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Geometric structures on Riemannian manifolds

Naichung Conan Leung

ABSTRACT. In this article, we describe various geometries on Rie-
mannian manifolds via a unified approach using normed division
algebras and vector cross products. They include Kahler geome-
try, Calabi-Yau geometry, hyperkéhler geometry, Gs-geometry and
geometry of Riemannian symmetric spaces.
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1. Introduction

Many naturally arising Riemannian manifolds admit rich geometric
structures. Projective manifolds in complex algebraic geometry are Kahler
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manifolds. Namely they are Riemannian manifolds with compatible paral-
lel complex structures. Kahler manifolds are also the target spaces for two
dimensional o-models with N = 2 supersymmetry (SUSY) in physics.

Using the metric g, every orthogonal complex structure J determines a
symplectic structure w via

w(u,v) =g (Ju,v).

Symplectic structures are the natural structures on the phase spaces in classi-
cal mechanics. Complex geometry studies objects like complex submanifolds
and (stable) holomorphic vector bundles and symplectic geometry studies
objects likes (special) Lagrangian submanifolds and unitary flat bundles over
them. The modern symplectic geometry incorporates holomorphic curves to
quantum correct the classical symplectic geometry.

The mirror symmetry conjecture says roughly that the complex geome-
try and the quantum symplectic geometry can be transformed to each other
between any mirror pair of Calabi-Yau manifolds. Calabi-Yau manifolds
are Kéhler manifolds with C-orientations. Yau proved that every compact
Kahler manifold with vanishing first Chern class admits a Calabi-Yau struc-
ture. Calabi-Yau manifolds with real dimension six arise in string theory
as internal spaces when compactifying ten dimensional spacetimes to our
usual spacetime R*!, i.e. writing ten dimensional spacetimes as products of
Calabi-Yau manifolds with R*!. Similarly, Riemannian manifolds with real
dimension 7 (resp. 8) with holonomy G (resp. Spin (7)) arise in M-theory
(resp. F-theory) as internal spaces.

Go-manifolds or Spin (7)-manifolds are O-manifolds with or without
@-orientations. Recall that the octonion O is the largest normed division
algebra. These two exceptional geometries can also be interpreted as the
geometries of 2-fold or 3-fold vector cross product (VCP). Note that 1-fold
VCPs are simply orthogonal complex structures. Namely, Kéhler manifolds
are Riemannian manifolds with parallel 1-fold VCPs. Lagrangian submani-
folds and holomorphic curves in Kéhler manifolds are branes and instantons
on VCP-manifolds. Thus we obtain a unified description of various geome-
tries of calibrated submanifolds, including (co-)associative submanifolds and
Cayley submanifolds.

Kahler manifolds with C-VCPs are either Calabi-Yau manifolds or
hyperkahler manifolds. For C-VCPs, instantons depend on a phase angle and
there are also two types of branes: D-branes and N-branes, corresponding
to Dirichlet and Neumann boundary conditions. Again this gives a unified
description of the geometries of special Lagrangian submanifolds, complex
hypersurfaces and complex Lagrangian submanifolds.

The space of a certain type of geometric structures modulo symmetries
is called a moduli space. For manifolds (resp. bundles), the symmetries are
diffeomorphisms (resp. gauge transformations). A typical example is the
moduli space of complex structures.
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Some important moduli spaces M have several complex structures and
they are hyperkéhler manifolds. Studies of moduli spaces had proven to
be a very useful approach to understand the underlying geometries. For
instance, moduli spaces play essential roles in Donaldson/Seiberg-Witten
theory, Gromov-Witten theory and mirror symmetry.

Note that hyperkahler manifolds are H-oriented H-manifolds. Describ-
ing various geometries in terms of normed division algebras A gives us
yet another beautiful way to unify many special geometric structures. For
instance, when A = C, H and O, (i) A-bundles are holomorphic bundles, B-
bundles and Donaldson-Thomas Spin (7)-bundles and (ii) special A-bundles
are Hermitian Yang-Mills bundles, hyperholomorphic bundles and
Donaldson-Thomas Ga-bundles. Similarly, (i) A/2-Lagrangian submanifolds
are Lagrangian submanifolds, hyperlagrangian submanifolds and Cayley sub-
manifolds and (ii) special A/2-Lagrangian submanifolds are special
Lagrangian submanifolds, complex Lagrangian submanifolds and
(co-)associative submanifolds. Through these unified descriptions, we have
established new links among different kinds of geometries and uncovered
new results from known facts in other geometries.

As a matter of fact, there are not too many other geometric structures on
Riemannian manifolds. Accordingly to the Berger’s classification of reduced
irreducible Riemannian holonomy groups, they must be one of the following;:
SO (n), U (n), SU (n), Sp(n) Sp(1), Sp(n), Spin (7) or G2, unless M is a
locally symmetric space.

As we will discuss in this survey, these seven possible holonomy groups
and their corresponding geometries can be nicely described in terms of
normed division algebras (or A-VCPs). Furthermore, using two normed divi-
sion algebras A and B, we could also interpret compact Riemannian symmet-
ric spaces as Grassmannians of complex/Lagrangian subspaces in (A @ B)".

In this article, we will first explain the topology and geometry of Rie-
mannian manifolds. Then we explain the complex geometry and the
symplectic geometry of Kéahler manifolds and their mirror symmetry on
Calabi-Yau manifolds. After that, we study the geometry of Calabi-Yau
threefolds, Go-manifolds and their dualities. After we have familiarized our-
selves with these geometries, we give two unified approaches to describe
them, namely geometry over normed division algebras and VCP-geometry.
In the last section, we explain how Riemannian symmetric spaces can also
be understood in a similar fashion by using two normed division algebras.

This unification of all geometries of special holonomy will enhance our
understanding of each individual geometry and uncover hidden links among
them, as well as among different physical theories. There are several excellent
sources on the subject of special holonomy, including [13] [23][24][39][59]
[71][95][114]. Of course, this is a huge subject and the author must apol-
ogize that many important topics are inevitably missed in this article. The
choices of topics are due to the personal taste and the limited knowledge
of the author. The readers should be warned that the list of references is
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unfortunately not incomplete as it is not practical to provide explicit refer-
ences to all the results mentioned in the paper.

2. Topology of manifolds

2.1. Cohomology and geometry of differential forms.

Singular and deRham cohomology groups. Inside any given manifold! M
of dimension n, the most basic cycles are submanifolds C. In order to allow C'
to be singular and to have multiplicities, we sometimes use the parametrized
version, for example singular cycles. £ dimensional singular cycles modulo
homologous equivalences form a finitely generated Abelian group Hy, (M, Z),
the singular homology.

A dual version of this is the singular cohomology H* (M,Z). Modulo
torsions, H* (M, Z) equals Hom (Hy, (M,Z),Z). There is a cup product

U:H*(M,7)® H' (M,7) — H*"' (M, 7),

giving a ring structure on H* (M,Z). Since M is orientable, we have H™
(M,Z)=7Z and Poincaré duality says that U is a perfect pairing when
k+l=n.

The DeRham theorem says that H* (M, R) can be described using dif-
ferential forms: Let QF (M) be the space of differential forms of degree k,
i.e. QF (M) =T (M,A*T},). We consider the deRham complex

000 (M) Lo (M) L. L an (M) —0 with d2=0,

then
H* (M,R) = W .
m (d) |gx(ar)

Moreover the cup product is simply the wedge product of differential
forms and the isomorphism H" (M, R) SRis given by the integration of
the top degree forms.

Volume geometry and symplectic geometry. The existence of a nowhere
vanishing n-form vy; on M, called the volume form, is equivalent to the ori-
entability of M. Note that the existence of a nowhere vanishing 1-form on
M is equivalent to the vanishing of the Euler characteristic, x (M) = 0. For
2-forms w, the nowhere vanishing should be replaced by the nondegeneracy,
i.e. the map v — t,w =w (v, -) gives an isomorphism between Ty and T};.
This forces M to be of even dimension n = 2m and in this case nondegen-
eracy is equivalent to the nonvanishing of w™/m!, i.e. w™/m! is a volume
form on M. A nondegenerate two form w is called a symplectic form on
M if it is also a closed form. Symplectic geometry originated from classical
mechanics and now it has become an indispensable part of modern mathe-
matics and physics. For higher degree forms, the natural generalizations of

LAl manifolds are connected compact oriented smooth manifolds unless specified
otherwise.
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nondegeneracy are either stable forms, as studied by Hitchin [65] or vector
cross product forms (section 9).

Moser’s lemma says that if two volume forms vy and v, have the same
volume, i.e. [}, var = [;, v}y, then they are the same up to diffeomorphisms.
Namely, there exists a diffeomorphism f € Dif fO (M) satisfying v}, = f*vp.
Thus the moduli space of volume forms on an oriented manifold M is R\ {0}.
If we require the volume forms to be compatible with a fixed orientation on
M, then the moduli space becomes R™.

Similarly, if two symplectic forms wj; and w'; can be connected through
symplectic forms representing the same cohomology class in H? (M, R), then
why = ffwn for some f € Dif fO(M). Thus the moduli space of symplectic
forms on M is locally given by H? (M,R).

The standard volume form (resp. symplectic form) on R™ is dz' A dz? A
o Ada™ (resp. dzt A dx? 4 dad A dxt + - 4 da™ L A da™). In fact every
volume (resp. symplectic) form on a manifold M is locally standard, the
so-called Darboux lemma.

We will denote the group of diffeomorphisms of M preserving a tensor
t as Dif f (M,t) and its Lie algebra of vector fields as Vect (M, t), i.e. X €
Vect (M,t) if and only if Lxt = 0. Examples of such ¢’s include volume forms
v, symplectic forms w and metric tensors g.

Contracting vector fields with a volume form wv,; induces an isomor-
phism between Vect (M) and Q! (M). By the Cartan formula of the Lie
derivative on Q* (M), Lx =dotx + tx o d, we have

Lxvy =0 if and only if d(txvp) =0.
Hence
Vect (M,vp) = Q" (M) N Ker (d).
Similarly, for a symplectic form wj;, we have
Vect (M,wy) = QN (M)N Ker (d) .

Given any m-dimensional manifold S, the total space of the line bundle
A™TS has a canonical volume form vcq,. In terms of any local coordinate
system (xl, o™ ydet A A d:z:m), we have

Vean = dzt A -+ Adz™ A dy.

Similarly, the total space of the cotangent bundle 7§ has a canonical sym-
plectic form weq,. Actually there is a canonical one form a with weq, =
—da. Concretely, given any point p = (z,y) € T*M with y € T;)M and any
tangent vector v at p we have a (v) =y (m.w) where 7:T*M — M is the
canonical projection (z,y) — x. In terms of local coordinates (z!,..., 2™,

ydzt, ... ymdx™), we have
a=ydzt + -+ ypdz™ and
Wean = dz* A dyr + - - -+ dz™ A dyp,.
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The natural class of submanifolds S in a symplectic manifold (M,wys)
consists of Lagrangian submanifolds which are defined as

1
dim S = idimM and wp|s=0.

By an extension of the Darboux lemma, the neighborhood of any Lagrangian
submanifold S C (M,wys) is symplectomorphic to a neighborhood of S C
(Té,wean). Furthermore, nearby Lagrangian submanifolds are given by
graphs of closed one forms on S.

To rigidify a symplectic manifold (M, w), we choose a compatible metric
g, i.e. if we define J : Tyy — Ty via

g (Ju,v) =w (u,v),

then J is an orthogonal complex structure on each tangent space.
J-holomorphic curves C' in M are important tools in modern symplectic
geometry. For instance, they play important roles in the Gromov-Witten
theory (section 5.4) and mirror symmetry (section 6.3). Suppose 9C # ¢,
then the natural free boundary condition is to require 0C C L for a fixed
Lagrangian submanifold L C M.

Corresponding notions and results for any volume manifold (M, vr) also
hold true and are easier, where Lagrangian submanifolds and J-holomorphic
curves are replaced by hypersurfaces and domains. Indeed they are parts of
the theory of the geometry of vector cross products, including Ga-geometry.

Given any smooth manifold Y, we consider the evaluation map

ev: X X Map (2, M) — M
(@, f) = [ (z).

Suppose vy is a volume form on M. By integrating ev* (vys) over X, we
obtain a differential form wygar) on Map (¥, M) which descends to the
space of knots
Ks (M) :Mapemb (EaM) /lef(E) :

When ¥ has codimension two in M, wi,(ar) is a symplectic form on Ky, (M).
We can relate the volume geometry on M with the symplectic geometry on
Ks, (M). Such an interpretation is particularly fruitful when we study the
geometry of other vector cross products.

2.2. Hodge theorem. A Riemannian metric g on M is a smooth fam-
ily of positive definite inner products g, on tangent spaces T, M. When M
is compact and oriented, the Hodge theorem says that we can find a canoni-
cal representative for each cohomology class in H* (M, R), namely the form
with the smallest norm. Equivalently, H* (M,R) can be identified with the
orthogonal complement to Im (d) inside Ker (d). That is

H* (M,R) = Ker (d) N Ker (d*)
= Ker (dd* + d*d),
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where d* is the adjoint to d and A =dd* + d*d is a second order elliptic
differential operator, called the Laplacian. Hodge theory says that every
deRham cohomology class has a unique representative ¢ satisfying A¢ =0,
called a harmonic form. To better understand the Hodge theorem, we need
to introduce a few notions.

Riemannian volume forms. Suppose M is oriented, then there is a con-
sistent way to choose the sign of the square root /det g;; and define a volume
form

dvy = \/det gijdxl AdZ? A - A dz™.
We call it the Riemannian volume form of (M,g). Having a volume form
allows us to integrate functions on M. In particular vol (M) = [,, dv, is an
important invariant of (M, g). It also allows us to define an inner product
on the space of differential forms and other tensors on M as

]2 = /M 16 () du.

and the Hodge star operator, *:QF (M) — Q"% (M) with the defining
equation
¢ Axn=g(¢,n) dvg.
It satisfies 2 = (—1)F(=k),
Let d* be the formal adjoint to d with respect to the above L?-inner
product ||-||, that is

/M (Ao, m) ars1e = /M (@, d™n) pkps

for any ¢ € QF (M) and n € Q¥F! (M). We have suppressed the volume form
dv, and we will continue to do this. Using ||| on Ker (d) C QF (M), one
expects to be able to split the exact sequence

0 —Im(d) — Ker (d) — H* (M) —0
and get
H* (M) = Ker (d) N (Imd)*
= Ker (d)N Ker (d*) c Q~ (M).
By direct computations, we have
d* = (—1)"" e dx - QM (M) — QF (M)

We define the second order self-adjoint differential operator Laplacian as
follows,

A= (d+d")* =dd* +d*d: QF (M) — Q" (M).
This operator is elliptic, i.e its symbol is an invertible algebraic operator.
Ellipticity is an important notion, for instance its eigenspaces are of finite
dimension and the eigenspace decomposition holds on a suititable Hilbert
space completion.
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. 2 .
For instance, A =—3" j (%) on R™ and for functions on a general

manifold, we have
19 L Of
Af=—— "

where g = det g;;.
It is clear that

| o= [ s+ [ 1ol

This implies that A is a self-adjoint (i.e. A = A*) non-negative operator and
Ker (A)=Ker (d)n Ker (d").

The harmonic equation A¢ = 0 is also the Euler-Lagrange equation for mini-
mizing [ |gb|2 for closed forms representing a fixed cohomology class.

When M = S! = R/277Z, we have A = —%. The Fourier series expresses
any smooth function f () = f (6 + 27) on S' as

FO)= fw)e”.

VEZ

Note that e™? is an eigenfunction of A with eigenvalue 2. The Hodge the-
orem is a generalization of the Fourier series on S* to any compact oriented
Riemannian manifold.

The Hodge theorem says that A has an eigenvalue decomposition similar
to a symmetric matrix. More precisely (i) each eigenspace

Ok (M) = {¢ cQF (M): Ap= Ad)}

is finite dimensional; (ii) If we denote Spec(M)={X€R: Q% (M)#0} =
{Mo <A1 <---} CRxg, the spectrum of A, then Spec (M) is a unbounded
set and without any accumulation point; (iii) Every ¢ € QF (M) can be

expressed as
[ee]

b= Z ¢; with ¢; € Q];,
i=0

uniquely as a convergent power series in L%—norm. That is
[e.e]
k
OF (M) 2 = POk, (M).
i=1

The Hodge theorem immediately implies that the dimension of H* (M)
is finite. Since *: QF (M) — Q"% (M) preserves harmonicity, * induces an
isomorphism between H* (M) with H"~* (M. This gives the Poincaré dual-
ity. However, the wedge product of harmonic forms is usually not harmonic
(unless one of them is parallel).
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Existence of harmonic representatives for cohomology classes has many
important applications. For instance, using the Bochner-Weitzenbock for-
mula, one shows that harmonic one forms on manifolds with positive Ricci
curvature must vanish and therefore H* (M) = 0 by the Hodge theorem.

The Hodge theorem applies equally well to any elliptic complex besides
the deRham complex. These include the deRham complex coupled with a
flat unitary connection; the Dolbeault complex of J-operator for any com-
plex manifold which can also be coupled with a holomorphic vector bundle
and similar elliptic complexes for manifolds with other special geometric
structures.

The eigenvalue decomposition of A on QF (M) is compatible with the
deRham complex in the sense that d (Q’}\) C Qi”. Hence, for any A, we have
a finite dimensional complex,

00 (M) S al ()% % ar (M) —o,

When A =0 this complex is trivial, i.e. d =0, and otherwise it is an exact
complex, i.e.

(Ker(d) /Im(d))|o; =0 for A#0.
In particular,

~ Ker (d)

HY (M) = 1 5

e = QOf (M) = Ker (A) |ax(ar):
k(M

The exactness of (Q23, d) implies that ), (—=1)* dim Qf =0 when A # 0. Thus

X (M) =) (D) dim H* (M) = (-1 | Y e ™ dim Qf (M)
k

k A>0

=) e (Z (—1)" dim (M)) .

A>0 k

Note that the factors e *M’s are inserted in order to ensure the convergence
of the RHS for ¢t > 0 when we interchange the order of summations. By for-
mally letting t goes to zero, the Euler characteristic x (M) can be naturally
interpreted as ), (—1)k dim QF (M), the super-dimension of the space of
differential forms.

