¢ = 0. The connection one-form 6 is defined by the following two conditions:
(1) 0(dvep) = 9;
(i1) O(p) = 0, if dgp = 0.

More generally, for every a € Q!(®) define
0(a) = v, where dydyvy) = dya.

For an irreducible connection V, the operator is dydy is injective and since it is self-
adjoint it is, therefore, invertible. Then 0 is well defined and it is easy to see that it
satisfies conditions (i) and (it).

Now consider H a three-form on the original manifold M, 1 € Q%(&), a € Q'(&) and

define
£(a)(y) = /M Tr(va) A H.

Notice that this depends linearly on a and 1 and can be seen as a one-form on A with

values in the dual of &, i.e., £ € Q'(A, *). Then
H=<diNE>=<db,& >gpen

defines a three-form on A. The brackets denote the pairing between & and &* obtaining
then an element in A2 ® A and then skew-symmetrizing to obtain an element in A3.
The exterior derivative of 6, df, is defined here formally. Since A is an affine space,

it is enough to evaluate df on constant vector fields. We explain now what we mean by

constant vector fields. Recall that Ty.A = Q'(&) which is independent of V, so T'A is a
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trivial bundle. The constant vector fields X will be the ones such that X (A) = a, where
a € QY(®). Take two such vector fields Xy and X;. These generate the one-parameter
groups given, respectively, by

o A— A+ 1tX
s Ar— A+ sX;

Notice that

@to¢s:A+tX0+SX1:¢sOSDt

that is, the two one-parameter groups commute and therefore the Lie bracket of the vector

fields Xg and X7 is equal to zero. Then we can evaluate

df(Xo,X1) = X0.0(X1)— X1.0(Xo) — 0([Xo, X1])
= X().@(Xl) — Xl.Q(XQ), since [X(),Xl] = 0.

Remark 5.3.1. Applying the above to &, and taking constant vector fields Xo, X1

dE(Xo, X1) = Xo.6(X1) — X1.6(Xo) = 0

since £(Xo) and £(X1) are independent of connection. Hence § is closed.

To define a three-form on the moduli space of irreducible connections we restrict to
H. Since H and H are G-invariant, then the three-form descends to the moduli space.
Following the reduction formalism of Cavalcanti, [17], we expect a closed form to induce
a closed form on the moduli space in this way.

It remains to write df in a more concrete way. We need to explain what we mean by

df(a',a") = d'.0(a") —a".0(d).

Consider the following operator which will be needed later, an element a € Q'(&) defines
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a map,

which we will still denote by a by a slight abuse of notation. We also consider the adjoint

a* QN (B) — QY(®).

Recall the equation that defines 6(a)

vdvy = dya

and write dy = dg + A, where dj is some fixed connection. This depends linearly on
A. Differentiating in the direction of b € Q(®) both sides of the above expression with

respect to A, we get

b*(dvy) + dy (b(¢)) + dydv (b.6(a)) = b7 (a).

Since we are now considering only horizontal vector fields a, then 6(a) = 0 which implies
that ¢ = 0. Hence
vdv(b.6(a)) = b(a),

or in other words b.0(a) is the solution to the equation dydyty = b*(a). Applying this to

df we get that the equation

df(a',a") = d'.0(a") —a".0(a)

is equal to

df(a’',a") =1
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where 9 is the solution to

d*vdv T,Z) — a/*(a//) _ a//*(a/)‘
Summing up, we have the following definition.

Definition 5.3.2. Let M be a four-dimensional compact, oriented Riemannian manifold
and let E be an SU(2)-bundle over M. Given a three-form on M we can define a three-

form H on the moduli space of irreducible self-dual connections by

ﬁ(al, as, ag) = /M % (Tr(lblgag) + TI‘(l/JggCLl) + Tr(¢31a2)) ANH

where 1;; is the solution to the equation
dydv ij = a;j(a;) — aj(a;).

We remark that since we are restricting to H where 6 = 0, we could have defined the
three-form to be

H=<d0+0A0,&>spen

which in a sense would be more natural since df + 0 A 6 is the curvature associated to the

connection 6.

5.4 The 4-sphere

5.4.1 Round metric

Suppose now that M = S% is equipped with a round metric, G = SU(2), and the instanton
number is equal to 1. The bundle £ is then isomorphic to the bundle of positive spinors

$+. A lot is known about the corresponding moduli space, [22]. First of all, there are no
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reducible self-dual connections, since by (S*) = 0, so M = M , and using theorem 5.2.3, M

is a smooth manifold of dimension 5. There are different characterizations of this space:

1. The self-dual connections on $+ are Levi-Civita connections for metrics of constant
sectional curvature. These metrics are known to be conformally equivalent under a
diffeomorphism of S%. The moduli space will be the group of conformal transfor-
mations of the 4-sphere modulo the group of isometries, i.e., M ~ SO(5,1)/SO(5)

which is in its turn diffeomorphic to R, hyperbolic 5-space.

2. M can also be identified with the upper-half space of R%. The round metrics can be

written (up to a constant) on S*\{oco} as

p?(da? + dzd + dad + da)
(2 +1z— aPP

Ya,u =

where > 0 and a € R, Recall that S*\{oo} with a round metric is conformally
equivalent to R* with the standard flat metric. We can then, by means of Uh-
lenbeck’s removable singularities theorem, [46], simply analyze what happens with
instantons for R*. Up to gauge transformation and identifying R* with H, the space

of quaternions, the connection form of any instanton can be written as

(r —a)dz
Agpy=Im | -—"——
& <,u2 + |z — al?

and the curvature is given by

w2 dT A dx

F =
Tl )

where @ = 21 4+ i 29 + j 23 + k x4. Instantons are then parametrized by a € R* and

i € RT, which are usually called the center and the scale of the instanton. Notice
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that the density

I

W+ o= aP)

’Fa,u‘2 = ( 4d$1 AN dzo A drs N dxy

is concentrated around a and becomes more so as yt — 0. The case where y = 1 and

a = 0 is called the basic instanton on R%.