It is interesting to note that for any given k, dim Q% (M) is the multi-
plicity of the eigenvalue e~ for the heat operator e™*» on QF (M). Hence,

V) =3 (—1)F [ S e P dimQf (M)

k A>0

= Z (=1)* Trore 2.
k



GEOMETRIC STRUCTURES ON RIEMANNIAN MANIFOLDS 171

The heat operator e~*2 has a nice asymptotic expansion as t — 01. Applying
some clever tricks, which are motivated from supersymmetry in physics, we
can express x (M) in terms of the curvature of M, or characteristic classes.
The above arguments are particularly useful in studying the index problem
for first order elliptic complexes and give a short proof [5] for the Atiyah-
Singer index theorem [6].

2.3. Witten-Morse theory. Suppose f: M — R is a smooth function
such that its Hessian V2 f is non-degenerate at every critical point. Such an
f is called a Morse function. Witten [131] studied a twisted version of the
deRham complex d; := e tfdetf using f for any t € R,

000 (M) %0 (M) % ... %o (M) -0 with d2=0.
One can regard this as a non-unitary gauge transformation of the trivial
connection on M x C and hence it defines the same cohomology group, i.e.
Ker (d
H () = Ker(d) .
Im (dt) |or (ary
Notice that the adjoint of d; is d = et/ d*e~tf and
Ay = (dy + df)*
= A+ 2 |df)? +tVEf
Here the action of the Hessian V2f on differential forms is given by a com-
bination of interior and exterior multiplications (V2 f)ij g'* (%J) (d:z:ﬂ /\) .
As t becomes large, the quadratic term in ¢ plays the dominant role.
Through semi-classical analysis, one shows that (i) small eigenvalues of Ay
are in one-to-one correspondence with critical points of f and (ii) all other

eigenvalues go to infinity.
Recall that the cohomology groups can be computed by a truncated

finite dimensional complex { Q%L = &b a<c $23 di | for any positive cutoft C'
for eigenvalues. As t becomes large, one show that

e @ Rp) and dp)= ¥  npa(0
df (p)=0 df (q)=0
index(p)=k index(q)=k+1

where n (p, q) is the (algebraic) number of gradient flow lines of f joining p
to g. Thus H* (M) can be computed by counting gradient flow lines between
critical points. Therefore Morse theory is just Hodge theory twisted by f!
We remark that the Witten-Morse theory is particularly important in
studying the middle dimensional topology of various infinite dimensional
function spaces. In these cases, the index of any critical point is infinite but
their differences are finite. Examples include the Floer theory for the Chern-
Simons functional on the space of connections over three manifolds (section
2.4); the Floer theory for the symplectic area functional on the loop spaces
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of symplectic manifolds (section 5.4) and so on. These structures are parts
of topological field theories when we include appropriate boundary theories.

2.4. Vector bundles and gauge theory. A rank r vector bundle
over M is a smooth family of » dimensional vector spaces F, parametrized
by x € M. We write

R" — E 5 M,

with E, = 7! (x). The tangent bundle T}, is such an example. We can also
consider complex vector bundles when each E, is a complex vector space.
By gluing local trivializations of E using a partition of unity, F can always
be embedded as a subbundle of a trivial bundle M x C¥. The quotient
bundle of the injective homomorphism E — M x CV could be regarded as
the negative of E. The construction of integers from natural numbers can
be generalized here to give virtual bundles [E; — E»] and they generate an
Abelian group called the topological K-theory K (M) of M.

Given any complex vector bundle F, one can construct cohomology
classes which are functorial topological invariants of £. Examples includes
Chern classes ¢ (E) and the Chern characters ch (F). Furthermore,

ch:K(M)—>l§:90H2k (M,Q)

is a ring homomorphism. Modulo torsions, it is an isomorphism. These char-
acteristic classes (modulo torsions) can be described using differential forms
via the Chern-Weil theory as described below.

Connections, curvature and Chern classes. First we need to define con-
nections or covariant derivatives, which are first order differential operators
D4 on E-valued differential forms,

Dy:Q°(M,E)— QY (M,E),
satisfying

Da(fs)=df ® s+ f- Das,
where f (resp. s) is any function on M (resp. section of E). We can extend
Dy to QF (M, E) by coupling it with d. A section s is called parallel, or
a covariant constant, if D s =0. Locally, E is a trivial bundle and D4 =

d + A for some A € Q! (M, End (E)). There are plenty of connections and
the difference of any two is an element in Q' (M, End (E)). Since d? =0,

(D4)*: Q% (M, E) — Q? (M, E)

can be shown to be a zeroth order operator. Namely there exists Fy4 €
02 (M, End (E)), called the curvature tensor satisfying

(DA)2 s=DFys
for any section s. Bianchi identity says that

DsFs=0€Q3(M,End(E)).
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This implies that

k!
is a closed differential form for any k. The cohomology class it represents
can be shown to be the k" Chern character chy, (E) € H?* (M, Q). To put
them together, we write

1 ' k
Tr(ZEO € Q% (M, R)
27

ch(E)=r+) ch(E)
k=1

o)

where r is the rank of E. Similarly the Chern class of F can be defined as
c(BElg=1+c(E)g+ - +c (E)g

:%(@+Zmﬂe@ﬂ%mﬂy
2 k=0
In particular ¢; (E)g = chy (E) = [5=Fa].

Geometrically, a connection D4 identifies any two fibers E,, F,s along
any path v (¢) joining z and 2’ in M. This is done by extending any base
s1(x),...,s (z) of Ey to the whole path by solving the ODE Dy ;s;(v(t)) =
0. This identification is called the parallel transport along . If we choose a
polar coordinates around a given point xo € M and use parallel transports
along radial paths to identify E, with E,, for every x in a small neighbor-
hood U of zg, then we obtain a local trivialization

E‘U%’U x C".

With respect to this trivialization, D4 coincides with the trivial connection
on U x C" up to first order at xg, that is

DA:d+oQﬂ§.

Indeed the coefficients of the second order terms are precisely the curvature
tensor of Dy at the point x.

Holonomy and flat connections. The parallel transport along any closed
loop based at xg € M defines an element in GL (E,,), called the holonomy
holp, () of D4 around ~y. This gives a map on the based loop space of M,

holp, : Qzy (M) — GL (Ey,) .

The image of holp, in GL (r,C) is independent of xop € M, up to conjuga-
tions, called the holonomy group of D 4. Roughly speaking, curvature is the
holonomy for infinitesimal loops. In particular, when the curvature is zero,
holp, (v) equals the identity for any contractible loop. That is holp, ()
depends only on the homotopy class of ~, thus we obtain a homomorphism

hOlDA ie| (M,{L‘O) — GL (Easo) .
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Up to conjugacy, this map is independent of the base point o € M. Moreover,
if we conjugate D4 by an automorphism g € Aut (F) = Gg, also called a
gauge transformation, g- Dg =g "o D4 o g, we have
Fg-A = g_lFAg =0.
Moreover, D4 and g - D4 give the same holonomy map up to conjugation.
Thus we have a natural identification
{Da|F4=0}/G ol Hom (m1 (M),GL(r,C)) JAd (GL (r,C)).
Indeed the universal covering
T (M) — M — M

is the universal flat connection is the sense that given any flat connection
D 4 over M with

p:m (M)— GL (r,C)
the corresponding holonomy map, then the trivial connection d on M x Cr
over M descends to the C"-bundle M x, C" over M and becomes D4, up

to gauge symmetries.
The curvature of D4 being zero is equivalent to the following sequence

00 (ME)2 0 (M, B)24 . 24 (M, B) — 0
being a complex, that is (D A)2 = 0. Its cohomology group

Ker (D)

k _

generalizes the deRham cohomology group.
Cohomology groups of low degrees have important geometric signifi-
cances. If we denote the symmetry group of Dy as

Aut (E,Da)={g9g€ Aut (E):g-Da= Dy},

then its Lie algebra equals H%A (M, End (E)). Moreover, the tangent space

of a smooth point D4 in the moduli space M/ (M) of flat connections on
E equals H}DA (M, End (E)). This is because if D4 +tB is a flat connection

for all B, the flatness (D4 + tB)? = 0 is equivalent to
DaB+t[B,B]=0.

Modulo t, we have DAB =0, i.e. [B] € H},, (M, End (E)). By similar rea-
sonings, we have the obstructions of smoothness of M7 (M) lie inside
H} (M, End (E)).

In order to use the Hodge theorem to represent elements in H* (M, E)
by harmonic forms, we need to choose a metric g on M and also a Hermitian
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metric h on F in such a way that D4h = 0. As in the manifold case, we have
Hp, (M, E) = Ker (DaD% + D4Da) lor(ur )

where D7 is the formal adjoint of D 4.

Geometrically, D 4h =0 means that parallel transports by D4 preserve
the inner product h (s1 (x),s2 (z)). Similarly, if we treat our complex vector
bundle E as a real vector bundle equipped with a real endomorphism J : £ —
E satisfying J? = —Ig, then D4 being a connection of the complex bundle
is equivalent to one on a real bundle which satisfies D 4J = 0. We could also
consider other fiberwise structures on F and connections that preserve them
in a similar fashion. Their curvatures will then preserve these structures
infinitesimally. For example, for a complex (resp. Hermitian) connection,
its curvature lies inside Q2 (M, glc (E)) (resp. Q2 (M, (E))). In general we
write Fa € Q? (M, ad (E)).

When FE is a real vector bundle with a metric g, for instance the tangent
bundle of a Riemannian manifold, then the curvature of any orthogonal
connection lies inside

Fye 0 (M,ad (E)) = Q% (M,A*E*)

because so (1) ~ A2R"™.
Yang-Mills connections. When M is an oriented Riemannian manifold,
we can measure the length |F4| and define the Yang-Mills energy functional,

YM: A(E,h) /G5 — R
YM (D) = / Fal? do,.

One looks for connections which minimize YM. The Euler-Lagrange
equation for critical points of the Yang-Mills functional is given by the
following Yang-Mills equation

DYFa=0€ Q" (M, ad (E)).

This second order system of differential equations in D 4 is elliptic mod-
ulo gauge symmetries. We can usually reduce it to an easier first order
equation when M admits special geometric structures. We will see many
such examples in this article.

Certainly flat connections are absolute minima for the Yang-Mills func-
tional. But this is usually an over-determined system of equations unless
dimgp M < 3. When dimg M = 3, Casson found a way to count the number
of flat SU (2)-connections on any homology three spheres and defined the
Casson invariant. In this dimension, flat connections are critical points of the
Chern-Simons functional: For any connection D4 = d+ A on a topologically
trivial bundle,

CS(DA):/ Tr (A/\dA+§A/\A/\A>.
M
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This is invariant under gauge transformations in the identity component of
Gg. Thus C'S is only a multi-valued function on A (E) /Gg. A more intrinsic
way to define C'S is to write M as the boundary M = 9Z of a four manifold
Z and extend D4 over Z, then

CS (D)= / Tr(Fa)®.
Z

Floer [42] and others developed the infinite dimensional Witten-Morse
theory for C'S on A (F) /G and defined the Floer cohomology HFcg (M)
for three manifolds M whose Euler characteristic is the Casson invariant.
Roughly speaking, H Fgg (M) = H*/? (A (E) /Gr) and it measures the mid-
dle dimensional topology of A (FE) /Gg [3].

When M is the boundary of a four dimensional manifold Z;, then the
Donaldson polynomial invariants (see section 4.1) for differentiable struc-
tures on closed four manifolds has a natural generalization for Z; which
takes values in HFpg (M) and are called the relative Donaldson invari-
ants. Various gluing formulas allow us to compute the Donaldson invariants
for a closed four manifold Z in terms of relative Donaldson invariants for
(Z;, M)’s under connected sum decomposition Z = Z1# s Zo. This defines a
three dimensional topological field theory (TFT).

We can further decompose the three manifold M = M;#yx M> into a con-
nected sum along a Riemann surface X of genus g. It is called a handlebody
decomposition if M is a (rational) homology 3-sphere and dim H! (M;) = g,
i.e. half of H!(X) vanish on M; and the other half vanish on Ms. The
moduli space ./\/lféaLt of flat SU (2)-connections on ¥ is a symplectic man-

ifold of dimension 6g — 6 and each ./\/lf]{?f is a Lagrangian submanifold in

MU The Lagrangian intersection M%}f N M%}; is precisely the discrete
set of flat connections on the closed three manifold M. Thus Atiyah [3]
conjectured that HFcg (M) can be identified with another Floer coho-
mology H Fé\:gt ( ‘}\}f, ./\/l?\?;) for the Lagrangian intersection theory
(section 5.4).

Witten [133] considered the path integral of Chern-Simons functional
over A (E,h) /G to give a geometric interpretation of the Jones polynomial
of knots and also defined new invariants for three manifolds.

A complexified version of this Chern-Simons theory for Calabi-Yau three-
folds, and also for Ga-manifolds, plays an important role in mirror symmetry
[40][91].

Second fundamental forms. We remark that if £ = FE; ® F» is a direct
sum of vector bundles and we write any connection D on E accordingly

Dy B
D= ,
(B12 Do >

then D; is a connection on E; and we called By € Q' (M, Hom (FEs, Ey))
and Bis € Q! (M, Hom (E1, E3)) the second fundamental forms of D.



GEOMETRIC STRUCTURES ON RIEMANNIAN MANIFOLDS 177

If D is an orthogonal connection with respect to some inner product h
on F, then any subbundle F; in E determine such a decomposition with Fo
being the orthogonal complement to E; and Bs; = —Bjo*.

3. Riemannian geometry

3.1. Torsion and Levi-Civita connections. Suppose M is a sub-
manifold in RY, the restriction of the Euclidean metric is a Riemannian
metric g on M. Moreover the usual differential is a trivial connection d on
RY and it restricts to an orthogonal connection on (M, g).

Given any metric g on M, such an isometric embedding always exists
by the celebrated theorem of Nash. There could be many isometric embed-
dings of a given (M, g) into Euclidean spaces, but the induced orthogonal
connections are always the same. It can be characterized intrinsically as the
unique connection V on Ty satisfying Vg =0 and Tor (V) =0, called the
Levi-Civita connection of (M, g).

Let us briefly explain the torsion tensor Tor (V) for any connection on
the tangent bundle Tj;. Connections on Th; are called affine connections.
Each V induces a dual connection on 77,

V Q0 (M, Ty) — QY (M, Ty) .

Note that (i) Q0 (M, T3,) = QY (M) and (i) Q' (M, T3,) 5 Q2 (M). The dif-
ference of AoV : Q! (M) — Q2 (M) and the exterior derivative d is given by
a tensor, called the torsion tensor of V. Explicitly Tor (V) € Q% (M, Ty;) is
given by
Tor (V) (X,Y)=VxY -VyX —[X,Y].

Geometrically, if V is any connection on T, then using parallel trans-
ports along radial paths from xg € M, we obtain a local trivialization U X
R" = T M given by (z;a1,...,a,) > a1s' (z) + - + a,s™ (z) satisfying

vzd+00ﬂﬂ.

Here z = (z!,...,2") are local coordinates on M and (s'(z),...,s" (z))
are bases on fibers of T* M. It is natural to require the compatibility that
st(x)=dzt, ... s" (z) =dz".

This can be achieved precisely when Tor (V) =0. '
In such a coordinate system, g =3, ; 9ij () dx* ® dx? has the following

property
g 0
939 <axi’ 8xj> =0y +0 <‘$|2> ’

for small |z|. Namely g¢;; (0) =6;; and dg;; (0) =0. This is called a nor-
mal coordinate system and it comes handy when we perform tensor cal-
culus on M.
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3.2. Classification of Riemannian holonomy groups. The holo-
nomy group of the Levi-Civita connection of a Riemannian manifold is called
the Riemannian holonomy group, or simply the holonomy group and we
denote it as Hol (M, g). Up to conjugacy, it is a closed subgroup of O (n).
We will only consider the connected component of Hol (M, g). In this article
we simply write Hol (M, g) for the identity component, sometimes called the
reduced holonomy group. Every simply connected Riemannian manifold is a
Riemannian product of those with irreducible holonomy groups and they are
classified by Berger [11] as follows: Unless (M, ¢) is a Riemannian symmet-
ric space, Hol (M, g) must be either G (n) or Ha (n) for a normed division
algebra A, as given in the following table,

A | R | € | H | 0 |
Ga(n) O (n) U(n) Sp(n) Sp (1) Spin (7)
Hy (n) SO (n) SU (n) Sp(n) Ga

The corresponding geometries are given as follows:

Riemannian ~ Ké&hler = Quaternionic-Kéhler Spin (7)

Volume Calabi-Yau Hyperkahler Go

The geometry of manifolds with holonomy group G (n) or Hy (n) can be
naturally interpreted as the geometry over the normed division algebra A
and one with an A-orientation respectively [93] (see section 10).

In section 9, we will also give another unified description of all these
geometries in terms of real and complex vector cross products. Both
approaches are closely related to each other and each has its own advan-
tages.

Riemannian symmetric spaces are classified by Cartan in terms of Lie
theory and the list is a bit longer. We will see in section 10 that they can
be interpreted as Grassmannians of subspaces in a linear space defined over
A ® B for two normed division algebras A and B.

3.3. Riemannian curvature tensors. The curvature tensor Rm of
the Levi-Civita connection V of (M, g) enjoys many nice properties. The
condition Vg = 0 implies that Rm € Q? (M ) AQT;\‘/[) and we can view it as a
linear operator

Rm : A*Ty; — ATy

called the curvature operator. This is a symmetric operator because of the
torsion freeness of V. Thus we can write Rm €T’ (M , Sym? (Asz\*/[)) .
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Explicitly in term of local coordinate x'’s, if we write 9ij =9 (%, %),

then the Levi-Civita connection V =d + F;kdxj ®dzF ® 8?;1' is given by the
formula

Fl;:}gkz 9g91;  Ogu  0gij
Y2 oxt  Oxi Ozl )’

Here Ffj’s are called the Christoffel symbols. The Riemannian curvature
tensor is given by the formula
or? or? . A
A ql qk 7 P 1 TP
—Rmgy = ozt~ ol Torlq = Tl
here R (i i) O = Rm! -2 and we also write Rmpgp = gpi Rm’
where M 5% 5pr) 9za = HMgki 57 w pakl = Jpiltingy.

It has the following properties,

0= Rmjii + Rmyji
0= Rmyji — Ry
0= Rmijirp + Rmijip i + Rmijpi-

If Rm is identically zero, then the universal cover of M is the Euclidean
space R™ with the standard flat metric. More generally, suppose Rm = Al
as an operator on A?T)/, then the universal cover of M must be the sphere
or the hyperbolic space according to A being a positive or negative constant
respectively. Such M’s are called space forms. These are model spaces in
geometry and they are examples of symmetric spaces,

O(n+1) oy Ot(n1)

"= O (n) O (n)

If we take the partial trace of Rm : A>Ty, — A?T)y; by contracting one
of the T)-factor, then we obtain the Ricci tensor,

RCZTM—>TM

That is Rejj = Rej; = Rmfk = The metric is called an Einstein metric if the
Ricci curvature is constant. We can take the trace again to obtain the scalar
curvature R € C* (M), i.e. R= g% Rc;;.

There are a lot of studies on the interplay between curvature and topol-
ogy of M. For instance, the Bochner formula

A¢=V*V¢ + Re(¢)

for one forms ¢ on M implies that if M has positive Ricci curvature, then
there is no nontrivial harmonic one form. Using the Hodge theorem, this
implies H! (M,R) = 0.
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3.4. Flat tori.

(Enhanced) moduli of flat tori. A flat torus T™ is a quotient of the
Euclidean space R™ by a lattice I'. For instance R™/Z" is the standard flat
torus. The natural metric on 7™ has zero Riemannian curvature and every
Einstein metric on 7" is flat. The moduli space of flat metrics on T™ is

GL (n,Z)\GL (n,R) /O (n).

This is because the space of lattices in R" is GL (n,Z) \GL (n,R) and chang-
ing a lattice by an orthogonal transformation will only change 7™ by an
isometry. If we fix an isomorphism between H' (T",7) with Z", called a
marking, then the space of marked flat tori is GL (n,R) /O (n), which can
also be identified as the space of positive definite inner products on R™.
Motivated from physics, we couple a flat metric with a B-field B €
H?(T™,U (1)), then the corresponding moduli space is the quotient of

GL (n,R) 0oy S0T (n,n)
oy “H TR = e o m

by the discrete subgroup GL (n,Z) x H? (T™,Z). The above isomorphism is

given by 3
(4 9 7)

We can further enhance these moduli spaces to the symmetric spaces for the
split exceptional Lie groups of type F,t1 provided n +1 <8,

Esplit Esplit Esplit
6

7 d 8
Spd)’ sUu®) M S0 (16)
Bundles over tori. The cohomology groups of 7" = R"/T" have natural
isomorphisms,
H* (T™,7) ~ \F1*,
where I'* is the dual lattice to I'. Moreover the Chern character map is an
isomorphism over Z, i.e.

ch: K (T") S H®" (T", 7).

Every harmonic form on a flat torus is parallel. Indeed dz® A dz?2 A --- A
dx®’s form a base of the space of harmonic forms on 7" = R"/T.

Flat G-bundles over T™ are particularly easy to describe since 7y (T7) =
Z", at least when G = U (r) or n < 2. Recall that the moduli space M&—flat
(T™) of flat G-bundles on any space can be identified with

MGt (Y = Fom (my (T, G) JAd(G).

We assume that G is a compact Lie group. When n =1, i.e. T is a circle,
then M8t (1) = G/Ad (G) = T;/W, where T is a maximal torus in G.
This is because every element in G can be conjugated to an element in T¢,
unique up to the action of the Weyl group W. When G = U (r), this says
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that every unitary matrix can be diagonalized uniquely up to permutations
of eigenvalues. In this case, the Weyl group is the permutation group S, of
r elements.

Since mp (T™) =T = Z" is a free Abelian group, Hom (71 (T™), G) is the
set of commuting n-tuples in G. When G = U (r), any such n-tuple of ele-
ments in U (1) can be simultaneously diagonalized and therefore

MU(T)-ﬂat (Tn) ~ (Hn TG) /Sr ~ SymrTn*

is the r*"-symmetric power of T™*.
However, for other G, ([[" T) /W is only the largest connected compo-
nent, of M=/ (T™) For n = 2, a result of Borel says that

TG XTG
W .

Suppose T2 is given a complex structure, i.e. an elliptic curve Tf, Looijenga
showed that these spaces are always complex weighted projective spaces.
This result plays an important role in physics for the duality between het-
erotic string theory and F-theory.

When G is the compact exceptional Lie group of type F,, Friedman-
Morgan-Witten and Donagi showed that MFn—flat (TTQ) can be identified
with the moduli space of degree 9 — n del Pezzo surfaces with T its anti-
canonical curve. This result was generalized by Leung-Zhang [102][103] to
compact Lie groups of any type.

T-duality. Let us come back to the case of flat U (1)-bundles over T".
Their moduli space is canonically the dual torus 7™* ~ R™ /T**. Certainly
(T™)* =T". In fact, this duality between T™ and its dual torus 7" can be
applied to other structures on the tori, called the T-duality. The key obser-
vation lies in the existence of a universal U (1)-bundle P over the universal
moduli space T x MUM=flat (Tn) ~ T 5 T called the Poincaré bundle.
It has a universal connection D in the sense that the restriction of D to
any slice T™ x [Dy4] is the flat U (1)-connection D4 itself. On the level of
differential forms, we define the Fourier-Mukai transformation F as follows,

F.QF (") — Qnk (T™)

12

M G-flat (T2)

F(g)=[ ¢nexr
T’ﬂ

where F is the curvature two form of D. We can rewrite this as
F(9) =ma. (wio A exT)

where ; is the projection to the i*-factor in 7™ x T™*. F descends to
give an isomorphism between cohomology groups of T™ and T™*. Similar
construction also give an isomorphism between their K-groups.

However, this is not an isomorphism on the level of differential forms.
One can achieve this by incorporating the most basic duality transformation,
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namely the Fourier series, i.e. every periodic function f (6) on R with period

27 is a linear combination of ¢™’s,

FO)=3 fwe™.
vEZ
This can be viewed as a transformation from the function f on S*'~R/Z
to the function f on Z. This transformation is an isometry between L2 (S 1)
and 12 (Z). It can be easily generalized to give an isometry

F:L2(T") — 12(T%).

One can combine the Fourier-Mukai transformation with the Fourier series
to give an isomorphism on the level of differential forms between T and
™ [31].

Notice that the Fourier-Mukai transformation of a flat U (r)-bundle over
T™ is r points in T™* as MUt () > Gy T In dimension four, there
is another natural class of Yang-Mills connections, namely ASD connections
(see section 4). In this case, the Fourier-Mukai transformation of an ASD
connection (without flat factor) over 7% is an ASD connection over T4* [38].
By applying this transformation again, we get back the original connection.

3.5. Einstein metrics. The Einstein functional for any Riemannian
metric g on M with volume one is given by its total scalar curvature,

/ R dv,.
M

In dimension two, this is a topological quantity, namely the Euler char-
acteristic of the Riemann surface by the Gauss-Bonnet formula. In higher
dimension, the Euler-Lagrange equation is the Finstein equation

R
Reij = 5 gij-
and its solutions have constant Ricci curvature, i.e. Finstein metrics, which
play very important roles in both geometry and general relativity.

In dimension two, Riemannian curvature tensor, Ricci curvature and
scalar curvature are all the same. By rescaling a metric at each point,
namely a conformal change, we can make its curvature constant. This is
the uniformization theorem which identifies conformal structures (or equiv-
alently complex structures) and Einstein metrics in this dimension.

In dimension three, every Einstein metric has constant sectional cur-
vature. The search for them is an important avenue into understanding
the Poincaré conjecture and Thurston geometrization conjecture for three
dimensional topology and we have the recent breakthrough by Perelman
toward solving them.

In dimension four, there are several topological obstructions to the exis-
tence of Einstein metrics. This situation is also similar to the Kéhler case. In
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dimension five or higher, there are very few examples of Einstein manifolds.
However, we do not have any topological constraint for them neither.

3.6. Minimal submanifolds. Given any submanifold C'in M, its tan-
gent bundle is a subbundle of the restriction of Th; to C and the quotient
bundle is called the normal bundle N¢/py, that is

0— T — Tulc — Ney — 0.
Using a metric on M, we obtain an orthogonal decomposition
Tyle =To © Noyurs

and therefore an induced metric and an induced connection on C'. This
induced connection on C' is again torsion free, namely it is the Levi-Civita
connection on C with respect to the induced metric. We denote the second
fundamental form as

AeQ' (C,TH® Ny ) =T (C,T¢ @ T3 ® Noya) -

The torsion freeness of V implies that A =) A%dxi®dxj ®eq is a symmetric
tensor,

Ael(C, Sym?2T}f ® Neyu) s

that is A7; = A7, for any i, j, &, where €, s is an orthogonal frame for the nor-
mal bundle. The mean curvature vector is the normal vector field obtained
by taking trace of A with respect to g, that is

H =Tr, (A) = > g7 A%eq €T (C, Neyr) -

The most natural class of oriented submanifolds C in a Riemannian
manifold (M, g) consists of those with minimal volumes. Critical points for
the volume functional are called minimal submanifolds and they are char-
acterized by the vanishing of the mean curvature vector

-
H=0.

This second order quasi-linear system of elliptic differential equations has
been extensively studied, especially when C' is either of codimension one or
of dimension at most two.

When C' is an oriented hypersurface in M, there is a unique oriented
normal vector field of unit length, denoted as 7. The mean curvature vector
becomes a scalar function H on C, that is H = H#, and the minimal hyper-
surface equation is a scalar equation which is much easier to handle than
the general case.
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Calibrations. In the higher codimension cases, not much is known in gen-
eral. However in the presence of additional geometric structures, for example
Kaéhler, Calabi-Yau, Gy or Spin (7) structure, that certain special classes of
minimal submanifolds can be characterized by systems of first order equa-
tions. Moreover, their solutions are not just critical points for the volume
functional, they are absolute volume minimizers. This is the theory of cal-
ibration, developed by Harvey and Lawson [59], based on the Wirtinger
formula which gives the volume minimizing properties for complex subman-
ifolds in K&hler manifolds.

A differential form ¢ € QF (M) in a Riemannian manifold M is called
a calibration form if dp =0 and ¢ (P) < wol (P) for any oriented k-plane P
in Ths. An important observation is that every k-dimensional submanifold
S in M with ¢|g equal its volume form for the induced metric is always
a volume minimizing submanifold within its homology class [S] € Hy (M).
This is because if [S'] = [S], we have fS o= fS, ¢ using integrating by part
and d¢ = 0. Therefore

vmww:L¢: y¢§%ﬂ@q.

Furthermore, any S’ with the same volume as S is also calibrated by ¢.

Examples include complex submanifolds in Kéhler manifolds which are
calibrated by w*/k!, special Lagrangian submanifolds in Calabi-Yau man-
ifolds which are calibrated by Re(2, associative (resp. coassociative) sub-
manifolds in Go-manifolds which are calibrated by Q (resp. *Q2) and Cayley
submanifolds in Spin (7)-manifolds which are calibrated by ©. The exis-
tence of these calibrations can be explained naturally in terms of vector
cross products (see section 9).

3.7. Harmonic maps. Given any smooth map
f:M—N
its linearization df (z) : T M — Tj(,)N at x € M determines a section
df eT' (M, Ty; @ f*Tn) .

Given any Riemannian metrics gy and gy on M and N respectively, we
can measure its length |df| (x) > 0. The harmonic energy of f is defined as
follows,

E(N)= [ ldffduy,
M
The Euler-Lagrange equation is

Af=0eT (M, fTy).
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Here Af =Tr,V (df) with
V (df) € Q" (M, T3y @ f*Tn) =T (M, Ty, @ Tir @ f*Tw)

the covariant derivative of the section df.

When N = R, harmonic maps are simply harmonic functions. When N =
St any f: M — S' defines a closed one form f*(df) on M representing a
class in H' (M, Z). Thus harmonic maps to S' correspond to harmonic one
forms representing classes in H' (M, Z).

Recall that (i) Hodge theorem says that every cohomology class has a
unique harmonic form representative, which minimizes the energy and (ii)
Bochner formula implies that harmonic one forms are zero if Rcpy > 0.

Harmonic maps behave like harmonic one forms. The Bochner formula
can be generalized to

AJdf? = 3 [V df? + ReM (df, df) — B (df, . . )

Using this formula, Eells-Sampson [41] showed that if N is negatively curved,
but not necessary compact, then any homotopy class of map f: M — N
admits a unique harmonic map representative, which also minimizes the
harmonic energy. If, moreover Rc™ > 0, then there is no nontrivial harmonic
map at all. These Bochner type arguments for harmonic maps were refined
by Siu, Yau and others to prove various superrigidity type theorems for
locally symmetric spaces.

We note that holomorphic maps between Kéhler manifolds are harmonic.

When M is one dimensional, i.e. a circle S, then f (M) is a geodesic
in N and the parametrization f has constant speed. In general, harmonic
maps and minimal submanifolds are quite different objects as the former
one depends on the choice of gy,.

Sigma model. When M is two dimensional, then the harmonic energy
E (f) is unchanged if we scale gy to egas with v any smooth function
on M, ie. E(f) depends only on the conformal structure on M. The sigma
model, or o-model, in physics considers E (f) as the action functional on the
space of maps, or bosonic fields, Map (M, N) and this gives a conformal field
theory. When we couple it with fermionic fields, i.e. spinors of M twisted by
f*Tn, there is a supersymmetry (abbrev. N =1 SUSY) between bosons and
fermions. When N is a Ké&hler (resp. hyperkahler) manifold, then we can
add more fermionic fields and obtain a N =2 (resp. N =4) SUSY o-model.

In the Kahler case, we have

()= [ = [ ok [ jarf”

On the other hand,
/f*w:/ |8f]2—/ Bl
M M M
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Thus

E(f)—/Mf*w+2/M\af\2.

Note that [,, f*w = [w] (f (M)) depends only on the homotopy class of the
map f. Thus in a fixed homotopy class, holomorphic maps have the least
harmonic energy [,, f*w. This continues to hold true for any symplectic
manifold M with a compatible metric. Similar situations also happen for
gauge theory over an oriented Riemannian four manifold (section 4.1).

Witten [134] studied twisted versions of N =2 o-models and defined
two different models of TFT, called the A-model and B-model. The A-model
describe the quantum symplectic geometry of N and Gromov-Witten invari-
ants (section 5.4) are partition functions in this model. The B-model describe
the complex geometry of N and there are no instanton effects.

When N is a Calabi-Yau manifold, the mirror symmetry conjecture says
that there should be another Calabi-Yau manifold N’ such that the A-model
and the B-model on N and N’ got interchanged (section 6.3).

4. Oriented four manifolds

Oriented manifolds of dimension two are special as they are one dimen-
sional complex manifolds, i.e. Riemann surfaces. This is because SO (2) =
U (1). Similarly, oriented manifolds of dimension four are one dimensional
quaternionic manifolds because SO (4) = Sp (1) Sp (1). As A’2R*=sp (1) @
sp (1) =so (4), given any oriented Riemannian four manifold M, we have a
decomposition of its two forms into self-dual (SD) and anti-self-dual (ASD)
components,

A% (M) = AL (M) @ A2 (M).

Indeed this corresponds to the eigenspace decomposition for the Hodge star
operator * on the space of two forms. There is a corresponding decomposition
for harmonic two forms, via Hodge theory we have

H?(M)=H2 (M)® H* (M).

This decomposition depends only on the conformal structure of M. Note

that
| ono=x [ jor

for ¢ € H2 (M). Thus the intersection product gy, on H? (M) is positive
(resp. negative) definite on H? (M) (resp. H? (M)) The signature 7 (M) =
dim H2? (M) — dim H2 (M) is a topological invariant of M and it equals to
the characteristic number p; (M) /3 by the Hirzebruch signature formula.
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4.1. Gauge theory in dimension four.
Donaldson theory. First we note that the Yang-Mills energy functional

/ |Faf?
M

on an oriented Riemannian four manifold (M, g) depends only on the con-
formal class of the metric g.

As curvature tensors are matrix-valued two forms, for Hermitian con-
nections D4 on any complex vector bundle E over an oriented Riemannian
four manifold M, we have

_t -
Fa=Fi +F;
with )
Fi = 5 (FatxFa) € Q34 (M,ad (E)),

the (anti-)self-dual (abbrev. SD/ASD) components of F4. Notice that

el = [ 1Er e e
M M M

and when ¢; (E) =0, we also have

—1
= — Tr FANF
871'2/M rha A

_ -1 +12 1 -2
W/M}FA\ +87T2/M‘FA‘ :

Thus the Yang-Mills energy functional satisfies,

/|FA]2:877202(E)+2/ i
M M

Therefore, when ¢z (E) > 0, the absolute minimal for the Yang-Mills energy
is realized by ASD connections, i.e. FX =0, also called instantons.
For a line bundle over R?!, the ASD-equation

Fi=0

co (F)

is the Maxwell equation for electromagnetism. In general, when F is a line
bundle, this linear equation is well-understood via Hodge theory. The situa-
tion is much more complicated when the rank r of FE is higher as the moduli
space of solutions is not compact. When r equals two, using foundational
works of Uhlenbeck, Taubes and others, Donaldson [38] studied the inter-
section theory on this moduli space and defined new and powerful invariants
for the differentiable structures on four manifolds. When M is a Kéahler sur-
face, then the instanton equation is the same as the Hermitian Yang-Mills
equation with zero slope. Donaldson [36] showed that this latter equation
is solvable precisely when F is a polystable holomorphic vector bundle over
M. In higher dimensions, this result is proved by Uhlenbeck-Yau [125].
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Witten [132] described the Donaldson invariants as partition functions
of a topological field theory (TFT) with N = 2 supersymmetries. This TFT
links the 4-dimensional Donaldson theory and the 3-dimensional Chern-
Simons Floer theory and 2-dimensional gauge theory as explained by
Atiyah [3].