The use of the information metric on moduli spaces of instantons as an alternative
to the L? metric was first suggested by Hitchin, [30], and this was further developed
by Groisser and Murray, [18]. We will now see that the information metric on the
moduli space of 1-instantons M is a multiple of the hyperbolic metric on R®. This
needs the fact that the density determines the connection up to gauge equivalence,

which is clear from the explicit formula.

Let Fy ,, be the curvature tensor for the Levi-Civita connection for the metric gq ;.

Then, since these connections are 1-instantons

1

W R — TI'(F(LM A qu) =1.

If g is the standard flat metric on R?* than it is a simple calculation to check that

the equation above is equivalent to

—6/ n ol 1
vol, = 1.
72 ) ga (p? + |z —al?)t 7

Then the functions

"

7 (@2 + o = aP)"

p(/"a) =

are probability density distributions on R*. Rewriting the parameters as yu = ag and



5.4 The 4-sphere 83

a = (a1, az,as,ayq), the information metric is given by

It it now just a matter of calculating these integrals, in polar coordinates centered

at a for example, to see that

gino — 16 dp® + da? + da3 + da? + da3
5 2

and, thus, our claim follows. We can, in particular, conclude from this that studying

the behaviour near the boundary M corresponds to studying the behaviour as

w— 0.

3. We can also see M as the interior of a 5-dimensional ball with boundary S* (the
boundary not being part of M). An important result here is the collar neighbour-
hood theorem, [20, 21]. This theorem holds, in fact, for all four-manifolds M which
are compact, oriented, simply connected and have positive-definite intersection form.
The collar consists of self-dual connections whose density is a sharply concentrated
function. Each such instanton has a unique center p € M and A € RT. These define

a map

Collar of M — (0,¢€) x S*

which is a diffeomorphism. More precisely, the scale of a connection A, A\(A), is

defined as follows,

MA) = K~ Hnf{s| Ra(s,z) = 472, for some z € S*}
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where K is a constant that makes A(basic instanton on R*) = 1 and

Ra(s,z) = /M (2, 9) [ Fa ) Pvol, ()

for the bump-function

Vs (@,y) = b <M>
s
where b € C*(]0,00)) is a cut-off function. Essentially the scale is the radius
of the smallest ball that contains one half of the energy (recall that since we are
working with charge 1 instantons the total energy is 872). As for the center p(A),
we just choose the a point that satisfies the equality Ra(p(A4),\(A)) = 472, The
fundamental result is then that there is a constant € > 0 such that if A\(A) < e, there
is a unique point p(A) such that R(p(A),\(A)) = 4x%. This defintion is gauge

invariant, so it descends to the moduli space.

Remark 5.4.1. For the instanton corresponding to the metric g, the scale is

essentially j. Let B, ) be the ball of center a and radius . We want to see that the

1
/ Volgw = 5/ volgw
Ba . R4

is p. Changing to polar coordinates centered at a and calculating the integrals then

A such that

the equation to solve is

4 6 4 _q
H Z+ 22 (2+a2)3)  —

Since A is a positive real number, by means of the formula for cubic equations or

stmply by substitution, it is easy to see that A = p.

From the work of Groisser and Parker, [19], there is a very concrete description of the

tangent bundle of M, for S* with a round metric.
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Let = be a point of S* C R®. Each vector v € R® determines a linear function
fo = g(v,—) on S*. The negative gradient V(z) = —gradf,(z) = g(v, 2)z—v has covariant
derivative

(VyV)(z) = fo(z)Y

and hence for tangent vectors Y, Z

ﬁVg(Y7 Z) = 2fvg(Y7 Z)7

where £ is the Lie derivative. Therefore each V is a conformal vector field on S*. We will

be making use of the following properties, [19].

Lemma 5.4.2. The following equations are true pointwise:
(a) [V? = |grad f|? = [v]? — f2
(b) Vdf, = —fug
(c) VV*fu = 4fy
(d) V*VV =V

The space of gradient conformal vector fields provides us with the following identifica-

tion, [19].

Proposition 5.4.3. AtV € A,

TyM = {iwFY : W = —gradf,, for some w € R?}.

Proof — We will first show that given a gradient conformal vector field W = —(df)",
then a = iy FV satisfies the equations that define the tangent space of the moduli space,

namely,

dya =0 and dga = 0.
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For the first equation, we have

a5 (iwFV) = —xdy = (iwFV)
= xdy (df AxFY)
= xdy(df NFV)
= x(d®f ANFY — fdyFV)
=0

where for these equalities we are using the fact that FV is self-dual and the Bianchi
identity dyFY = 0. Notice that this equation is satisfied for any gradient vector field
and any self-dual connection. For the second equation, consider first the full covariant
derivative

V (iwFY) =ivwFY +iwV (FV).

Since V has constant sectional curvature then V (F V) = 0 and using the proposition

above we have VW = fg where ¢ is the Riemannian metric. Then
V (iwFY) = f(igFY)

and skew-symmetrizing this gives
dy (iwFY) = 2fFY

so the anti-self-dual part of dy () is zero since F'V is self-dual. Since the sectional curvature

of V is a positive constant, then the correspondence
W —s iw FY

is injective. Now, we know that the dimension of M is five. Also the space of gradient

conformal vector fields is five-dimensional (since the codimension of SO(5) in SO(5,1) is
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five) and, therefore, the claim follows. O

5.4.2 The induced three-form

If we choose the background metric on S* to be a round metric gg, we can give a concrete
expression for the three-form H at the point on the moduli space given by the Levi-Civita
connection of gg.

We start by noting that for the SU(2)-bundle 8" there is a canonical identification

2 e3,e*}, we fix the notation for a basis

® = A%. Given a local orthonormal frame {e!, e
of self-dual two-forms {c', 02,03} where

ol :el/\62+e3/\e4,

o2 =el Ned et Ae?,

o =el Net 4 e? Ned.
2] 3 [ 3 1] 2 [ 2 3] 1

The Lie bracket is given in terms of this basis by [0!,0?] = 03, [03,0'] = 02, [02,0°%] = 0.