Seiberg- Witten theory. After much work from both mathematicians and
physicists, Witten [132] found that the Donaldson theory should be equiva-
lent to a much simpler theory, the so-called Seiberg- Witten (SW) theory. In
this theory, D4 is a connection of a line bundle L. The SW-equation is

Fi=0(9)
Dacd = 0.

Here ¢ € SZF is a positive spinor field twisted by L. The operator D4 is the

twisted Dirac operator and o : ad (Sf) = A?‘_TX/[ is a natural isomorphism.
The Weitzenbock formula

* * R
DyDa¢p =Dy Da¢ + Z¢+FX ¢

implies that the SW-equation has no nontrivial solution if M has positive
scalar curvature. It can also be used to show that the moduli space of solu-
tions to the SW-equation is compact. This makes the SW theory much sim-
pler than the Donaldson theory. The compactness of the moduli space of
SW equation still holds true even if we allow the spinor field ¢ to have
eigencomponents by Leung-Xu [100] using an eigenvalue estimate by Vafa-
Witten [126].

SW theory has many important applications in different branches of four
dimensional theory, including (i) differential topology, for instance the Thom
conjecture [78], (ii) Kéhler geometry, (iii) Riemannian geometry, for instance
the study of Einstein metric [80][87][90] and (iv) symplectic geometry, for
instance SW=GW by Taubes and classification of symplectic four manifolds
with by =1 [104][118].

Vafa- Witten theory. Vafa and Witten also studied a N =4 TFT on four
manifolds in [127] and derived the Vafa-Witten equation

Fi+[B,B]+[C,B]=0
D3 B+ DaC =0,

where B € 02 (M, ad (E)) and C € Q° (M, ad (E)). The S-duality in physics
predicts that the generating function for the Euler characteristics of these
moduli spaces is a modular form. More recently, Vafa-Witten introduced
another N =4 TFT [127] and conjectured that S-duality for this theory
would give a physical explanation of the Langlands program.

4.2. Riemannian geometry in dimension four. Recall that the
Riemannian curvature tensor Rm is a self-adjoint operator on A?T},. With
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respect to the decomposition of two forms into SD and ASD components,
we have

+ 0
Rm:<W + R/12 Re )

R W~ + R/12

Here R is the scalar curvature, Rc? is the tracefree part of the Ricci curvature
and W =W + W~ is the Weyl curvature (section 12) and it depends only
on the conformal structure on M. When W =0, M is conformally flat. M
is called an ASD (resp. SD) manifold if W+ =0 (resp. W~ =0). Note that
if we reverse the orientation of M, then W and W~ get interchanged. The
signature 7 (M) = dim H? (M) — dim H2 (M) can be expressed as

r() = gomg [ WHE WP

When M is an Einstein manifold, the Euler characteristic x (M) can be
computed as follows,

X (M) = 817T2/M WP+ |[W|? + R?/24.

In particular, we obtain the Hitchin inequality

r (M) < Sx (M),

where the equality sign holds if and only if W~ = R = 0. When M is Kéhler,
this inequality can be rewritten as c? (M) < 4ca (M). In the Kahler-Einstein
case, it can be sharpened to

(M) < 3¢y (M),

the Miyaoka-Yau inequality. The equality sign holds if and only if the uni-
versal cover of M is the complex ball B = SU (2,1) /U (2). Note that Yau
showed that every Kahler manifold with ¢; (M) =0 or < 0 admits a Kéahler-
FEinstein metric. Thus this inequality is an important tool in the study of
the classification problem of complex algebraic surfaces. Lebrun [80] gen-
eralized the Miyaoka-Yau inequality to the real case with the help of the
Seiberg-Witten invariants. If the Seiberg-Witten invariant is nonzero with
respect to the reversed orientation on a Kéahler-Einstein surface, then the
index 7 (M) is nonnegative, and it is zero if and only if the universal cover of
M is covered by the product of complex disks B x BL = (SU (1,1) /U (1))
Recall that Bé and Bé X Bé are the only Hermitian symmetric spaces of
noncompact type in this dimension [87]. There is also a non-Hermitian sym-
metric space, namely the hyperbolic ball B*, for which one can also find a
characterization using Chern number inequality by using the non-Abelian
Seiberg-Witten equation [90].
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Twistor transform. We can associate to every oriented Riemannian four
manifold M a 6-dimensional manifold Z, called the twistor space of M,
which is equipped with an almost complex structure Jz. It is the total space
of a fiber bundle

S*—Z5M
with fiber over x € M being the set of all linear orthogonal complex struc-
tures on T, M, which is a copy of SO (4) /U (2) ~ S?. For instance, when
M = S*, we have Z = CP? and the fibration is given by sending a complex
line in C* to the quaternionic line in H? that it spans as S* = HP*.

The necessary and sufficient condition for (Z, Jz) to be a complex man-
ifold is W =0 on M.

Every Kahler surface with zero scalar curvature is an ASD 4-manifold.
Taubes [117] showed that after taking connected sum with sufficiently many

copies of CP?, every M admits an ASD metric.

Atiyah, Hitchin and Singer [4] showed that if M is an ASD 4-manifold,
then the conformal geometry of M can be described in terms of the complex
geometry of Z, called the twistor transformation. We will discuss a partic-
ular interesting class of ASD four manifolds, namely the K3 surfaces, in
section 6.4.

5. Kihler geometry

A Kéhler manifold is a Riemannian manifold M with a compatible com-
plex structure. Recall that M is a complex manifold if it has a covering
by complex coordinate charts with holomorphic transition functions. In the
linear setting, a complex vector space is equivalent to a real vector space V'
with a R-linear homomorphism J : V — V satisfying J? = —1. It is compat-
ible with an inner product g on V if g is Hermitian, i.e. for any u,v € V we
have g (Ju, Jv) = g (u,v). In this case, we have a non-degenerate two form
w € A?V* defined by

w (u,0) = g (Ju, ).
Thus V is a symplectic vector space. Indeed any two of these structures g,
J and w determines the third one, i.e. the intersection of any two of the
three subgroups O (2n), GL (n,C) and Sp(2n,R) in GL (2n,R) is always
the unitary group U (n).

On a manifold M, an almost complex structure is a linear complex struc-
ture J, on every tangent space T, M. M is called a Kdhler manifold if g is
Hermitian and J is parallel, VJ = 0. Equivalently a Ké&hler manifold is a
Riemannian manifold with holonomy U (n).

A Kéhler manifold is always a complex manifold by the theorem of
Newlander and Nirenberg which states that an almost complex structure is
integrable, i.e. coming from the linearization of a complex structure on M
if and only if the Nijenhuis tensor N € Q2 (M, T M) vanishes, where

AN (u,v) = [u,v] + J [Ju,v] + J [u, Jv] — [Ju, Jv]
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for any u,v € T, M and for any x € M. In particular, if J is parallel with
respect to some torsion free connection V, say the Levi-Civita connection,
then M is a complex manifold.

An important observation is that if M is already a Hermitian complex
manifold, then the K&hlerian condition VJ =0, or equivalently Vw =0 €
02 (M, Ty), can be reduced to the closedness of the Kihler form, dw =0 €
Q3 (M). This implies that every complex submanifold of a Kihler manifold is
always Kihler. In particular, every projective algebraic manifold M in CPY
is Kéhler, thus providing abundant examples of Kéhler manifolds. Kodaira
embedding theorem gives a necessary and sufficient condition for a compact
Kihler manifold M to be projective, namely the Kihler class [w] € H? (M, R)
should be defined over Z. As a result, Kéhler geometry and complex algebraic
geometry are intimately related to each other.

5.1. Kihler geometry—complex aspects.

Dolbeault cohomology and Hodge (p, q)-decomposition. A linear complex
structure on a real vector space V can be rephrased as a decomposition
V®C=V0 gV satisfying VOl = V10 Indeed V¥ and VO! are the +i
eigenspaces of J. Taking tensor powers, we have

ANVeC= @ VP with Var = VPa,
ptq=k

Here VP4 = AP V10 @ ATV01 We have a corresponding decompositions for
differential forms on any almost complex manifold M,

QF (M, C) = @ (M) with Q7 (M) = Q7 (M)
pt+g=

The exterior differentiation d: Q¥ (M, C) — Q1 (M,C) decomposes
intod =0+ N+ 0+ N with 9: QP? (M) — QPTL4 (M) and N : QP (M) —
QOP+2:4=1 (M) being the tensor product with the Nijenhuis tensor. M being
a complex manifold, i.e. N =0, is equivalent to

5% =0: QP (M) — QP2 (M) .

That is, we have an elliptic complex

0

0% () 2 0L () 2. % Q0n (A) 0 with 82 =0,

called the Dolbeault complex.
The corresponding cohomology group is called the Dolbeault cohomology,
denoted
Ker (5)

1) |ooian

Its dimensions hP4 (M) = dim Hg’q (M)’s are called the (p,q)-Hodge
numbers of M.
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_ Similarly, on any holomorphic vector bundle E over M, there is a twisted
0 operator,

Op : QP9 (M, E) — QP4 (M, E)  with 0% =0,

and the corresponding cohomology groups are denoted as Hg’q (M, E).
There is a canonical identification HY? (M, E) = Hg’q (M,APT}; ® E) and
we simply write it as H? (M, APT}; ® E). Analogous to the Poincaré duality,
the Serre duality gives the isomorphism

HPY (M, E) > H" P9 (M, E*)*.
In particular,

HY(M,E)2H" 9 (M,Ky ® E*)".

If we endow both M and E with Hermitian metrics, then we can define
the twisted Laplacian operator
AgE = 5E5E + 5%5}5,

where 5% is the adjoint of O and the Hodge theorem of representing coho-

mology classes by harmonic forms has a direct generalization here which
gives an isomorphism

H (M. E) = Ker (3g, orwio)-

When M is a Kéhler manifold, one can prove that A = 2A5 and this has
many important consequences. For instance, we have the following Hodge
(p, q)-decomposition,

H* (M,C) = ) ﬁi ) HET(M) with HZP (M) = HE?(M).
In particular, every odd degree Betti number of a compact Kéhler manifold
is even, by 1 (M) € 2Z.

This collection of subspaces HP? (M)’s in H* (M,Z) ® C is called the
Hodge structure of M. It depends only on the complex structure on M, but
not on the choice of Kahler metrics and it carries important informations
about the complex structure.

Hard Lefschetz action. Recall that w (u,v) = g (Ju,v) defines a symplec-
tic structure on M. In particular, [w]' # 0 € H2 (M, R) for any 0 < [ < n. Let

L:QF (M) — Q2 (M)
L(¢)=¢Nw

and A be its adjoint operator. Then H = [L, A] : QF (M) — QF (M) is a mul-
tiple of the identity operator, H = (n — k). The relationships

[H,L]=2L, [H,Al=-2A and [L,A]=H

defines an sl (2,R)-action on Q* (M). The closedness of w implies that L
can be descended to H* (M,R) and the Ké&hler property of M, i.e. w is
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parallel, implies that both L and A commute with A and therefore the above
sl (2,R)-action can be descended to H* (M,R), called the Hard Lefschetz
action. This action allows us to recover H* (M, R) from Ker (A), called the
primitive cohomology and to reduce the Hodge structure on H* (M,C) to
the primitive cohomology and define a polarized Hodge structure.

Kdhler identities. First order Kahler identities give relationships
between zeroth order operators L, A, H and first order operators 9, 0, 0*,
a. They are

[L,0"] = id, [L,E*} = —id,
[A,8]=id", [A,d] =—id",

and all other brackets are zero. Indeed these formulas hold true even when
J is only an almost complex structure, namely M is a symplectic manifold
with a compatible almost complex structure .J, sometimes called an almost
Kdhler structure.

Second order Kéhler identities are

A =275 =2A,,

and A commutes with L, A, H, 0, 0, 0* and 0*. We have seen earlier that
the identity A = 2Aj is used to define the Hodge structure on H* (M, C).

Recall that the identities among zeroth order operators L, A, H define a
sl (2, R)-action on Q* (M) and there is a canonical identification between Lie
algebras sl (2,R) = su (1,1). Indeed all the above identities together define
an action on Q* (M, C) by the super Lie algebra

su(1,1), =su(l,1)®C' oR

sup

with Ch! spanned by 9, 9, 0%, 9" and R spanned by A.

Indeed this super Lie algebra action encompasses the hard Lefschetz
action and all the Kahler identities. It has natural generalizations to mani-
folds defined over other normed division algebras (section 10).

Deformation of complex structures. A complex structure on M can be
characterized by the d-operator

: QP4 (M) — Qp-atl (M)
satisfying the integrability condition (5)2 = 0. A different complex structure
is then given by
O+ ¢ with ¢ € Q¥ (M, Ty).
The integrability condition becomes

d¢ + [, ¢] = 0.

For a smooth family of complex structures 0 + ¢ (1),

¢ (1) =ty + 12y + 75 + - -+
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we have
5¢1 = 0
Oy = —[¢1, 4] and so on.

The first equation says that infinitesimal deformations of complex struc-
tures are parametrized by Q%! (M, Ty) N Ker (5) Up to diffeomorphisms,
they are parametrized by the cohomology group H' (M, Tys). When H?
(M, Thr) = 0, the second equation for ¢, can always be solved and the same
is true for all other ¢;’s. Using the Hodge theory for any given ¢;, we can
obtain a convergent power series solution ¢ (t) for small ¢ and therefore we
have an honest family of deformations of the complex structure 0. This
means that the moduli space of complex structures is smooth and with tan-
gent space H' (M, Ty) at 0.

Even when H? (M, T)s) # 0, the integrability condition can sometimes
be solved for any given ¢;. For example, this is the case for Calabi-Yau
manifolds. In general there is a Kurinishi (nonlinear) map  defined on a
neighborhood of the origin,

Kk HY (M, Ty) — H? (M, Ty)

such that the moduli space of complex structures on M near 0 is given by
x~1(0). The map satisfies & (¢) = [¢, 9] + O (|¢|3) The space H? (M, Tyr)

is called the obstruction space for the deformations.

For a holomorphic bundle F over a fixed complex manifold M, infin-
itesimal deformations of E are parametrized by H' (M, End (E)) and the
obstruction space is given by H? (M, End (E)). There are also analogous
spaces for deformations of flat bundles.

For a holomorphic map f:C — M, the space of infinitesimal deforma-
tions (resp. obstruction space) of f with fixed M is given by H? (C, Ntcoym)
(resp. Hl (C, Nf(C’)/M))

We remark that the deformation theory only deal with the local structure
of moduli spaces. Construction of a global moduli space as a complex variety,
or projective variety, is a different matter, which is often dealt with via the
geometric invariant theory.

Subvarieties and coherent sheaves. We remark that on any Kéahler man-
ifold M, the form w*/k! € Q?! (M) is always a calibration form and those
submanifolds calibrated by it are precisely complex submanifolds in M. This
follows from the Wirtinger formula. As a corollary, complex submanifolds
S in Kéhler manifolds are volume minimizers and they define nontrivial
cohomology classes because |, S wk /k! is the volume of S,

PD[S] € HZ? (M) N H* (M, Z),

where p=n — k is the complex codimension of S. This continues to hold
true even when S is singular, namely a subvariety in M. The famous Hodge
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conjecture asks that whether every class in Hg’p (M)N H? (M,R) is repre-
sented a Q-linear combination of subvarieties in a projective manifold M.

The Chern classes ¢, (E) for any holomorphic vector bundle also lie in
HZP (M) NH? (M, Z) and this continues to hold true for any coherent sheaf,
which allows F to be singular. Quasi-isomorphism classes of complexes of
coherent sheaves form a derived category D? (M). It contains much infor-
mation about M, for instance, it determines M completely when ¢; (M) is
either positive or negative [15].

5.2. Kahler geometry—Riemannian aspects.

Hermitian Yang-Mills metrics. Given any Hermitian metric hp on a
holomorphic vector bundle £ over a complex manifold M, there is a unique
Hermitian connection Dg satisfying Dphrp = 0 and

(Dp)™' =0p : Q" (M,E) —» Q%' (M, E).
In terms of any local holomorphic frame e;’s on E, we have

Dp=d+h '0h, and
Fg=0(h"'0n) € Q" (M, ad (E)),

where i = () with hg = hp (€, ¢;). This implies that
_
27

and Chern classes are of type (p,p), i.e. ¢, (E) € HPP (M) N H?! (M, 7).

For holomorphic bundles over a Kahler manifold, the Yang-Mills equa-
tion D}, Fp =0 is equivalent to Dg (AFg) =0 because of the Kéhler iden-
tity [A,E] = —430*. Thus an eigenbundle in F for the bundle endomorphism
AFg is a holomorphic (parallel) subbundle. Thus, unless E is reducible, the
Yang-Mills equation reduces to a first order differential equation, called the
Hermitian- Yang-Mills equation,

¢1 (E) = - [Try (Fi)] = % [0010g det ]

AFE:ME-L

where the constant up is called the slope of E and it is given by?

1 w1

’uE:r/Mcl(E)A(n—l)!’

where r is the rank of E.

We remark that when M is a Kahler surface, then the equations Fg’Q =
AFg =0 is the same as the ASD equation for unitary connections on the
four manifold M. This is because Ai >~ Rw @ Re A%? @ Im A2,

2For simplicity, we have normalized the volume of M to be one.
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A Hermitian-Yang-Mills connection is not just a critical point for the
Yang-Mills functional [ |F, E|2, it is an absolute minimizer! This can be seen
from the following equality, derived from the Chern-Weil theory,

M n! M

S [ g - e )

1 1 2 wn
FE—*TT(FE>I AFE—*TT(AFE>I 7'
r r n:

T r—1
wn—2
X .
(n—2)!

As a corollary, if a holomorphic bundle E admits a Hermitian-Yang-Mills
connection, then it must satisfy the following Chern number inequality,

2
/ A(B)w" %< ! / co (B)w" 2,
M r—1Ju

Furthermore, if the equality sign holds, then Fg = %Tr (Fg)I, i.e. a pro-
jectively flat connection and thus Dpg corresponds to a homomorphism p:
w1 (M) — PU (r).

A necessary condition for the existence of Hermitian-Yang-Mills connec-
tion is E being a Mumford polystable bundle, i.e. a direct sum of Mumford
stable bundle. Recall that E is Mumford stable if every nontrivial coherent
subsheaf S in E satisfies the following slope inequality,

Hs < HE-

The celebrated theorem of Donaldson [36], Uhlenbeck and Yau [125]
says that the converse is also true. Namely a holomorphic bundle E admits
a Hermitian Yang-Mills connection if and only if F is a Mumford polystable
bundle.

Mumford stability was introduced to construct projective moduli space
of holomorphic bundles over Riemann surfaces via geometric invariant the-
ory (GIT). The correct notion of stability in higher dimensions is the
Gieseker stability which replaces the slope inequality by the normalized
Hilbert polynomial inequality,

rkl(S)X (M,S@ L®k> <

for sufficiently large k. Here L is a line bundle over M with ¢; (L) represented
by w and x (M, E ® L®*) is given by

rkiE)X (M. B0 L)

n
% <M7E ® L®k>:2 (—1)7dim H? <M, E® L®k>:/ Trgez=tethorq,
q=0 M

by the Riemann-Roch formula and the Chern-Weil theory. Notice that the
dominating terms for large k is given by the slope. In [88] the author showed
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that Gieseker polystability is a necessary and sufficient condition for the
existence of a bounded solution to the following equation,

M,E ® L®k) W
rk (E) nl

for sufficiently large k£ on any sufficiently smooth holomorphic bundle E. The
relationship with the symplectic geometry will be discussed in section 5.3.

Curvature for Kahler metrics. When h = g is a Hermitian metric on the
tangent bundle £ = T}y, then the Kéahlerian condition for g is equivalent to
DpE being torsion free. Yet another equivalent definition of g being a Kéhler
metric is the existence of holomorphic normal coordinate, i.e. given any point
po € M, there exists a local holomorphic coordinate 2/ = 7 4+ 4y7’s such that
for any nearby point p, we have

95 () =3+ 0 (Ip—ml*)

The symmetries for the curvature tensor Rm of a Kahler metric are
richer than the Riemannian case. First we note that the inclusion u (n) C
0(2n) corresponds to (Vlvl)]R C A%Vg for any Hermitian vector space V.

<e%FE+k“TdM)[2n} = X

This implies that Rm;;;; is Hermitian symmetric with respect to ij and also
to ki for any complex coordinates 2/ = 7 4 i3/’s. Second the Ricci tensor
Rc being Hermitian symmetric means that Re € u (n) = (ALlT]}})R and the
corresponding (1, 1)-form Rc(J-,-) will again be denoted as Rc;;. Explicitly
we have

Re;; = gklRmz‘jki

17

0 0
= 9207 log det (gy;) -

In particular, the first Chern class of M (modulo torsion) is represented by

the Ricci form,

1

C1 (M)]R = o

[Rc]| .
The scalar curvature is given by R = g Re;; = Alogdet (gy)-

Recall in the Riemannian case that when Rcjys > 0, harmonic one forms
are parallel and they must be zero if Rcps > 0. In the Kahler case, holomor-
phic p-forms are harmonic. When M has Rcys > 0, they are parallel and
zero if Reps >0, i.e. M is Fano.

If Rm = Al as an endomorphism of u(n), then the universal cover of
M must be either the complex projective space CP", the complex ball or
C™ according to A being positive, negative or zero. These are called complex
space forms.

If Re = A\w, i.e. M is a Kdhler-Einstein manifold, then first of all ¢; (M)
must be represented by a multiple of some Kéhler form wg. Unless ¢; (M) =
0, the canonical line bundle Kj); = A™T}, or its inverse is positive and
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therefore M is a projective manifold by the Kodaira’s embedding theorem.
If we write Re (wp) = Awg +i00f and w = wq + i09¢ for some smooth func-
tions f and ¢ on M with average one, then the K&hler-Einstein equation is
reduced to the following fully nonlinear second order elliptic equation, called
the complex Monge-Ampere equation,

82
321'(;;‘) =" det (g;)

When ¢; (M) =0, Yau [137] solved this equation and proved that there
is a unique metric in every Kéhler class with zero Ricci curvature, Rc = 0. In
fact, Yau’s theorem also solved a conjecture of Calabi which says that every
(1,1)-form representing c¢; (M)g can be represented uniquely as the Ricci
form of a metric in any Kéhler class on any compact Kéhler manifold M.

As a corollary of Yau'’s theorem, ¢ (M) = 0 implies that

ca (M) [w]" 2 >0,

for any Kéahler class [w] and the equality sign holds if and only if the universal
cover of M is C™. Zero Ricci curvature means that the canonical line bundle
Ky =A"Ty; is a flat line bundle. Suppose that ¢; (M) =0 as an integral
class, then K, is indeed trivial and its covariant constant section defines a
holomorphic volume form on M. Thus the holonomy group of M is reduced
to SU (n) and such a manifold is called a Calabi- Yau manifold and plays a
very important role in string theory.

When ¢; (M)g <0, Aubin and Yau solved the Monge-Ampere equation,
thus proving that there is a unique Kahler-Einstein metric in the Kéahler
class —cq (M)g. The Chern number inequality becomes

2(n+1)

("¢ () < =

(—1)"e2 (M) {72 (M).
When the equality sign holds, then the universal cover of M must be the
complex hyperbolic ball.

When ¢; (M)g >0, M is called a Fano manifold and there are nontrivial
obstructions to the existence of Kéahler-Einstein metrics, for instance the
Futaki invariant. Yau conjectured that there should be a notion of stability
which relates to the existence of such a canonical metric. This problem
has been studied by many mathematicians including Donaldson, Mabuchi,
Phong, Tian and others. Donaldson showed that this relationship between
stability and the existence of canonical metrics should continue to hold true
for constant scalar curvature Kéhler metrics, i.e. R = const.

5.3. Kidhler geometry—symplectic aspects. Recall that the
Kéhler form w (u,v) =g (Ju,v) defines a closed non-degenerate two form,
i.e. a symplectic form. On the classical level, symplectic geometry is a much
more linear theory than the complex geometry (section 5.3). On the quan-
tum level, it becomes a very rich and challenging subject which includes
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the theories of Gromov-Witten invariants and the Fukaya-Floer category.
The mirror symmetry conjecture says roughly that complex geometry and
quantum symplectic geometry should be equivalent to each other.

Basic symplectic geometry. Let us start by reviewing some aspects of
the classical symplectic geometry. First the Darboux lemma says that every
symplectic manifold is locally standard which is R?" with

noo
wo =y, da’) Ady;.
j=1

We can view this as the cotangent bundle T*R"™ of R"™ with coordinates
27’s and dual coordinates y;’s along fibers. In fact wy defines a canonical
symplectic structure on the cotangent bundle M = T*X of any manifold X.

A vector field v on M preserves the symplectic form w if and only if
tyw is a closed one form. If 1,w = df is exact, then v is called a Hamiltonian
vector field. Moser’s lemma says that if w; is an one parameter family of
symplectic forms in M representing the same cohomology class, then all
these (M, w;)’s are symplectomorphic to each other. Thus the moduli space
of symplectic structures on M is locally isomorphic to H? (M,R). One can
also include B-fields B on M and such that the moduli space of symplectic
structures with B-fields B+1iw is a complex space which is locally isomorphic
to H? (M, C). This concept is originated in string theory and important in
mirror symmetry.

The natural class of submanifolds in (M,w) consists of Lagrangian sub-
manifolds L which are n-dimensional submanifolds in M satisfying w|r, = 0.
For instance the zero section and every fiber in the cotangent bundle T* X
are Lagrangian submanifolds. In general, if we regard a section L in T* X as
the graph of an one form ¢ € Q! (X), then L is a Lagrangian submanifold
if and only if ¢ is a closed form, i.e. dp =0. Indeed a neighborhood of any
Lagrangian submanifold L is always symplectically equivalent to the cotan-
gent bundle T* L and therefore the moduli space of Lagrangian submanifolds
L in M modulo Hamiltonian equivalences is locally given by H' (L,R). If
we consider the moduli space of A-cycles (L, Dg), i.e. L is a Lagrangian
submanifold in M and Dg is a flat U (1)-connection over L, then it is again
a complex manifold and locally isomorphic to H* (L, C).

Lagrangian fibrations. A Lagrangian fibration w: M — B is called a
(singular) real polarization on M, or an integrable system. It plays an impor-
tant role in geometric quantization of the symplectic manifold M. Another
standard way to obtain geometric quantization is to equip M with a com-
plex structure such that w is the corresponding Kahler form, this is called a
complex polarization.

Away from singular fibers, we have a surjective bundle homomorphism
TM — n*TB over M and the kernel is called the wertical tangent bundle
Tyert M. For Lagrangian fibration, we have

Toere M = 7T* B.
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Thus we have n commuting vector fields along fibers which are linearly
independent at every point. This determines canonical affine structures on
smooth fibers. When 7 is proper, i.e. fibers are compact, then fibers are
tori T B/A;. This gives a lattice subbundle A in T*B over B outside the
discriminant locus Disc(m). As a result, the base B\Disc(m) also has a
GL (n,Z) x Z™-affine structure.

Toric varieties Pa are examples of symplectic manifolds with Lagrangian
fibrations in which the fibers are orbits of an Hamiltonian torus action (see
below) and the base is a convex polytope A. The simplest compact toric
varieties are certainly complex projective spaces CP" 1,

Hamiltonian action and symplectic reduction. Suppose (M, w) is a sym-
plectic manifold with a Hamiltonian action by a compact Lie group G with
moment map

w: M — (LieG)*.
We recall that a moment map p is a G-equivariant map such that for any
v € Lie (G) and v# the vector field on M that v generates, then v¥ is the
Hamiltonian vector field for the function x — p () (v), i.e.

Lppw = d (p (v)).

If a 2n-dimensional symplectic manifold M has an effective Hamiltonian
T*-action, then k is at most n. When k = n, the moment map

w: M —R"

is a Lagrangian fibration on M and the image is convex polytope A in R™.
Such a M is called a toric variety and its geometry is completely dictated
by the polytope A. For instance, when A is the standard simplex in R", M
is the complex projective space CP™ with the toric action is induced from
T C (C)" C P

When M has a Hamiltonian G-action, there is a procedure to divide out
the symmetry to produce another (possibly singular) symplectic manifold

M//G = (0) /G

called the symplectic quotient or symplectic reduction. We can also replace
0 by other coadjoint orbit.

We assume that (M, w) is a Kéhler manifold with w being defined over
Z, thus [w] = ¢1 (L) for a positive line bundle L. Suppose that the complex-
ification GC of G acts holomorphically on M and the action can be lifted
to L. We can apply the Geometric Invariant Theory, developed by Mum-
ford, to construct a quotient space M/GC within the category of algebraic
varieties. In this construction, one needs to remove unstable points in M to
ensure that the quotient space is Hausdorff. Kempf-Ness showed that this
complex algebraic approach and the symplectic approach of taking quotient
are equivalent to each other,

M/G=M//G.
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This identification is particularly fruitful in many infinite dimensional set-
tings as a guiding principle.

Symplectic geometry and gauge theory. Given a Hermitian complex vec-
tor bundle E over a symplectic manifold (M,w), the space A (FE) of uni-
tary connections on E has a natural symplectic form 2 defined as follows:
The tangent space of A(FE) at any connection D4 can be identified as
QY (M, ad (E)). Given any tangent vectors B and C, we define

n—1
Q(Dy)(B,C)= [ TrgBNCAN—+.
(D) (B.0)= || TraBACH Ty
The action on A(FE) by the group G (FE) of gauge transformations of E
preserves () and its moment map is given by

1 A(E) — Q¥ (M, ad (E))

wnfl
(n—1)1"

When M is a Riemann surface, both 2 and u are independent of the
symplectic form on M and the symplectic quotient

A(E)//G(E)={Da:Fa=0}/G(E),
is the moduli space of flat connections on F, i.e.

Hom (my (M),U (1)) /U (r) .

p(Da)=Fg A

There are natural generalizations of this to other compact Lie groups. The
infinite dimensional analog of the identification between GIT quotient and
symplectic quotient suggests that every polystable holomorphic bundle over
M admits a unitary flat connection. This was proved by Narishima-Seshadra.

When M is a Kéahler manifold and E is a holomorphic vector bundle
over it, we can restrict our attention to the subset A" (E) consisting of
those connections D4 satisfying Fg’Q =0, namely (DA)O’1 defines a holo-
morphic structure on F. In this case, the suggested isomorphism between
AML(E) //G (E) and A" (E) /GC (E) is the theorem of Donaldson [36] and
Uhlenbeck-Yau [125] which says that every Mumford polystable holomor-
phic bundle admits a unique Hermitian-Yang-Mills connection.

However, in algebraic geometry, the correct stability condition is the
Gieseker stability defined using the Hilbert polynomial,

X (M,E ® L®k> —/ Tri [eiFﬁkwa A TdM]
M

The analog of the equivalence between GIT quotient and the symplectic
quotient was established in [88] for the existence of solutions to the following
equations for large k,

= Ig—.
T n!

k
o2z Fatkwlp /\TdM] () X (M,E@ L) w"
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This equation is also a moment map equation for the G (E)-action on A"
(E) with respect to the following nonconstant symplectic form €, [89]:

(D) (B.0) = [

Trg [e%FﬁkwIE ABA C] ATday.
M

sym

The Gieseker stability is an asymptotic stability as k goes to infinity.
For each finite k, Donaldson studied the finite dimensional GIT /symplectic
quotients equivalences and conjectured that Gieseker stable bundles should
admit balanced metrics for large k’s and they converge to the Hermitian-
Yang-Mills metrics if E is also Mumford polystable. This problem was solved
by Wang [129].

Space of Kdhler forms. Donaldson and Semmes showed that the space
of Kéahler metrics in a fixed Kéhler class on M is an infinite dimensional
symplectic manifold with a Hamiltonian action by Dif f (M). Furthermore,
the moment map can be identified with the scalar curvature of a Kahler
metric. Thus the GIT/symplectic quotients equivalences should relate the
existence of constant scalar curvature Kéhler metrics with GIT stability of
the manifold M.

In the next section, we discuss symplectic geometry on the quantum
level.

5.4. Gromov-Witten theory.

Gromov- Witten invariants. Given a complex structure J on M, we study
complex submanifolds C'in M, namely T,.C'is J-linear in T, M for any « € C.
This notion continues to make sense for any almost complex structure and
such submanifolds C are called J-pseudo holomorphic submanifolds, or sim-
ply J-holomorphic submanifolds. Recall that an almost complex structure is
simply a complex structure on the tangent bundle T};. If we choose a generic
almost complex structure on M, then it admits no J-holomorphic subman-
ifolds C of dim¢ C' > 2, even locally, as the Cauchy-Riemann equation is an
over-determined system of differential equations. However, there are always
many J-holomorphic curves, at least locally. In order to count the number
of such curves, it turns out that it is better to use the parametrized version,
namely we consider the moduli space M€ (M) of J-holomorphic maps
from genus g Riemannian surfaces ¥ to M,

f:X—= M.

When M is equipped with a compatible symplectic structure w, then M€
(M) has a natural compactification Meve (M) by stable maps where the
domain Riemann surface ¥ is allowed to have nodal singular points and f
is required to have only finite number of automorphisms. Recall that every
J-holomorphic curve is calibrated by w, in particular, f (X) always represents
a nontrivial homology class [f (X)] € Ha (M,Z)\ {0}.

Infinitesimal deformations of f are parametrized by H° (E,N 7(2) /M)
(section 5.1). When H* (E, Nf(E)/M) =0, then f always has unobstructed
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deformations. In this case, M (M) is smooth and its dimension is
determined by the Riemann-Roch formula,

dime M€ (M) = /E Frer (M) + (g — 1) (3 —n).

In order to count the number of curves in M, we impose conditions to cut
down the dimension of Mcurve (M). For instance, we can require f (X) to
pass through specific points in M. These define the Gromov- Witten invari-
ants, or simply G W-invariants. These are invariants for the deformation
class of symplectic forms on M. In particular, it is independent of the choice
of compatible almost complex structures on M. Even when Mewrve (M) is
singular, there is a theory using virtual fundamental class to define these
invariants.

GWe-invariants can be interpreted as the partition functions for the
A-model TFT in the N =2 SUSY o-model on the K&hler manifold M.

In general, GW-invariants are difficult to compute. When dimgp M = 4,
Taubes showed that GW-invariants with no constraints are equivalent to the
SW-invariants. This result has far-reaching consequences in four dimensional
symplectic geometry. When the symplectic manifold (M, w) has a lot sym-
metries, for instance a toric variety, then GW-invariants can be computed
in many instances via Bott localization, at least in the genus zero case. This
method can be generalized to complex hypersurfaces of small degrees in Fano
toric varieties as well. It was initiated by Kontsevich, motivated from the
mirror symmetric conjecture for Calabi-Yau manifolds. The mirror theorem
which computes the genus zero GW-invariants for quintic CY threefolds in
terms of the variation of Hodge structures of its mirror manifold was proven
by developing this approach by Givental [47] and Liu-Lian-Yau [105]. There
are other approaches in determining GW-invariants, for example the Yau-
Zaslow argument for the number of rational curves on K3 surfaces (section
6.4) and various physical methods coming from dualities in string theory
and M-theory.

The genus zero GW-invariants can be used to deform the cup product
structure on the cohomology ring H* (M) and results in the quantum coho-
mology ring QH* (M) for the symplectic manifold (M, w). It is originated
from the (closed) string theory. QH* (M) can be formally interpreted as
the middle dimensional cohomology ring of the free loop space LM via the
Witten-Morse theory for the symplectic area functional

A: LM —R
71

A(y):/ w.
Yo

Here 7, is an one-parameter family of loops in M connecting v =+, to a
background ~,. Here f%l means the integration over the two dimensional

surface ] ~, spanned by the path of loops. Critical points of A () are
te[0,1]
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constant loops in M, thus M can be viewed as the critical set of A inside
LM. After choosing a compatible metric on M, gradient flow lines in LM
correspond to J-holomorphic cylinders in M.