To work out our three-form, we first need to solve the equation
d*vdv¢ — a/* (a//) _ a//* (a/)

where 1) € A2 and a’,a” € A' ® A%
We remark, as mentioned in subsection 5.4.1, that any round metric has constant
sectional curvature 4. In particular, the curvature tensor for Levi-Civita connection can

be written as

3
FY = 4Zai ® o'.
i=1

Lemma 5.4.4. Let a =ixFY, b=1iyFY, where X, Y are vector fields on S*. Then

a*(b) — b*(a) = —2B(X AY)s
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where (X NY')y denotes the self-dual part of X NY .

Proof — Write a = 4 (6*(X)®0") and b = 4 (67 (Y)®07). We calculate (a*(b) —b*(a),o!),

the result is analogous for o2 and o3. We have,

(a*(b)701) = (b,a(al))
= 2 (Y)®0,03(X)®0? - 0?(X)®0?)
= 2°((0*(Y),0*(X)) = (¢*(Y), 0*(X))).

Similarly,
(b*(a),0") = 2°((0*(X), 0*(Y)) = (*(Y), 0?(X)))-

Hence

(a*(b) = b*(a),0') = 2°((6*(Y),0° (X)) — (¢2(X),0*(Y))).
Writing X = X'’e; and Y = Yjej, it is simple to see that
(02(Y),03(X)) — (6%(X),0%(Y)) = —2(X'V? - X2y 4+ X3v* — X1v3).
Clearly,
(X AY, o) = X'Y?2 - X2y + Xx3y* - x1y3

thus

(a*(b) — b*(a), ') = 28(X A Y, o)

and repeating the argument for o2 and o> we get the desired formula.

O

Lemma 5.4.5. Consider v = (X ANY )+ where X and Y are gradient conformal vector

fields of S*, then 1 is the solution to the equation d&dyy = 2(X ANY ).

Proof — We have that dydy is the induced rough Laplacian on the bundle of self-dual

forms. For every given point p € S, choose a frame such that, at p, A.,e; = 0. Then, at
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the point p,
dodgy = —> A A,

Suppose that X = —grad f and ¥ = —gradg. Using the fact that A, X = fe; and

AgY = ge;, we get

dSdy(X NY) = =3 (AqAe,(X)ANY 424, (X)NAe,(Y) + X N A, Ac, (Y))
= =) (Ae,(fe) NY +2feiNgei+ X NAc(ge;))
= =2 (ei.fles NY + (ei.g)es NY
= 2(XAY).

Since V is a metric connection it preserves the decomposition A? = Ai @ A2, therefore

dody(X ANY), =2(X AY),.
0

Given two self-dual two-forms «, 3, consider Tr(af) = —%(a, B), where (—, —) denotes

the inner product given by the star operator.

Lemma 5.4.6. Given three vector fields X,Y,Z

<(X/\Y)+, iz Z(a" ®a")> =x(XAYANZ)+iz(XANY)

(2

Proof — Writing X = X', Y = Yjej, 7 = ZFey, it is a direct computation to check

that both sides of the equation are equal to

4
Z sign(0) X7y 7o6) eota) + Z Z ZH(XIY — XY e
~ i=1 j#i

where o is a permutation of the set {1,2,3,4}.

0

Remark 5.4.7. The totally anti-symmetric part of «( X ANY ANZ)+iz(XAY) is x(XAY AZ).
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Theorem 5.4.8. At the point V, where V is the Levi-Civita connection with respect to the
background metric gy, and a = izFY, d =ixFY, d' =iy FY where X,Y,Z are gradient

conformal vector fields, we have

H(a,d',d") = 27/ «(XANY ANZ)NH.
S4

Remark 5.4.9. There are other possible ways of writing the three-form H , for example

H(a,d,a") = 27/ (X ANY ANZ)N*H
S4

= 27| H(X,Y,Z)voly,
S4

= 27/ 3H(X,Y,Z)Tr(FV AFY).
54

Using this expression at each point of M, or each round metric ¢ in the conformal class
of gog, we get a three-form defined purely in terms of the conformal structure. In the next
section we shall work it out explicitly and examine its relationship with the information

metric.

5.4.3 Another three-form

Recall that one of the characterizations of our moduli space M is the one given by the
upper-half space of R?, so this is parametrized by a point a € R* and a scalar i € RT. The
instantons correspond to Levi-Civita connections for the metrics given by stereographic

projection
oy = p2(da? + dod + dad + da)
T e PP

where {x1,x9, 23,24} are Euclidean coordinates.
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In order to write down the gradient conformal vector fields explicitly we need to

determine their link with the deformations of g, ,. Suppose
X = —gradh

where h is a smooth function and the gradient is taken with respect to g, ,. On the one
hand,
LxGapy =2(VHX)gym = —2V@dh

where V®*# is the Levi-Civita connection for the metric g, ,. Using lemma 5.4.2, then

LxGau = 2N ga - (5.4.1)

On the other hand, the metrics g, , are conformally equivalent. We write

Ja,u = f297

where

I

2 2 2 2
g:d$1+d$2+d$3+d$4 and f: m

Taking derivatives with respect to a and pu,
ga,u = 2ffg = 2ff_l Ga,u

we have that
4

f < 1 2,u > 2(3)2' — ai)
S=l-—-——"——=|du+ —— da;.
Vi) R W arar i

By definition, £xgq,, is the infinitesimal variation of the metric g, , under a conformal

diffeomorphism. Thus

ﬁXga,u = ga,u = 2ff_1 Ga,p (5'4'2)
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where the dot represents the variations with respect to a and u. Comparing equations

5.4.1 and 5.4.2, if we consider the following functions
ho = —

po p?t |z —al?

for ¢ = 1...4, then the space of gradient conformal vector fields is spanned by

V; = —grad h;,

for 7 = 0...4. Taking the exterior derivative of the maps above, we get that

dho = S dulai o) dz;
O_Z(u 2

~ (0 + |z —af?)