Floer theory of Lagrangian intersections. In open string theory, the
boundaries of a string, namely a path ~ (¢) in M, lies on Lagrangian sub-
manifolds L; in M, ie. v(0) € Ly and 7 (1) € L;. Similarly, we consider
the symplectic area functional A on the space Lr,—.r, M of all such paths.
Critical points of A are constant paths and therefore correspond to inter-
section points in Ly N Ly and gradient flow lines of A are holomorphic
strips between L;’s joining two intersection points. Floer and others devel-
oped the Witten-Morse theory in this setting and defined Floer cohomology
groups HF %gr (Lo, Ly) for Lagrangian intersections. Fukaya and others [45]
extended these structures and defined the Fukaya category Fuk (M), which
is conjecturally dual to the derived category of coherent sheaves under mirror
Symmetry.

6. Calabi-Yau geometry

6.1. Calabi-Yau manifolds. A Kahler manifold M is called a Calabi-
Yau manifold if it admits a parallel holomorphic volume form Q € Q™0 (M),
i.e.

VO =0
(20) ™ (=1)" D2 A Q =y,

where vy =w™/n! is the Riemannian volume form and n is the complex
dimension of M. Equivalently, M is a Riemannian manifold with holonomy
group inside SU (n). If M is compact, then 2 being parallel can be replaced
by holomorphicity, i.e. Q2 =0. The complex volume form € defines a C-
orientation on M and it fits into the unified description of geometries of
special holonomy in terms of normed division algebras (see section 10).

Recall that a volume form wvyp; on M defines a symplectic form on
Ks (M) =Mapemy (3, M) /Diff (X) where dim¥ =dim M — 2. One can
also use the holomorphic volume form 2 to define a holomorphic symplectic
form on the isotropic knot space K& (M) where dimg ¥ = n—2. Furthermore
the special Lagrangian geometry of M can be interpreted as the complex
symplectic geometry of K (M) (section 9.4).

Since the Ricci curvature of a Kéhler metric is given by

82
Rejj = — 5577 log det (9x1)

any Calabi-Yau manifold has zero Ricci curvature. In particular, its canon-
ical line bundle Ky is trivial and ¢; (M) = 0. By Yau’s celebrated theorem
[137], any compact Kéhler manifold M with ¢; (M) =0 admits a unique
Calabi-Yau metric in every Kahler class. Thus it is easy to identify which
Kéhler manifold admits a Calabi-Yau metric. Nevertheless, we still do not
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know how to write down explicitly any nontrivial Calabi-Yau metric on any
compact Calabi-Yau manifold. For instance, any smooth projective hyper-
surface of degree n+ 2 in CP"*! is a Calabi-Yau manifold. More generally, a
hypersurface in a toric variety Xa representing the class ¢; (Xa) is a (possi-
bly singular) Calabi-Yau variety if and only if A is a reflexive polytope, i.e.
both A and its polar dual polytope V are integral. This construction can be
easily generalized to complete intersections in toric varieties and produces
many examples of Calabi-Yau manifolds.

Even though we do not know any explicit Calabi-Yau metric on compact
manifolds, there are many such examples on noncompact manifolds, includ-
ing the total space of the canonical line bundle Kgpn-1 of CP" ! and the
cotangent bundle T, of the sphere. These metrics are found by utilizing
the symmetries of these spaces to reduce the Monge-Ampere equation to an
ODE.

Every holomorphic p-form in HPY (M) is parallel since Rcys =0 for a
Calabi-Yau manifold M. The existence of such forms can usually be used to
reduce the holonomy group of M to a smaller subgroup. Using the deRham
decomposition for holonomy groups, up to a finite cover, M is a product
of irreducible factors and they are (i) complex tori C"/I', (ii) irreducible
hyperkéhler manifolds, i.e. hol = Sp(n/2) or (iii) strict Calabi-Yau man-
ifolds, i.e. hol =SU (n). Only complex tori have nontrivial holomorphic
one forms and h?? (C"/T') = (g) Hyperkéhler manifolds admit holomorphic
symplectic forms, indeed h%"0 = 1 and h?*10 = 0 for irreducible hyperkéhler
manifolds. We will discuss more about the hyperkédhler geometry in sec-
tion 11.1. When hol = SU (n), the only nontrivial holomorphic p-form is
the holomorphic volume form and therefore h?? =0 for 1 <p <n — 1. By
the Lefschetz hyperplane theorem, any Calabi-Yau hypersurface, or com-
plete intersection, in a Fano toric variety is a strict Calabi-Yau manifold
provided that n > 2.

Since Ky is trivial for a Calabi-Yau manifold, we have

HY (M, Ta) 2 HY (M, A" 1Ty 2 H 5 (M)

In particular, the spaces of infinitesimal deformations and obstructions are
given by H" 11 (M) and H"~ 12 (M) respectively. Tian [122] and Todorov
[124] proved that the Kuranishi map : H* (M, Tys) — H? (M, Tyy) is zero.
Thus the moduli space of complex structures on M is always smooth and
of dimension A"~ 5! (M). This moduli space has many nice properties, espe-
cially in complex dimension three (section 7).

6.2. Special Lagrangian geometry.

Special Lagrangian submanifolds. For Kahler manifolds, complex sub-
manifolds are calibrated and therefore they are absolute minimizers for the
volume functional. For Calabi-Yau manifolds, there is a natural class of
Lagrangian submanifolds which are calibrated. Harvey and Lawson [59]
found that for any given phase angle 0, the differential form Re (ewﬂ) €
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Q" (M) is a calibrated form. Furthermore a submanifold L in M is cali-
brated by Re (er) if and only if

wlr =0 and Im (ei99> | =0.

Such a L is called a special Lagrangian submanifold of phase 6.
We remark that for any Lagrangian submanifold L in M, the volume
form vy, for the induced metric satisfies

v, = ew(m)mL

for some function 6 (x) : L — R/27Z. 1t is the Hamiltonian function for the
mean curvature vector field on L, i.e.

tpw =do ().

This implies that the mean curvature flow preserves the Lagrangian property
and they satisfy the PDE

06
i Af.

This is a non-linear equation as the Laplacian is defined with respect to the
induced metric on L which is changing in time. Lagrangian mean curvature
flow in Calabi-Yau manifolds enjoys many nice properties and the same
is true for hyperlagrangian mean curvature flow in hyperkahler manifolds
(section 10.3).

Unless specified otherwise, we assume that 8 = 0 for the calibrating form.
When M = C", a Lagrangian graph Graph (d¢) over R™ is special if and only

if ¢ (x) satisfies
. 0%

Examples of special Lagrangian submanifolds include the real locus of a
Calabi-Yau manifold, complex Lagrangian submanifolds in a hyperkahler
manifold (section 11.1). Many explicit examples of special Lagrangian sub-
manifolds had been constructed in the noncompact setting by imposing
symmetries to reduce the equation to an ODE. There are also various com-
pact examples constructed using singular perturbation method to resolve
singular special Lagrangians.

In section 9.5, we show that the isotropic knot space ICS (M) is an infi-
nite manifold with an H-structure such that (i) every special Lagrangian
submanifold L of phase 0 in M determines a J-complex Lagrangian sub-
manifold KE (L) in KE (M) and (i) certain special Lagrangian submanifold
L’ of phase 7/2 in M determines a .J-holomorphic curve in K% (M). Thus
the Calabi-Yau geometry can be interpreted as the hyperkihler geometry in
the isotropic knot space K% (M).
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Moduli of Special Lagrangian submanifolds and A-branes. Recall that
given any Lagrangian submanifold L in M, its neighborhood is isomorphic
symplectically to T*L and nearby Lagrangian submanifolds are graphs of
closed one forms on L. When L is special, then its infinitesimal deformations
are parametrized by harmonic one forms on L. McLean [108] proved that
there is no obstruction to extend any infinitesimal deformation to a honest
one, thus the moduli space Mg (M) of special Lagrangian submanifolds
L in M is smooth with tangent space H' (L, R). Hitchin [61] defined analogs
of the (multi-valued) Abel-Jacobi map,

p: M9 (M) — H' (Lo,R) and
p' MSL99 (M) — H" 7 (Lo, R)
and showed that (p,p’) is a Lagrangian immersion of M5 (M) into T*
(H' (Lo,R)) = H' (Lo,R) x H""! (Lo, R). To define p, we consider a path
of special Lagrangian submanifolds L; together with a loop ~; in each Ly,
then p (L1) € H' (Lo, R) = Hom (H; (Lo, R),R) is given by
71

p@M%P/ w.

Yo

Similarly, p’ is defined using Im €2 in place of w.

Note that the moduli space of flat U (1)-connections over L is natu-
rally H' (L, S') =iH' (L,R) /H' (L,Z). Thus we could include flat U (1)-
connections over L to complexify the moduli space of special Lagrangian
submanifolds to the moduli space of A-branes MA~=trane (M), Tt has a nat-
ural symplectic structure with a Lagrangian fibration,

Hl (L, Sl) N MA—brane (M) N MSLag (M)

Hitchin described MA~brane (M) using the symplectic reduction method
as follows: Fix a m-dimensional volume manifold (L,vy), then the map-
ping space Map (L, M) has a natural Dif f (L, vr,)-invariant symplectic form
WMap given by

ot (N (XY) = [ w(XY) o,
L
where X,Y € TyMap (L, M) =T (L, f*Tys). When H' (L) = 0, this action
is Hamiltonian and the moment map g is given by
p(f)=[a] €t (L)/dQ° (L) with f*w=da.
Thus
Map (L, M) //Dif f (L,v) = pu~" (0) /Diff (L,vr)
= My’ (M),

those components containing f (L) in the moduli space of Lagrangian sub-
manifolds in M.
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We can also restrict our attention to the complex submanifold M ap®
(L,M) in Map (L, M) consisting of those f’s satisfying f*Q =vr. Then

Map® (L, M) /| Dif f (L,v1) = M7 (M).
However, this is a discrete set as special Lagrangian submanifolds L with
H' (L) =0 are rigid. In general, when H' (L) # 0, the above construction
has a natural generalization with the symplectic quotient isomorphic to
MAfbrane (M)
(L]

Analogous to representing every deRham cohomology class by a unique
harmonic form, we expect that most Hamiltonian equivalent classes of
Lagrangian submanifolds in Calabi-Yau manifolds admits a unique special
Lagrangian representative. The uniqueness question was studied by Thomas
and Yau [120]. The existence part is a hard analytic problem. Schoen and
Wolfson studied it using a variational approach while Smoczyk, M.T. Wang
and others studied it using the mean curvature flow. Notice that the mean
curvature flow preserves the class of Lagrangian submanifolds and its sta-
tionary points are given by special Lagrangian submanifolds inside Calabi-
Yau manifolds.

Special Lagrangian fibration is an important ingredient in the SYZ pro-
posal to explain the mirror symmetry phenomenons. Since we do not know
how to write down the Calabi-Yau metrics, it is in general very difficult to
find such fibrations, with the exception of complex Lagrangian fibrations on
hyperkahler manifolds. In the next section, we will explain how we attempt

to construct special Lagrangian fibrations on Calabi-Yau hypersurfaces in
C]Pm+1.

6.3. Mirror symmetry. Mirror symmetry is a duality transformation
which interchanges symplectic geometry and complex geometry between
mirror Calabi-Yau manifolds (see e.g. [30]).

Physical origin, a brief encounter. Mirror symmetry is originated from
the physical studies of the superstring theory. The spacetime in superstring
theory has dimension ten. In order to reduce to our usual four dimen-
sional spacetime, we need to compactify six dimensions. Furthermore, this
six dimensional internal space X must be a compact Calabi-Yau threefold,
possibly coupled with a Eg x Eg-bundle over it depending on the types of
string theory under considerations.

There are particular topological sectors of this string theory, called the
A-model and the B-model. From a mathematical point of view, they corre-
spond to the symplectic geometry and the complex geometry of X.

Motivated from physical considerations, Greene and Plesser predicted
that there should be a conjugate theory in which the A-model and B-model
switch to each other, at least near the large complex structure limit (abbrev.
LCSL). The corresponding compactified Calabi-Yau threefold Y is called
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the mirror manifold to X.

A-model on X S Tor Svmmots B-model on Y
(symplectic geometry) Y Y (complex geometry)

The simplest Calabi-Yau threefold is the zero locus of a degree five homo-
geneous polynomial f in CP*, the quintic Calabi- Yau threefold. For example
if we take

f (20,21, za) =20 + 27+ + 25 + ¥ (2021 24)

then X ={f =0} is a smooth Calabi-Yau threefold, called the Fermat
Calabi- Yau threefold, provided that 1 is any complex number not equal
to one.

Candelas et al [29] did a highly nontrivial calculation of this equivalence
for the Fermat Calabi-Yau threefolds and showed physically that the num-
ber of rational curves of any degree in X can be read off explicitly from
the periods of Y. This is an astonishing discovery as it relates two very
different but equally important subjects in algebraic geometry, namely the
enumerative geometry of X and the variation of complex structures of Y.

Mirror of A-cycles and B-cycles. In 1994 Kontsevich [76] proposed a
more precise conjecture on this duality between symplectic and complex
geometries, called the homological mirror symmetry (HMS): If X and Y are
mirror manifolds to each other, then the Fukaya-Floer category of
Lagrangian intersections in X is equivalent to the bounded derived category
of coherent sheaves on Y. HMS conjecture works for Calabi-Yau manifolds
of any dimension. For K3 surfaces, this conjecture was verified by Seidel
[115]. There are also generalizations of this duality for Fano manifolds and
general type manifolds.

The mirror symmetry conjecture predicts that (special) Lagrangian sub-
manifolds should behave like (Hermitian Yang-Mills) holomorphic vector
bundles, modulo quantum effects. Thomas and Yau [120] formulated a very
interesting conjecture on the existence of special Lagrangian submanifolds
which is the mirror of the theorem of Donaldson, Uhlenbeck and Yau on
the existence of Hermitian Yang-Mills connections.

SYZ proposal. Strominger, Yau and Zaslow proposed a resolution of mir-
ror symmetry in their groundbreaking paper [116]. They conjectured that
(i) mirror Calabi-Yau manifolds X and Y should admit special Lagrangian
torus fibrations with sections in the large volume/complex structure limit;

T dual tori T
—

! !
X Y
! |
B B*

(ii) they are dual torus fibrations to each other; (iii) a fiberwise Fourier-
Mukai transformation along fibers interchanges the symplectic (resp.
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complex) geometry on X with the complex (resp. symplectic) geometry
onY.

It roughly says that the mysterious duality is simply a Fourier trans-
formation! The quantum corrections coming from holomorphic curves are
higher Fourier modes.

A brief reasoning behind SYZ is as follows: From physical considera-
tions, B-branes are complex submanifolds, or more generally derived equiv-
alent classes of complexes of coherent sheaves, and A-branes are special
Lagrangian submanifolds coupled with unitary flat bundles. As mirror sym-
metry should identify the complex geometry of Y with the symplectic geom-
etry of X, their moduli spaces of branes should be identified as well, at least
at LCSL where quantum corrections had been suppressed. Since any space
Y is always the moduli space of points which are complex submanifolds, Y
should also be the moduli space of certain A-branes in X. Furthermore the
underlying Lagrangian submanifolds L of these A-branes should cover X
everywhere once, just like what points in Y did. Since deformations of L are
parametrized by H' (L,R), we must have dim H' (L,R) =n and X should
admit a special Lagrangian torus fibration

T— X5 B.

When we consider the complex submanifold which is Y itself, the moduli
space is a single point and the corresponding A-brane in X would be a rigid
special Lagrangian in X. Since [, [Y]U[pt] = 1, this rigid special Lagrangian
submanifold should be a section to the above special Lagrangian fibration
on X.

Next, given any torus fiber T in X, its dual torus T™ parametrizes flat
U (1)-bundles over T', namely A-branes in X with support 7. Under mirror
symmetry, this 7™ also parametrizes corresponding B-branes in Y, which are
points in Y. Thus 7™ is a subspace in Y and therefore Y also has a torus
fibration by such T™’s.

T —-Y 5 B*.

One can further argue that these two are dual special Lagrangian torus
fibrations.

Besides giving dual fibrations on mirror manifolds X and Y, we have
a transformation between special Lagrangian fibers in X with zero dimen-
sional complex submanifolds in Y, namely points. This is a special case of a
fiberwise Fourier-Mukai transformation. For more general special Lagrangian
submanifolds in X, say a section to the above fibration, then the intersec-
tion point of it with any fiber 7" would determine a flat U (1) connection
on T* because (T*)* =T. By patching them for various fibers T, we obtain
a U (1) connection on the whole manifold Y. One expects that this deter-
mines a holomorphic line bundle on Y which is the mirror to the section
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in X. This was verified in [101] in the semiflat case. We call this transfor-
mation between the symplectic geometry of X and the complex geometry
of Y the SYZ mirror transformation.

The SYZ transformation was generalized to the mirror symmetry for
local Calabi-Yau manifolds by Leung-Vafa [97]. In [66], Hori-Vafa gave a
physical proof of the mirror symmetry using the SYZ proposal.

Special Lagrangian fibrations. It is difficult to find special Lagrangian
fibrations on compact Calabi-Yau manifolds as we do not know their met-
rics well. For noncompact Calabi-Yau manifolds, there are examples with
explicit Calabi-Yau metrics. Most of these examples also admit explicit spe-
cial Lagrangian fibrations. For instance,

7:C3 - R3
7 (21,20, 20) = (|21 = 2af? 22 = |28l Tm 212023

is a special Lagrangian fibration on C? with generic fibers 72 x R topologi-
cally.

In the following, we explain how we expect special Lagrangian fibrations
should appear for hypersurfaces. Suppose that M is a degree n + 2 CY
hypersurface in CP"+!

M ={f(20,21,---,2n+1) =0}.

The most singular one is given by the union of coordinate hyperplanes,
namely

My = {z0z1 cZpgl = 0} C CP"+1.
For the family of Calabi-Yau manifolds M; defined by

f (20,21,  2ng1) + 12021+ 21 =0,

the limit as ¢ goes to infinity is called the large complex structure limit
(abbrev. LCSL). It can be characterized in terms of the period and it is
also called the maximal unipotent monodromy limit [29]. Notice that the
smooth part Mo\ Sing (Ms) is a union of (C*)" = T™ x R™ and one expects
that these T"-fibration can be perturbed and extended to give a special
Lagrangian fibration on M; for t large. Without the special condition, this
approach was carried out by Gross, Mikhalkin, Ruan and Zharkov. However
the question of whether one can make the Lagrangian fibrations on X special
is a much more delicate question as we do not understand the behavior of the
Calabi-Yau metrics, whose existences are asserted by the celebrated theorem
of Yau [137].

This approach can be generalized to Calabi-Yau hypersurfaces X in any
Fano toric variety Pa. Furthermore, their mirror manifolds Y are Calabi-Yau
hypersurfaces in another Fano toric variety Py whose defining polytope is
the polar dual to A. Thus we can see that the Lagrangian fibration structures
on X and Y should be given by dual tori, at least away from singular fibers.
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The situation is quite different for Calabi-Yau twofolds, namely K3 sur-
faces, or more generally for hyperkéhler manifolds. In this case, the Calabi-
Yau metric on X is Kéhler with respect to three complex structures I, J and
K. When X admits a J-holomorphic Lagrangian fibration, then this fibra-
tion is a special Lagrangian fibration with respect to the K&ahler metric
wr, as well as wg. Furthermore, SYZ also predicts that mirror symmetry is
merely a twistor rotation from I to K in this case. For K3 surfaces, there are
plenty of elliptic fibrations and they are automatically complex Lagrangian
fibrations because of their low dimension. Furthermore Gross-Wilson [57]
described the Calabi-Yau metrics for generic elliptic K3 surfaces by using
the singular perturbation method. They used model metrics which were con-
structed by Greene, Shapere, Vafa and Yau [51] away from singular fibers
and by Ooguri-Vafa [111] near singular fibers.

Recall that the base space B of any compact Lagrangian fibration

T—-X5B,

admits a canonical integral affine structure, possibly with singularities. This
affine structure will dictate the Calabi-Yau geometry at the large complex
structure limit.

Outside the preimage of the singular set of B, the total space X is
given by the quotient of the cotangent bundle T*B by a lattice subbundle
symplectically. In order to understand the A-model on X, we need to be
able to describe rational curves and holomorphic disks on X in terms of the
affine structure on B. There has been much progress on this by the work
of Fukaya, Kontsevich-Soibelman, Siebert-Gross and others. Here tropical
geometry plays an important role.

The tangent bundle T'B of any affine manifold B admits a canonical
complex structure away from its singularities. Kontsevich and Soibelman
[77], Gross and Siebert [55] described how to deform this complex struc-
ture at the large complex structure limit to nearby complex structures.
Recall that the physical calculations of Candelas et al [29] showed that the
variation of their Hodge structures should determine the Gromov-Witten
invariants of rational curves of the mirror manifold. This important formula
was later proven by Givental, Lian, Liu and Yau via a clever computa-
tion of Gromov-Witten invariants using localization method. The above
program will eventually give a mathematical explanation of this pheno-
menon.

Ezxplicit SYZ mirror transformation. Leung-Yau-Zaslow [101], [94] used
the SYZ transformation to verify various correspondences between symplec-
tic geometry and complex geometry between semi-flat Calabi-Yau mani-
folds. In this situation, there is no quantum corrections from instantons,
namely rational curves or holomorphic disks. To include quantum correc-
tions in the SYZ transformation for Calabi-Yau manifolds is a much more
difficult problem. However in the Fano case, there are recent results on
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applying the SYZ transformation with quantum corrections by Auroux [8],
Chan-Leung [31][32].

In order to understand the mirror transformation, we look at the simplest
example, namely C". If we view C™ as a tangent bundle over B = R",

M=TB
then it has a canonical complex structure with holomorphic volume form
Qar=dz' Ad22 Ao A d2".
If we view C™ as a cotangent bundle of B = R",
W=T*B
then it has a canonical symplectic form
ww = dej A dy;.

Every linear subspace P in B determines a complex subspace TP in M
as well as a Lagrangian subspace N, /B in W. They are fiberwise dual to
each other with respect to the natural projections of TB and T*B to B.
Any Lagrangian section L in W is the graph of a closed one form 7 on B.
Let Dao=d + ia be a flat U (1)-connection over L, then dg =0 + ia + 3
defines a new holomorphic structure on the topologically trivial complex line
bundle over M. These are the simplest Fourier-Mukai transformations, or
the mirror transformations.

Any Riemannian metric g on B =2 R"” induces compatible Riemannian
metric gps and gy on (co)tangent bundles M and W. Suppose g is a Hessian
metric, i.e. there is a convex function ¢ : B — R such that

_ 9%
957 paidw;

Then gy is a CY metric on M =T B if and only if ¢ satisfies the real Monge-

Ampere equation
0%¢
det —— | =1
¢ <8xZ8x3>

On the other hand, gy is a CY metric on W =T*B if and only if the
Legendre transformations 1 of ¢ satisfies the real Monge-Ampere equation

0?1
det <a$181‘]> =1

We recall that the Legendre transformation of a convex function ¢: B — R
is another convex function ¢ : B* — R satisfying

o+=)
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where the dual affine spaces B and B* are identified under the map

B — B*
ny _ 00
.1:](3}'17,%):%

From above discussions, it is not surprising that the mirror symmetry
transformation should be a fiberwise FM transform coupled with a Legendre
transform along base directions.

In simple situations, namely semi-flat CY manifolds [101][94], or Fano
toric manifolds [32], explicit mirror transformations can be constructed to
explain various dualities between complex and symplectic geometries. How-
ever, the general situation is still far from having a complete understanding,
despite recent progress by Gross-Siebert [56].

6.4. K3 surfaces.

K3 surfaces as one dimension H-manifolds. In this section, we study
two dimensional Calabi-Yau manifolds M in greater details. Since SU (2) =
Sp (1), a Calabi-Yau surface is the same as an one H-dimensional hyperkéhler
manifold (section 10). This is similar to the fact that every oriented surface
is a complex curve because of the isomorphism SO (2) = U (1). The volume
form on a Riemann surface is always a (K&hler) symplectic form. Simi-
larly, the holomorphic volume form Q; € Q29 (M) on a Calabi-Yau surface
is always a holomorphic symplectic form. We decompose 2 into real and
imaginary parts,

Q J =Wy — W K
and we define I and K by
wr (u,v) =g {u,v) and wg (u,v)=g(Ku,v).

Then just like the original complex structure J on M, both I and K are
orthogonal complex structures on M with Kéahler forms w; and wg respec-
tively. Furthermore they satisfy the Hamilton relation

P=7=K?>=1JK = —id.

This gives an explicit description of the H-structure on any Calabi-Yau sur-
face. See section 11.1 for more discussions on hyperkahler manifolds.

There are only two classes of compact Calabi-Yau surfaces, namely com-
plex tori C2/A and K3 surfaces.

A K3 surface is a simply connected Kéhler surface M with ¢; (M) =0.
Siu and Todorov proved that the Kahlerian property of M is automatic. The
cohomology group H? (M,7) together with the quadratic form ¢y given by
the intersection product is isomorphic to

Lis=(-FEs) ®(—FEs) ® <(1) (1)> ® <§J (1)> ® <(1] (1)>
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where Fjg is the Cartan matrix for the exceptional Lie group Fg. In partic-
ular, gy has signature (3,19).

Every smooth quartic surface in CP? is a K3 surface. Also, given any
complex torus A = C?/A, then A/Zs has 16 ordinary double points. By
blowing them up, we obtain a K3 surface. A particular nice class of K3
surfaces M are elliptic K3 surfaces with sections.

Moduli of K3 surfaces. The moduli space of complex structures on K3
surfaces can be described in terms of the period map 7. Given a K3 surface
M with holomorphic symplectic form €7, the span of [Re Q] and [Im Q] in
H? (M, R) defines an element, called the period 7, in the period domain D,

D =S07(3,19)/50(2) x SO(1,19).

Here we have fixed an isomorphism between H? (M, Z) with a fixed lattice
Lgs. It is a nontrivial fact that the period map is a global isomorphism,
called the global Torelli theorem for K3 surfaces.

If we restrict to K3 surfaces which are projective, then the moduli space
of marked projective K3 surfaces is

SO*(2,k)/SO(2) x SO(k),

with 1 <k < 18 depending on the rank of H? (M,Z) N H%' (M). This is a
Hermitian symmetric space of type IV. Note that every K3 surface can be
deformed to a projective surface.

Every Einstein metric g on M is automatically Kéahler by observations
of Hitchin and Todorov. Therefore it determines a S2-family of complex
structures on M. The analog of the period map for Einstein metrics on
M associates to each Einstein metric g the span of |wy], [wy] and [wg] in
H? (M, R), which coincides with H2 (M) the space of self-dual harmonic two
forms on M. Thus the moduli space of marked (orbifold) Einstein metrics
on M with unit volume is

SO1(3,19)/S0(3) x SO(19).

If we allow the volume of M to vary, then this adds a R -factor to the
above moduli space. From physical motivations, we also consider B-fields
which are elements in H? (M, U (1)). Then this extended moduli space [2]
is isomorphic to

SO™* (3,19)

SO+ (4,20)
R, x H?(M,R) ~ ’
S0 (3) % S0 (19) < R+ ¥ H (MR)

=50 (4) x SO (20)°

The above isomorphism is defined as follows: The lattice of the total coho-
mology is

H* (X,Z) ~(—Eg) ® (—E3) ® <(1) é) ® ((1) (1)> ® <? (1)> @ (? é)
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and it has signature (4, 20). Given any (H,v, B) we associate to it a space-
like 4-dimensional space in H* (M, R) spanned by « — ¢ (x, B) [M] with z €
H,, together with 1+ B+ (v — 3¢ (B)) [M].

There are conjectural dualities between the geometry, or more precisely
the physics, of K3 surfaces and flat tori 7¢ coupled with flat Eg x Eg-bundles
for small d. Recall that the moduli space of flat tori is

SO*(d,d)/SO(d) x SO(d).

When d equals 2 (resp. 3 and 4), the corresponding structures on K3 surfaces
for this duality are algebraic elliptic K3 surfaces with sections (resp. Einstein
metrics and Einstein metrics with B-fields).

Bundles over K3 surfaces. For any vector bundle E over a K3 surface
M with a fixed complex structure .J, the integrability condition Fg’Q =0 for
a connection D4 to define a holomorphic structure on E is equivalent to
FyNQjy; =0 where Qj; =w; —iwg. Note that Fg’2 = Fjp Awy =0 is identical
to the ASD equation FX =0 and this system of equations is equivalent to
Fg’z =0 with respect to I, J and K, i.e. a tri-holomorphic bundle. This is
also the same as the following system of equations,

Fahwi=FsANwj=FsANwg =0.

Recall that F4 Aw s is the moment map for a gauge group action on the space
of unitary connections on E. Therefore, the moduli space M43 of ASD
connections, or polystable bundles, on M can be regarded as a hyperkdahler
quotient A(FE) ///G (E). In particular, it is a hyperké&hler manifold (section
11), but not necessarily compact.

Using the algebraic geometry approach, Mukai [109] showed that the
moduli space of polystable coherent sheaves on M admits a canonical holo-
morphic symplectic form. Examples of such include the Hilbert scheme of
n-points in M and the universal compactified Jacobians of curves in M.

Holomorphic curves vs special Lagrangians in K3. Given any real surface
C in M, it is a J-holomorphic curve if and only if Q;|c =0, i.e. C is a
J-complex Lagrangian submanifold in (M, ;). In particular, the normal
bundle of C is isomorphic to the cotangent bundle of C'. For instance, every
rational curve in M is a (—2)-curve in the sense that the degree of the normal
bundle is —2. Since Q; =w; — iwg, C is a Lagrangian submanifold in M
with respect to both the symplectic forms w; and wg. Of course, this is also
equivalent to

wirlc=0 and ImQg|c=0,

i.e. C' is a special Lagrangian submanifold in the Calabi-Yau surface
(M, K,wgk, Q). Therefore, if (M, J) has an elliptic fibration with section,
then the same fibration is a special Lagrangian fibration with section on
(M, K,WK,QK) .

In an elliptic fibration with section on a K3 surface M, the section S is
always a smooth rational curve, i.e. CP!. In the generic case, singular fibers
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are nodal rational curves with one node. The total number of singular fibers
is 24. This is because the Euler characteristic e (M) = 24 and smooth elliptic
fibers have zero Euler characteristic.

Yau-Zaslow formula. Motivated from physical considerations, Yau-
Zaslow [138] found an amazing formula for the number of rational curves on
K3 surfaces in terms of a quasi-modular form. This conjectural formula was
generalized by Gottsche [49] to arbitrary genus (and arbitrary projective sur-
face): Suppose C' is a holomorphic curve in M representing a cohomology
class [C] with ¢ (C) =2d — 2 and its divisibility, or index, as r. If C' is a
smooth curve, then d is equal to the genus of C' and also to the dimension
of the linear system of C'. If we denote the number of genus g curves in X
representing [C] as N, (d,r). Then the Gottsche-Yau-Zaslow formula says
that

g

> Ny (d,r)q'= ik Y od| gt < ! >24
g\a,7)q q H 1—od

d>0 k=1 \ dlk a>1 q

(&%) 5

where G2 (¢) is the Eisenstein series. Notice that a generic Kahler K3 sur-
face has no curve at all. Using the family Gromov-Witten invariants for the
twistor family of complex structures on M, Bryan-Leung [19][20] gives a
well-defined definition of N, (d, f). When [C] is a primitive class, i.e. r =1,
this formula was proved in [19] and when g = 0, i.e. the original YZ conjec-
ture, it was proved by Klemm-Maulik-Pandharipande-Scheidegger [74].

7. Calabi-Yau 3-folds

Calabi-Yau manifolds M of complex dimension 3 have particularly rich
geometry. It is related to the fact that M x S! is a Go-manifold and their
geometries are governed by the largest normed division algebra, namely
the octonion @ (see section 10). Physically this is also the most important
dimension in superstring theory.

7.1. Moduli of CY threefolds. When M is a Calabi-Yau threefold
with a fixed holomorphic volume form 2, there are natural cubic forms
defined on H' (M, T};) and H' (M, Tyy), called the A-Yukawa coupling Ya
and the B-Yukawa coupling Vp defined as follows: Recall that every element
¢ H' (M, T;;) = H! (M) can be represented by an (1,1)-form, then

3
Ya:QH' (M, Ty) —C

Va (91,09, 03) = /M O1 N\ g N 3.
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If we represent n; € H' (M, Tys) by an element in Q%! (M, T)), then wedging
them together and contracting with Q gives (1 Any Anz)Q € Q03 (M).
Then

3
Ve:QH (M, Ty) - C
VB (M1,m2,M3) = /M QA (01 Amg Ams) Q.

The moduli space M.y, of complex structures on Calabi-Yau 3-folds is
a projective special Kdhler manifold, as first observed by Bryant-Griffiths
[25] (see also [43]). If we include the choice of a holomorphic volume form
on M, then this extended moduli space My, is a C*-bundle over M., and
it is a special Kahler manifold.

Let us recall the definition of special Kéahler manifold. For any Kahler
manifold, its Kéhler form is locally determined by a real valued function
¢, called the Kdhler potential, i.e. w=i00¢ (z,%), while for special Kéhler
manifold, it is determined by a holomorphic function F (z), called the pre-

potential, which satisfies
1 oOF _;
=—1 7"
¢ g <821z ) ’

for suitable holomorphic coordinates z’s. From an intrinsic point of view, a
Kéhler manifold (M, w) with a torsion free flat symplectic connection V is
a special Kahler manifold if V A J = 0. Such a manifold has a local holomor-
phic function F, called the prepotential, which governs the special Kahler
geometry. In terms of a suitable dual holomorphic Darboux coordinates z’s
and w’s, we have

OF
wj = 55
for all 5. When X is a special Kdhler manifold, its cotangent bundle M =
T™X admits a natural hyperkahler structure.

To define this structure on M.y, we note that the tangent space at [M] €
Mepz (resp. [(M, Q)] Eﬂcpw) is naturally identified with H' (M, Ty) =
H?' (M) (resp. H>% (M) @ H?*' (M)). Notice that the Poincaré pairing on
the complex vector space H® (M, C) defines a holomorphic symplectic form
and such that H*? (M) @ H*! (M) is a complex Lagrangian subspace in
it. We choose a symplectic basis A%’s, B;’s for the middle homology group
Hs (M, Z) modulo torsion, i.e.

A'NA =0=B;NB; and A'NB;=7’

z":/ Q
Al

Then
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defines a local holomorphic coordinate system on Mcpx. Similarly

wi:/ Q
B.

7

define another such coordinate and it is related to z%’s by a holomorphic
Legendre transformation, i.e. there exists a local holomorphic function F (z’)

such that
oF

9

This gives the prepotential function on Mvcpm.

W;

In terms of this coordinate z%’s on Mpz, one has
Vg =V3F.

Such structures determine a so-called Frobenius manifold structure on Mcpx.

In general, the cotangent bundle of any special Kédhler manifold admits a
canonical hyperkéhler structure. In our situation, the fibers of the cotangent
bundle of M, can be identified as the universal covering of the intermediate
Jacobian J (M),

J (M) =H?(M,Z)\H* (M,C) / (H*® (M) & H>' (M)).

Therefore H3 (M, Z) \T* M p is the universal intermediate Jacobian J“
for Calabi-Yau threefolds. It admits a hyperkahler structure with a complex
Lagrangian fibration over the extended moduli space of Calabi-Yau three-
folds, -

T jum'v _ Mcpx-

We remark that the second fundamental form of a Lagrangian sub-
manifold L is always a symmetric cubic tensor in I' (L,Sym3T E) For a
Lagrangian fibration, if we integrate the second fundamental forms for fibers,
then we obtain a cubic tensor on the base of the fibration. For our complex
Lagrangian fibration J%""" — My, this cubic tensor is nothing but the
B-Yukawa coupling Vg.