4

2 xp — ag)( a;)
dhkzi dx;
Wl 2 G I -

or, making r, = 2 — aj, and r? = |z — a|?, that

24 2
hg = ————
o = G mp )
dhy = e dry, G2+t r2)2d(r )

fork=1,...,4.

We have been implicitly using two different characterizations of our moduli space. On
the one hand, we identify it with a space of metrics in the coordinates {u, a1, a9, as,as}

in which we see the tangent bundle to the moduli space as a bundle with a global frame

9 9 9 9 9
ou’ day’ das’ Dag’ day |~
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On the other hand, we are making use of Groisser and Parker’s result that
TiyM = {ix F V. X is a gradient conformal vector field }

for which M is seen as a space of connections (up to gauge equivalence). We shall now

see how the two descriptions of T'M relate.

Let V be the Levi-Civita connection for the metric of sectional curvature g, ,. Then

the Yang-Mills density and the volume form satisfy

~Tr(FY A FY) = 3vol (5.4.3)

Ga,p

Any other connection is given by V + a for some a € A' ® AZ. In this setting,
FYTa = FV 4 dy(a) + O(a?)

which then implies that
FV = dV(a)7

that is, the infinitesimal change in FV is given by dy(a). Thus, the infinitesimal change
in Tr(FY A FV) is given by 2 Tr(dy(a) A FY). Let X be a gradient conformal vector field,
X = —grad h, and take

a=ixFV.

When considering the full covariant derivative, we have the formula
V(ixFV) =iyx)FY¥ +ixV(FY)

and since FV is of constant sectional curvature then V(FV) = 0. Using the fact that
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V(X) = h g and skew-symmetrizing then
dy(ixFV) =2hFV.
Then the infinitesimal change in Tr(FY A FV) is given by
Te(FV AFY) =4hTe(FY A FVY). (5.4.4)
As before, we write g, ,, = f%g, where

_ p
f_u2+!w—a!2

and g is the standard flat metric on R*. Then

_ 4
volg, , = [ voly

and so

volg, , = 413 fvoly = 4~ fvol (5.4.5)

Ga,p*

Recalling 5.4.3 and comparing equations 5.4.4 and 5.4.5, we have shown,

Lemma 5.4.10. Let Vi and V; be the gradient conformal vector fields given by the func-

tions
1 21
o pEt |z —al?

2(3)2' — ai)

ho = e
0 w2 + |z —al?

and h; =

fori=1,...,4. Then we have the following identification for the tangent bundle of the

moduli space of instantons

0 )
@ — ZVO FV
0
S
8(%' i

where i = 1,...,4.
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We can now define a new three-form as follows.

Definition 5.4.11. Let H be a three-form on S*. If we set

H = Y higrda; Adaj Adag+ > homn dip A dag, A day,.

i<j<k m<n

where i,j,k,m,n € {1,2,3,4} and
hijk = (/ *(dhz VAN dh] VAN dhk) A H)
54

homn = (/ «(dho A dhu A dhi) A H>
54

then H is a three-form on M.

o 0 9

50 Dar? Dy H is given by the expression

When evaluated on
/ * (dh1 A dhg N dhg) N H.
S4

We have that

1
dhi AN dhy N dhs = mdm Adrg A drs
1
—m(mdrl Adrg + ridry A drs + rodrs Adry) Ad(r?).

In the metric

12

Japu = TR (dr% + drs + dr3 + dri)

we have Ldn,i =1,...,4 > as an orthonormal basis so that
M2 + 7»2

13

7(,U2 n T2)3 * (dTl A drg A dTg) = p
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and so
«(dhy A dha A dhs) = < L S 7‘%)) dry
/ﬂ(u;Jr r?) (P +r?)?
T4

W (Tld?"l + T2dT2 + T3d7’3).

It is then a straightforward calculation to see that this can also be written as

p—r? T4

2

If H is closed, then

T4 dT4 T4 2
d| 55— ANH) = - d(r?) ) A H.
(/ﬂ(uz +7?) > (/ﬂ(uz P R R )>

Now
T4 1
Ty
w22 2t

and so is a well defined function on the 4-sphere, so we can apply Stokes’ theorem to get

2dx4
x (dhy N dho Ndh3) N H = NH. 5.4.6
vt ) 1 = o (>4
Analogously, for a closed form H,
2
d$3 ANH

dhi A\ dho N dhy) N H = —
/54*( 1A dha A dha) /34(u2+!w—a!2)2

deg
s (12 + [z —af?)

/ % (dhy A dhg A dhyg) A H = SAH
S4

NH

2dx
H=—
/S4*(dh2Adh3Adh4)A /54(M2+’95—a’2)2



5.4 The 4-sphere 97

Also, we can check that, independently of H being closed or not,

2((3}3 — a3)d$4 — (:L'4 - a4)d3:3)

AH
54 p(p? + |z — al?)?

/ *(dho/\dhl /\dhg)/\H:
54

2 — dxo — _ d
/ * (dho A dhy A dhg) AN H = (24 a4)2 T2 — (w2 - 2@2) 1) \
5 5t u(i2 + |z — af?)
2 — dra — _ d
/ % (dho A dhy A dhy) N H = (22 a2)2 3 (w32 2@3) 22) \ g
5 = W+ o — aP)
2((x1 — ar)dzy — (24 — ag)dz:)
dho A dhy A dhs) A H = o
/5’4 * ( 0 2 3) g4 M(MZ + ’l’ o CL’2)2

2((3}3 — ag)d:L'l — (:L'1 — al)dl’g)
2 p(p? + |z — af?)?

/ % (dho A dhy A dhy) A H = ANH
54

2((3}1 — al)dlL'g — (:L'g — a2)dl’1)
2 p(p? + |z —al?)?

/ *(dho/\dhg/\dh4)/\H: ANH
54

We will now use the expression above to show that if H is closed then so is H.

Proposition 5.4.12. Let H be a closed three-form on S*. Then the induced three-form

H on the moduli space of charge 1 instantons is also closed.

Proof — For example, the coefficient of da; A das A dasg A day in dH is given by

~ Ohigs i Ohigs  Ohiga n Ohasa
Oay das Oas Oay

From equation 5.4.6 we get that

Ohi23 / 8(r4 — ay)
= dea N H
day g1 (p? + |z —al?)3 o
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and then it is simple to check that

Oh123  Ohiaa  Ohiza  Ohass / 4d(r?)
_ _ = — * ANH
Oay + Oas Oas + Oay g1 (u? +12)3 .
2
- Ju(-grrmma)
=0
by Stokes’ theorem. Also
8}1012 _ 8(:L'3 — a3)2d3:4 — (l’g — ag)(l’4 — a4)d:£4 _ 2d:L'4
das pw(p? + |z — al?)3 p(p? + |z — al?)?

and the coefficient of du A day A das A das is

Ohiaz  Ohoiz n Ohoiz  Ohgas / —2dxy Ay — aqg)d(r?) NH
o das day day g4 ,u(u; +r2)2 p(p? +r2)3
—za\Tyg — Qg
= d NH
st ( p(p? +r2)? )
=0

again by Stokes’ theorem. The calculations for the other coefficients are identical.

Recall the information metric on the moduli space of instantons, which gives this space

the structure of 5-dimensional hyperbolic space, given by

o — 16 (d,u2 + da? + da3 + da3 + dai)
5 2 )

Proposition 5.4.13. Let H be a three-form on S*. Then the three-form on the moduli

space of charge 1 instantons H is co-closed with respect to the information metric.

Proof — 1t is sufficient to see that d(*ﬁ ) = 0. For example, we have that the coefficient
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of day A das N das in d(*ﬁ) is

Ohoia . Ohgas | Ohoza
8(11 + 8(12 + 6a3 '

It is simple to check that, for instance,

NH

8}1014 _ / 8(%1 — al)((xg — ag)dl’g — (xg — ag)dxg)
day g4 p(p? + |z —al?)3

and then that
oh Oh oh
014 024 034

8(11 aCLQ 8(13 =0

Analogously, the coefficient of du A day A dasg is

oh oh Oh
h034—|—,u< 134 Ohast 034)

Oay das o

and this also amounts to zero. The calculations for other coefficients are identical.

O

We have shown that if we have a closed form on S4, the three-form on H® of definition

5.4.11 is harmonic with respect to the information metric.

Remark 5.4.14. Fven though our three-form H appears to us in the context of moduli
space of instantons, it is a natural three-form on 5-hyperbolic space defined using a three-
form on the 4-sphere. In fact, it is a particular instance of Gaillard’s Poisson transforma-
tion of differential forms (for n =5 and p = 3, see [23]). We consider Lott’s description,

[35], which uses the upper-half space model for hyperbolic space
H® = {(z1, %9, 23, 14, 25) : x5 > 0}.

At the point ¢ = (0,0,0,0,1), consider the vector v = Egr' This is a restriction of

the Killing vector field Z?:l azia%i. This vector field extends to the boundary as w =
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1
2?21 xi% which is a conformal field and is, in fact, minus the gradient of m
i T

with respect to the metric parametrized by q,

g = dx? + da3 + daf + da}
(1+ [z[?)

Recall that the group of hyperbolic isometries that fix a point is SO(5). This groups acts
transitively on unit vectors of the tangent space of the fized point, thus our tangent vector
v can be taken into any unit tangent vector, and therefore we get an identification of this
space with conformal vector fields on the boundary of H®. Therefore, given a three-form o

on S* a three-form on H® can be defined in the following fashion

P(a)(v1,v2,v3) = ﬁ /34 a(wy, we,w3)vol

for vi,va,v3 € T, qH5 and where vol is the volume form corresponding to metric given by
identifying S* with the unit tangent sphere in the hyperbolic metric at the point g by the

visual map (see formula (1.4) in [35]). It is clear then that, up to a constant, this coincides

with the three-form from our definition 5.4.11.



Chapter 6
Applications to skew torsion

6.1 Einstein connections with skew torsion

Given a compact, orientable Riemannian four-dimensional manifold (M, g, H) where H is
a closed three-form, if (M, g, H) is an Einstein manifold with skew torsion H then so is

(M,g,—H), as remarked in section 4.5.

These two connections with skew torsion on the tangent bundle induce then two self-
dual connections on the bundle of self-dual forms A™, which we denote by V™ and V™.

It is interesting to observe that V' and V~ have the same density, namely

2 2

Svi 2
= | [WT)? + |==1d

12 +

‘Fvi ‘ (d"H)+
2

In the following section, we will analyze a specific example of connections with closed

skew torsion on S%.
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6.2 Bonneau metrics

Recall from section 4.9 that there are Einstein metrics with closed skew torsion (ds?, H)

on S* given by, [12],

2 k—ux

2 _ 4 2 1,2 212 312
ds T Q2(:13)(1—|—3:2)2(dx) +1+ZE2[( ) +(0)]+k:—3:(0)
H =42 k—w dr Aot Ao
(1 4 22)2

where z € (—00,k) is a coordinate, {o?,i = 1,2,3} is a basis of left-invariant forms such

that do* = %eijkaj Aok,

O (z) =1+n(z® -1 — 2kz) (g + arctan(:n)) + n(x — 2k),

I' is a positive homothetic parameter, k is a free parameter and n is such that

1
k+ (1+k2) (% + arctan(k))

n =

Since I' is simply a homothetic parameter, we can take it to be I' = 2, for simplicity of

calculations. Notice that the metric is given in diagonal form and we will be writing
ds® = a?dz? + b* [(01)? + (6%)] + 2 (03)?

where
9 k—z s k—=x 5 Q%(x)

CTR@ ) T 1422 ¢ T ko

Consider the corresponding orthonormal basis {eg, e1, €2, e3}. With respect to this basis,

considering the connection with skew torsion H, the connection form on 7'S* is given by
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[ 0 —(ab)~tb el — ce? cel — (ab)~1V €2 —(ac)~td €3 ]
(ab)~10 €' + ce? 0 —ce® + (7! - %b‘zc) e3 —%b‘2c €2
—cel + (ab)"0 e ce + (%b‘zc —c el 0 %b_2cel
I (ac)~1c €3 %b‘zc e? —%b‘2c el 0 |

where b’ and ¢’ denote the derivatives of b and ¢ with respect to . Consider the bases

of self-dual and anti-self-dual forms associated with our chosen basis of TM. Since H is

closed, the curvature operator RV is given by,

W+ ild + ! (d*H) AL
12 2 +

v
vy T AT e
(2V) Wo+ Sl -3 (4 H)

as in theorem 4.3.3. Performing the calculations, we can check that sV = 8n, ZV = 0 and

that

where

wy; 0 0
W= = 0 wy O

0 0  wss

2
-n <<g + arctan(:n)) (2% + ) + 2% + §>
wyy

—2wq;

The expression for W+, (d*H),; and (d*H)_ are somewhat more complicated when
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explicitly written. We will only be using the fact that W is in diagonal form

wf’lO 0
Wr=1 0 wf 0

0 0 wj

with v, = w3, and wj; = —2wj;, and also that (d*H) is a multiple of € A e3 + e! A e

6.2.1 Self-duality equations

For the Bonneau metrics as above, we have two connections with skew torsion, one with
torsion H and the other with torsion —H. These will then induce self-dual connections
on AT (and §"), as in the case of the round metric.

We wish to examine the self-dual equations in this setting. Consider the basis of

SU (2)-invariant self-dual forms given by

wl' = ab(dz Aat) + be(a? A a?)
w? = ab(dz Aa?) +be(a® A at)
w3 = ac(dz Aa?®)+ b (o Ao?)

and suppose that, with respect to this basis, the induced connection form on AT is written

as
0 —-A —-B
Q=14 0 -C
B C 0
where
A = aodx+a101+a202+a303
B = bydx + bio! + byo? + byo?

C = Codaj—i-ClO'l +620'2 +030'3
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Then the curvature matrix is given by F' = dQ + Q A Q and, for U(2)-invariant solutions,

the self-duality equations F' = xF give us nine ordinary differential equations in x, namely

(a’l +boc1 —cobr)e = a(a1 + bacs — cobs)
(a’2 + b062 — Cobg)c = (I(CLQ + C1b3 — Cgbl)
(ag + bocs — Cobg)b2 = ac(ag + bica — c1b2)

and cyclic permutations of these in the (a;, b;, ¢;).

If we analyze the specific example of the induced connections with skew torsion we will
see that we have a simplification in the equations since a1 = ag = by = b3 = ¢g = ¢3 = 0,

c1 = —bg, and co = b;. The above equations reduce to three equations in four variables

(b/l + apba)c = a(by + bias)
(bé — aobl)c = a(b2 + b2a3)

(a5)b*> = ac(ag + b3 + b3)

These equations can be further reduced by making use a radial gauge, i.e., a U(2)- invariant
basis {ug, u1, uz,us} such that

Vugui =0

for ¢ = 0..4. This will amount to replacing ag by ac and we will then have three equations
in three variables. We can also replace the variable x by ¢ where t is such that j—; = a.

With these two simplifications the equations become

bll +achy = C_l(b1 + blag)
by —achy = c (bg + boas)
ay = cb ?(az+ b3+ b3)

We do not know how to solve these equations explicitly, except for the examples coming

from the connections V1 and V~.
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Another question is whether or not these two connections represent different points in
the moduli space of instantons. A gauge invariant object is the following, let F' be the
curavture tensor of a connection on §*. This tensor lies in AT @ &($7), so taking the

inner product on the Lie algebra part, then
(F,F)e At @ AT
is clearly SU(2)-invariant. We have that &($") = AT, so the curvature tensor
FeAt®At

has a symmetric part S;; and a skew-symmetric part A;;. Now, by looking at the
decomposition of this tensor for V* and the formulas in section 6.2, we see that the
symmetric part corresponds to W1 + %Id and the skew-symmetric part to %d(:l:H )t
Hence the tensors F* and F~ have the same symmetric part and skew-symmetric parts
with opposite signs. Since W is diagonal, sT = 8n = s~ and (d*H ), is a multiple of ws,

if we write

F = (SZ] + Al-j)wi & Wj

then the only non vanishing terms are Si1, S99, 533 and Ajo = —As;. Then it is simple to

check that (up to some non-zero constant)
(F,F) = S}i w1 ® w1 + S3,wa ® wa + Siz w3 @ wa + Ag1 (S11 — S22) (w1 ® wa + wa @ wy)
and since S11 — S99 = wﬁ — w;é = 0 then
(FHF) = (57 F)

and this method is inconclusive. We do not know if V* and V™~ are gauge equivalent or not.
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6.2.2 Weitzenbock formula

We may attempt to prove the smoothness of the moduli space of 1-instantons by consid-
ering the Weitzenbock formula as in [6]. Recall the fundamental elliptic complex
.
0 — QUB(E)) 2% QL (6(E)) % Q2 (6(E)) — 0.
The moduli space is smooth if the second cohomology group of this complex vanishes, i.e.,
if ker(dg)* = 0. To prove this, we can try and use the Weitzenbock formula
2o (dh)” = V'V — 2W " + g

where dg, and (dy)~ denote the projection of dy and d3, onto anti-self-dual forms, W™ is

the anti-self-dual part of the Weyl tensor and s the Riemannian scalar curvature.

In our case of the Bonneau metrics, this method only works for nonpositive parameters

of k. To see that it works for £ < 0, we need to check that
s
—2W—(. —
()+3

is a positive endomorphism on anti-self-dual forms. Given the formulas in section 6.2 and
the fact that

3
s= s+ S| H|?

what we need to check is that

2
— w4 o = T 3 2 @ (x)
p1o= “2up g = 2n<<2+arctan(x)> (® + 1) +a 24—

_ s 7T O?(x
P2 = —2wss+ 3 = —4n <<§ + arctan(az)) (2% + ) + 3:2> + Zr(gz
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are positive functions for values of £ < 0. Since

is always positive and also n > 0 then it suffices to check that

P = 2 ((g + arctan(a;)) (23 +12)) + 22 + 2)
Yo = 4 ((g + arctan(:n)) («® + :1:))

are positive functions. Using elementary calculus (take the first four derivatives of 1 and
19 and study their monotonicity), it is easy to show that ¢ (z) > 0 for all x and 13 (z) > 0
for z < 0. Since z € (—o0, k) by assumption, the claim follows for & < 0. Also taking
examples of (small) positive values of k, it can be checked that ¢9 is negative for some

values of x € (—00, k), so this method of proving smoothness fails for k£ > 0.

6.2.3 Buchdahl’s theorem

The answer to our question about smoothness of the moduli space is given in much more

generality by a theorem of Buchdahl, [13].

Theorem 6.2.1. Let X be a compact complex surface biholomorphic to a blow-up of
CP? n times, and Los C X be a rational curve with self-intersection +1. Let Y be a
smooth four-manifold diffeomorphic to nCP? obtained by collapsing Lo to a point yee and
reversing the orientation, and let ™ : X — Y be the collapsing map. If g is any smooth
metric on Y such that ™™g is compatible with the complex structure on X, then there is a

one-to-one correspondence between

1. equivalence classes of g-self-dual Yang-Mills connections on a unitary bundle Egp

over Y, and
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2. equivalence classes of holomorphic bundles EE on X topologically isomorphic to T F
whose restriction to Lo s holomorphically trivial and is equipped with a compatible

unitary structure.

A unitary structure on a holomorphic bundle B over L, is a holomorphic isomorphism
¢:B— 0*B" where 0 : Log — Lo is a fizxed-point-free antiholomorphic involution (the
antipodal map). The map ¢ must satisfy (c*¢)* = ¢ and induce a positive form on

holomorphic sections of B over Lys.

For the case of Y = S%, i.e. when n =0, then X = CP?, and L., can be taken to be
a line in CP2.

In view of this result, we will take the necessary steps to establish that the moduli
space of instantons for S* with a Bonneau metric is smooth and moreover diffeomorphic
to the one for S* with a round metric.

We start by describing the map CP? — S4 for the case of a round metric, [5].
Consider the space of quaternions H, identity the complex numbers C with the subspace
of H generated by 1 and 4, and H becomes identified with C? by writing quaternions in
the form z; + 29j with 21,2 € C. Similarly H? is identified with C*. Let HP' be the
projective line over the quaternions (using left multiplication). It is not difficult to check

that HP! ~ S*. There is a map

7. CP? — HP!

such that to each complex line we associate the quaternion line it generates; in homoge-

neous coordinates this map is given by

(21, 22, 23, 2a) — [21 + 227, 23 + 247].

For every quaternionic line, its pre-image is a copy of CP'. This is because every
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quaternionic line is a copy of C? and its pre-image is the set of all complex lines in
it. Then CP?3 is a fibre bundle over HP! with fibre CP! and 7 is the projection map. Left
multiplication by j induces a transformation ¢ on CP? which in homogenous coordinates
is written as

[217 22,23, 24] — [_227 _217 _247 _23]

This map is an antiholomorphic involution. Clearly, o acts trivially on HP! and acts as
the antipodal map on each CP! fibre (recall that the antipodal map on CP! is given in

homogeneous coordinates by [z1, z2] — [—Z2,Z1]). The map o also preserves the fibration
cp' — CP? — HP".

We think of ¢ as defining a “real structure” for CP3 which is, of course, different from the
usual one given by conjugation. The map ¢ has no fixed points but it preserves certain
lines and these are precisely the fibres of m. These are called the real lines. Thus S*
appears as the parameter space of all real lines. Observe now that

_ SU(2) x SU((2) _ SO(4)
CU()xSU@2)  U(@©Q)’

52

hence we can see the fibre over each point x € S* as parametrizing all almost complex

structures on T,S* compatible with the metric and orientation.

Definition 6.2.2. Let M be an oriented Riemannian manifold of dimension 4 and P be

its principal frame bundle, the twistor bundle of M is the bundle

Z =P Xg0@)

i.e., the bundle over M such that each fibre consists of all the almost complex structures

which are compatible with the metric and orientation.
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Then CP3 is the twistor space of S*. There are other interpretations and ways of

constructing the twistor bundle, for more details see, for example, [44].

We have the map 7 : CP? — S% and to define a map

cp? — §*

identify co € S* with [1,0] € HP! and choose a copy of CP? containing the fibre at
infinity, for example,

(CP2 = {[21,22,23,24] 124 = 0}
The map 7 : CP? — S* is then defined by restriction. Notice that the line

CPl = {[21722723724] 123 =24 = O}

does indeed collapse to co € S* and is a real line, i.e., it is preserved by the antiholomorphic

involution.

Take the round metric given by

B dr? +12((01)? + (62)2 + (03)?
7= 1+ r2)2

where r is a radial coordinate with r € (0, +00). A compatible almost complex structure

is given by (1,0)-forms spanned by

nt = dr+irc®

n? = ol +io?

Parametrizing S4\{0, 00} = R*\{0} = C?\{0} by R* x SU(2)

(21,22) — (6.2.1)
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and using these complex coordinates we can check that

121 dz1 + Zodzs

r
2 2’le2 — 22d21

= =

The space spanned by {n1,n2} for r > 0 is clearly spanned by {dz1,dz} and this extends
over r = (0. We will be referring to this complex structure as J,. It is clear from the map
6.2.1 that the U(2)-action given by SU(2) on the left and U(1) on the right is the standard

action on CZ2.

Now, let us consider the Bonneau metrics. Here a compatible almost complex structure

on S*\{0, 0} is the one given by taking the (1,0)-forms to be spanned by

01 = adx + ico

62 = o' +io?
Let us check that this is actually integrable. We have

d9* = S0 ' Nod +ich? Ao?

do?> = —if*no3

so both df' and df? are in the ideal generated by {#*,6?}. Call this complex structure Jj.

Remark 6.2.3. The connections with skew torsion given by the Bonneau data are not
Bismut connections for the complex structure above. It is a straightforward calculation to

see that the Hermitian form is given by
w = (ac)dx A o® +b? o' A P

and that

dw = (ac — (b*)) ot No® A o3
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which therefore does not coincide with 2H .

We now wish to construct a diffeomorphism of S% such that it sends one almost complex

structure into the other. It suffices to find a coordinate R € (0, 400) such that

f(dR + iRc?) = adx + ico®

for some smooth function f. We have that R satisfies the following

fdR = adzx
fR=c
Then
dR a a
oz 1 - [ Z
7 dr = log(R) / . dz
We now wish to show that this extends smoothly at z = k and x = —oc0o. Calculating the

. . a
asymptotic expansion around x = k for —, we have
c

a

- = (k—z)"+O0(k — ).

Then
a 1
—~ k-2t = log(R)~ —log(k— = R~ .
() og(R) ~ ~log(k ) o
For x = —o0, we have

% =2 '+ 0@?)

1
and so near —oo, R ~ —. In particular the complex structure compatible with the Bonneau
x

metrics extends to S*\{co}. We have then a diffeomorphism

o1 (S {oo}, Jr) — (SM\{oo}, Jp).
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We consider the twistor space Z to S* with a Bonneau metric. The complex structure

defined above on S*\{oo} is compatible with the metric and gives a section of
7Z — SN\ {o0}.

On the other hand, the diffeomorphism ¢ identifies this with the complex structure of
CP2\CP!. The fact that the diffeomorphism ¢ : S* — S* commutes with the U(2)-
action means that

Do : Too — T

is conformal (given by multiplication by a scalar) and so the CP! over oo is sent to Lo, C X

and the almost complex structures correspond. We can construct the diagram

CP? —— X

| |7

g4 2 g4

where X is biholomorphic to CP2. Thus 7*(g), where g is a Bonneau metric, is compatible

with the complex structure on X.

1
Remark 6.2.4. Note that the mapping r — — provides the same result for a complex
r

structure with the opposite orientation.
We have therefore checked all the conditions of theorem 6.2.1 and hence we deduce:

Theorem 6.2.5. Let Mp be the moduli space of SU(2)-self-dual connections of charge
1 for a Bonneau metric on S*. Then Mgp is diffeomorphic to M, the moduli space of

SU (2)-self-dual connections of charge 1 for a round metric on S*.

We observe that this result gives us an existence theorem for the equations in subsection

6.2.1, i.e., the equations for U(2)-invariant self-dual connections with appropriate 2-point



6.2 Bonneau metrics 115

boundary conditions. If we consider the characterization of this moduli space in terms
of R* x RT = C? x Rt and identify Mp with M, then the U(2)-invariant instanton

equivalence classes are given by the curve

{(Zl,ZQ,t) 121 = 29 = 0}

and this contains the equivalence classes of the connections with skew torsion.






Chapter 7

Further questions

Further directions in research might include the following topics.

1. Recall that in proposition 3.2.1 concerning twisted cohomology, two metric con-
nections with skew torsion appear, one with torsion %H and another with torsion
—H. The same phenomenon occurs in the proof of Bismut’s local index theorem as
explained in section 3.5. A natural question is then whether there exists any relation

between the two areas - local index theorems and twisted cohomology.

2. In our definition 5.3.2 of the three-form on the moduli space of instantons, our
choice of horizontals is by no means unique. Liibke and Teleman, [36], in their
work on moduli space of instantons for Hermitian manifolds have proved that an
SKT structure on the manifold induces an SKT structure on the moduli space of
instantons. More precisely, given the three-form d“w, where w is the Hermitian form,
the choice of the horizontal subspace on the tangent space of the space of connections
is taken to be

{a: dg*xa—dwANa=0}.
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7. Further questions

They show that if w is the induced Hermitian form on the moduli space, then dw

is closed. We wonder if choosing the analogous horizontal space, namely

{a:daxa—HANa=0}

would lead, even in the absence of a complex structure, to a closed form.

. We have only introduced the information metric for charge 1 instantons (see section

5.4) but it can be defined for any charge under the assumption that the Yang-Mills
density never vanishes, [30]. Under the same assumption, we could define a three-
form, in the same spirit of definition 5.4.11, without choosing a fixed metric in the
conformal class by simply using the metric whose volume form is the Yang-Mills
density. The relation between this more general three-form and the information

metric could, perhaps, be explored.

. Recall from chapter 6 the family of Bonneau metrics on S*. This family is indexed

by a free parameter k£ € R. This family is a family of Einstein metrics with skew
torsion +H, and therefore there are two distinguished solutions of the self-duality
equations for the Bonneau metrics, the two induced connections on $+, V*, that

come from the two connections with skew torsion +H.

(a) We showed that the moduli space of self-dual SU (2)-connections with instanton
number 1 with respect to these metrics is diffeomorphic to the analogous moduli
space for round metrics. It would be interesting to determine the position of
these two particular points in the moduli space under the identification with
the standard moduli space given by theorem 6.2.5. In particular, we think that
the scale depends on the parameter k£ and would like to know in what way it

depends on this parameter.
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(b) The question remains whether VT and V™ are gauge equivalent or not. Sup-

posing they are, there is then a gauge transformation
+ +
g: 8" — &

such that ¢~ (V*t)g = V~. Since &7 s isomorphic to its dual, then ¢ is a
section of $+ ®$+. Taking the connection V=VT®1+1® V™ then Vg = 0.

Consider the associated twisted Dirac operator
DT80 —§ s
then since A(S%) =1 and ch($") = —cy(ST) = 1, the index
Ind(D") = dimker(D") — dimker(D ™)

is equal to 1. Then the space of solutions to the Dirac equation is at least one-
dimensional. If we could prove that this space has exactly dimension one then
g # 0 such that g € ker(D™) would be the desired gauge transformation. Note
that replacing VT = V! by V1/3, proposition 3.2.1 tells us that the cokernel of

the Dirac operator is the odd twisted cohomology of S* which is zero.
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