7.2. Curves and surfaces in Calabi-Yau threefolds. A real codi-
mension two submanifold S in M is a complex surface if and only if Q|g = 0.
Given any complex surface S in M, its normal bundle Ng/; equals to the
canonical line bundle Kg of S. When S is a del Pezzo surface, for instance
CP?, N s/n 1s negative and therefore S can be contracted to a point. We call
Kg a local Calabi- Yau manifold. When S is a Calabi-Yau surface, i.e. a K3
surface or an Abelian surface, then Ng/y, is trivial and S can be deformed
and gives a complex surface fibration structure on M. Similarly when C is
an elliptic curve, it often happens that C is a fiber of an elliptic fibration on
M. There has been much studies on elliptic Calabi-Yau threefolds, includ-
ing the geometry of its Kéhler cone by Wilson, stable bundles over them by
Donagi, Friedman, Morgan and others.
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Flops, smoothing and extremal transitions. When C' is a smooth rational
curve in M, then

Nejyr 20 (—=d) @ O (d — 2)

for some integer d. In the generic situation with Ng/p =0 (-1) @ O (-1)
negative, C' is called an (—1, —1)-curve, then C can be contracted to a ratio-
nal double point, i.e. locally given by

{z%+z§+z§+zi:0}c(€4.

There is another small resolution of this rational double point and gives
another (—1,—1)-curve C’ as the exceptional set. This birational transfor-
mation is called a simple flop. Suppose M’ is obtained by flopping C' in M,
the cohomology rings of M and M’ are different, in particular the topol-
ogy of M changes under flops. Nevertheless, if we consider the quantum
product by including contributions from genus zero GW invariants to the
classical cup product, then the quantum cohomology ring of M and M’ are
the same [86]. In general, we expect that the quantum geometries, or the
string theories, of M and M’ are the same.

We could also consider the smoothing of the rational double point by
deforming the complex structure to

{4+ 25 +25+27=t}CC,

for small non-zero t. Topologically, this process replaces the singular point
by a (Lagrangian) S, which is given by {z% + 22422422 = t} N R* when
t > 0. This is called a vanishing cycle for the isolated singular point. Indeed
this is the mirror to the blowing up process which replaces the singular
point by a (holomorphic) S22 CP!. The process of contracting a (—1, —1)-
curve followed by a smoothing is called an extremal transition. The mirror
symmetry conjecture has predicted several surprising consequences for such
transitions, including a formula relating open GW invariants on O (—1) &
O (—1) over S? with the Chern-Simons theory on S3.

Thus the rational double point can be resolved in three different ways.
One by smoothing (with a S3 vanishing cycle) and two by blowing up (with
a S? exceptional cycle). When we view these from the Go perspectives, all
three look the same and they are related by a triality symmetry (section 8.5).

G W-invariants and multiple cover formula for CY?. For any Calabi-Yau
3-fold M, the moduli space of genus g holomorphic curves C' in M always has
expected dimension zero. Thus we denote the GW-invariant which counts
the number of genus g curves in M representing a class § € Hy (M,Z) as
Nf (M). Notice that GW-invariants count the number of stable maps from
genus g curves to M and every curve C' C M representing 3 € Hy (M, 7Z) will
contribute to the GW-invariant for the class dg because of a degree d stable
map f: ¥ — M could multiply cover its image f (X) = C. Such contributions
to the GW-invariants should be subtracted in order to count the number of
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curves in M. The multiple cover formulas tell us how each curve in the class
0 contributes to the GW-invariant for the class d3. In the genus zero case,
the contribution is d= when C'is an (—1, —1)-curve. There are also multiple
cover formula for other contractible curves [17].

Superpotential for curves. Dimension being three plays a special role
here as holomorphic curves are critical points of the following Chern-Simons
type functional ® among real surfaces ¥ in M,

@(E)Z/BQ

where Q € Q30 (M) is the holomorphic volume form on M and B is a real
three dimensional singular chain in M with B = 3 — ¥ for any fixed back-
ground surface Y in M. -

Thus the universal moduli space MYV of curves in Calabi-Yau 3-folds
is expected to be a generic finite cover of ./\A/(/Cpx. We recall the universal
Abel-Jacobi map

AJ Mvuniv N juniv‘

curve

To explain it, we fix a background Cy and for any holomorphic curve C' in
M homologous to Cy we define AJ (C) € H3 (M, Z)\H?3 (M,C) /(H>° (M)
@ H?>!' (M)) by evaluating it on any cohomology class n € H3 (M,C) as
follows,

AT (C) ] = /B "

where B is any singular chain in M with 0B = C' — Cp. The map AJ defines
a complex Lagrangian subspace in J""" [121]. Locally, it is given by the
graph of an exact holomorphic one form d® on Mg,,, where

. A quniv
P Mcurve —C

o (M,C)= / Q.
B
This is called the superpotential in the physics literature.
Gopakumar-Vafa conjecture. A holomorphic curve C' C M coupled with
a holomorphic line bundle L over C' is called a BPS state in string theory.
The moduli space M ppg (M) of such pairs (C, L) carries a forgetful map to
the moduli space of curve in M,

FIMBPS (M) _>Mcu7‘ve (M) .

One would like to find a good compactification of Mppg (M). For K3 sur-
faces, Yau and Zaslow [138] studied this space and derived an amazing
formula for the generating functions of the number of rational curves in K3
surfaces, the Yau-Zaslow formula. From physical considerations, Gopaku-
mar and Vafa [48] conjectured that the cohomology group H* (HB ps (M ))
should admits an sl (2,R) x sl (2,R)-action and suitable combinations of
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its multiplicities are called the BPS number denoted ng (M) € Z and they
determine Gromov-Witten invariants of M of every genus explicitly by the
following formula,

_ 1 o ku\ %2
Z Ngﬁ (M) w2920 = Z ng (M) Z z <2 sin 2) q°

g>0 g>0 k>0
BEH2(M,Z) BeH2(M,Z)

where Ngﬁ (M) is the GW-invariant and ng (M) is the BPS number.

7.3. Donaldson-Thomas bundles over Calabi-Yau threefolds.
Holomorphic bundles E over a Calabi-Yau threefold M is another type of
BPS states in string theory. Recall that a connection D4 defines a holo-
morphic structure on E if and only if (F,4)*? = 0. Similar to the special fea-
ture of flatness F4 = 0 on three manifolds, (F4)%? = 0 is the Euler-Lagrange

equation for the holomorphic Chern-Simons functional C'Sy,,; on Calabi- Yau
threefolds M,

CShol(DA):/ QANTr (A/\dA—i-;A/\A/\A),
M

where Dy = Dy, + A for some fixed background connection D 4,. Equiva-
lently,

CShol (DA) :/ Q/\TTF%,
Mx10,1]

with Dz a connection over M x [0, 1] extending D4, and D4 on its bound-
aries. This is similar to the functional ® for real surfaces in M. We can

univ

therefore have an analog of the Abel-Jacobi map AJyg : M3 — T univ on
the universal moduli space }jc’l‘lw of holomorphic bundle over Calabi-Yau

3-folds and it is an Lagrangian with superpotential given by
By : M — C

@(M,DA):/ QATrFs.
M x[0,1]

Indeed, this is a special case of the special geometry of cycles in Ge-manifolds
[73] (section 8).

For Calabi-Yau threefolds M, using techniques from algebraic geometry,
Donaldson and Thomas [40] define a count DTy for the number of stable
holomorphic bundles over M which is invariant under deformations of com-
plex structures on M. Indeed one can allow E to be singular as well, namely
a coherent sheaf on M. For example every holomorphic curve C in M defines
an ideal sheaf Zo on M which is automatically stable and the corresponding
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Donaldson-Thomas invariants DTj; are conjectured by Maulik-Nekrasov-
Okounkov-Pandharipande [107] to be related to GW-invariants by

Zpr,s(q)

=7 U
oo )~ 20 (u)

after a change of coordinate e’ + ¢ =0. Here Zprs(q) =Y., Insq" and
Zaw,p (u) =3, Ny pu?9=2 It is proven that Zpro(q) is given by the
MacMahon function M (q) =[],~, (1 —¢")™".

Recently Pandharipande and Thomas [113] defined a related invariant
by counting stable pairs Oy — O¢ in the derived category D° (M) instead
of Z¢ and this has the effect of getting rid of the contributions of embedded
points in C to the DT-invariants. They are called the PT-invariants and
denote Zpr 5 (u). They conjectured the following relationship

Zpr(q)

=7 U
Zpro (q) Prs (4)

Pandharipande and Thomas formally defined BPS count ng in terms of
PT-invariants for irreducible curve classes.

7.4. Special Lagrangian submanifolds in CY?. An A-brane
(L,Dy) in a Calabi-Yau manifold M consists of a Lagrangian submanifold
L in M together with a flat U (1)-connection over L. In complex dimen-
sion three, A-branes are critical points of the following Chern-Simons type

functional
Ly
/ (w4 Fy)?
L

0
where (L;, Dy,) is a smooth path of A-branes connecting a background
(LO,DAO) to (Ll,DAl) = (L,DA).

The moduli space of A-branes has a natural symplectic structure and
admits a Hamiltonian action by the group of gauge transformation G =
c*> (M , S 1) of the flat line bundle over L. The corresponding moment map
1 is given by

p(L,Dg)=ImQ|.

Therefore the symplectic quotient is the moduli space of special Lagrangian
submanifolds in M [119].

Because of these special properties in dimension three, one might expect
to be able to count the number of special Lagrangian spheres in Calabi-Yau
threefolds, as studied by Joyce [72] and other people.

7.5. Mirror symmetry for Calabi-Yau threefolds. General mirror
symmetry conjectures are expected to hold true for Calabi-Yau manifolds
of any dimension. The conjecture was originated from the studies of string
theory in which the Calabi-Yau manifolds always have complex dimension
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three. Indeed there are many mysterious dualities for the geometry/physics
of Calabi-Yau threefolds, which are not shared by Calabi-Yau manifolds of
higher dimensions. A reason that Calabi-Yau threefold geometry is much
richer is due to the fact that SU (3) C G2 = Aut (0). As a matter of fact,
many of these dualities comes from dualities/triality in Ga-geometry/physics
conjecturally.

We have explain that the complex geometry and the symplectic geome-
try for Calabi-Yau threefolds are expected to be unchanged under flops and
(mirror) transformed to each other under extremal transitions. This includes
the large N duality for Chern-Simons theory of knots in S2. Nekrasov argued
physically that the large N Chern-Simons theory on S® can also be described
in terms of the geometry of the moduli spaces of ASD connections on R*.
Very roughly speaking, the reason is as S® shrinks to a point in its cotangent
bundle and creates a conical singularity, the physics of the ten dimensional
spacetime T*S% x R* can be approximated by the physics of the base man-
ifold R%.

Atiyah-Witten [7] observed that both the O (—1,—1) bundle over 52
where ordinary flops take place and the cotangent bundle over S® where
extremal transitions take place are quotients of the spinor bundle over S3, a
seven dimensional Gp-manifold, by S in different ways. These different ways
are connected by Go triality flops. Thus when lifting to the Ga-geometry,
flops and extremal transitions are the same operation. Only when we quo-
tient it by S* to obtain Calabi-Yau manifolds, then we break the symmetry.
We expect that Gao-flops on S2 will preserve both the associative geometry
and the coassociative geometry on Ga-manifolds.

The closed string theory on M x R3! is conjecturally dual to the M-
theory on (31 x M ) x R3!. This led to the conjecture of Gopakumar-Vafa
[48] and eventually the many developments of counting curves in Calabi-Yau
threefolds, including the Donaldson-Thomas invariants, the Pandharipande-
Thomas invariants and their relationships with the Gopakumar-Vafa BPS-
invariants.

For the open string theory on X x R%*! with the boundaries of string
lying on a special Lagrangian submanifold L in M, the conjectural M-theory
dual is a Go-manifold X which admits a S*-fibration to M whose fibers over
L degenerate to points. For M-theory on more general Ga-manifolds X, the
conjectural duals are Calabi-Yau threefolds M coupled with Egx Eg-bundles,
as studied by Gukov-Yau-Zaslow [58].

Another link between Calabi-Yau threefolds and Go-manifolds comes
from the topological M-theory [33] in which the Hitchin volume functional
on the space of three forms is being quantized. The natural projectively
flat connection over the parameter space can be interpreted as the BCOV
anomaly equation [12] for Calabi-Yau threefolds. The BCOV theory was
originally arisen from studies of the Kodaira-Spencer theory of gravity and
their mirror symmetry between A- and B-models. The BCOV mirror conjec-
ture is a powerful tool to compute higher genus Gromov-Witten invariants
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for Calabi-Yau threefolds as their generating function is the partition func-
tion in A-model of this theory.

8. G-geometry

8.1. Go-manifolds. A seven dimensional Riemannian manifold (M, g)
is called a Ga-manifold if it has a parallel vector cross product (VCP) on its
tangent spaces.

Recall that a linear homomorphism J : R”™ — R™ is an orthogonal com-
plex structure if and only if it satisfies (i) JuLlwu and (ii) |Ju| = |u| for any
vector u. The only constraint is m being an even integer. Now we gener-
alize it to a bilinear homomorphism x : R™ ® R™ — R™ by requiring (i)
u x v perpendicular to both v and v and (ii) |u x v| equals the area of the
parallelogram spanned by u and v. Obviously the standard vector product,
or sometimes called the cross product, in R? is an example of such. One
way to express this product is by identifying R?® with ImH and defining
u X v =Im (u-v) with u- v the product of quaternions. The same formula
also defines a VCP on the imaginary octonions R” 22 Im Q. In fact these are
all VCPs [50].

The octonion product can also be recovered from the VCP, and thus
the group of isometries of R7 preserving x equals the group of algebra
automorphisms of @, which is the exceptional Lie group Go. Therefore Go-
manifolds do have holonomy groups Ga. Since SU (3) C G, the product of
any Calabi-Yau threefold with R is always a G-manifold. Like CY mani-
folds, G2-manifold always Einstein manifolds, i.e. Rc=0.

The analog of the Kéhler form w (u,v) =g (Ju,v) is the Ga-form Q €
Q3 (M) given by

Q(u,v,w) =g (u X v,w).
When M = X x R with X being a Calabi-Yau threefold with Kéhler form
wx and holomorphic volume form 2y, then we have

Q=ReQx —wx Adt.

Q is a three form analog of a symplectic form as for any z € M, Q, € A3T*M
lies in an open (positive) GL (7,R)-orbit. Unlike a symplectic form, the
metric g is determined by (2,

g (u,v)var = QA QA Q.

Furthermore, V€ =0 can be reduced to A2 =0. Thus a G-manifold can
be characterized as a seven dimensional manifold processing a harmonic
positive three form €.

Despite such simplifications, there is no general existence result for com-
pact Go-manifolds, analogous to Yau’s theorem for Calabi-Yau manifolds.
Using singular perturbation method to resolve singularities of 77 /T for cer-
tain finite group I'-action, Joyce [70] constructed the first nontrivial compact
examples. Explicit noncompact examples were constructed earlier by Bryant,
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Salamon and others by imposing symmetries to reduce the Ga-condition to
an ODE. This included total spaces of the spinor bundle S (83) over S3, the
self-dual two-form bundles A%r (54) and A%r ((CIP)Q).

Analogous to the (p, ¢)-decomposition for Kéhler manifolds, in the Go
setting, we have

Ql (M) =9

0% (M) =% @ 01
(M) =0 o 0 o Q3

and Q’; = Qg_k by the Hodge star operator *. These components correspond
to the irreducible decomposition of G acting on A*R7. Here the subscript
indicate the dimension of these irreducible components inside A*R”. We have

(i) A3 is spanned by Q, (i) A= AZ= A2 via T* ST 29 A27* and T+ 29
AT 5 A3T™, (iii) A2, corresponds to g C so(7) = A’R” and (iv) A3, =
Sym2R7 corresponds to deformations of the Gao-metrics with fixed volume.

8.2. Moduli of Gs-manifolds. Given any Gso-manifold M with Go-
form Q, we define a Ga- Yukawa coupling as follows

3
yQ:®H3 (M)—R
Ya (¢17¢27¢3):/*Q/\ ((}1 /\(;)2/\(%3>_|Q
where for any ¢, € Q0 (M), ¢, € Q' (M, Tyy) is defined by

1
Lvl/\vzd)i = LU1/\U2/\<;51-Q €Q (M)

for any vector vy and wvs. It satisfies
yQ(Q,Q,Q):yQ(Q):/m\Q:/Q/\*Q.

When M = X x S, then Vg is a combination of Y4 and Vg for the Calabi-
Yau threefold X.

Unless a compact Go-manifold is a metric product M = X x S* up to
a finite cover, the holonomy group is the full Go. Via Bochner argument,
we have H' (M) =0 and therefore H¥ (M) =0 for any k. Thus H? (M) =
H3} (M) @ Hj, (M) parametrizes infinitesimal deformations of Ga-metrics
on M.

If we fix a marking, i.e. an isomorphism from Hj (M,Z) /Tor to a fixed
lattice, then the moduli space MG2 of marked Go-structure on M is locally
isomorphic to H? (M) and given by

p:_/\;ig2 — H3 (M)
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If we restrict our attention to Mg, C Mg, consisting of those
Go-metrics with unit total volume, then up to a positive constant, the Weil-
Petersson metric is equal to Yo (€2, —,—), or V?Vq (Q). In particular, the
metric is of Hessian type. This is the real analog to the special Kahler struc-
ture on the moduli space of complex structures on Calabi-Yau threefolds.
Such a geometry is captured by the cubic form V3Yq (), which is nothing
but the Ga-Yukawa coupling Vq itself.

Similarly to the universal intermediate Jacobian in the Calabi-Yau three-
folds situation, we construct the bundle

Jcs — Ma,

whose fiber over (M, Q) is H* (M, S') [73]. Jg, has a natural Kahler struc-
ture in such a way that the above map is a Lagrangian fibration.

8.3. (Co-)associative geometry.

(Co-)associative submanifolds. The analog of the complex geometry
defined by J (resp. symplectic geometry defined by w) is the associative
geometry defined by x (resp. coassociative geometry defined by Q) on the
Gp-manifold M [84].

Since R™ admits a VCP only when m = 3 or 7, X-invariant submanifolds
in M must have dimension three and they are called associative submani-
folds, or instantons. They are calibrated by €2 and therefore absolute minimal
submanifolds in M. Infinitesimal deformations of associative submanifolds
are parametrized by twisted harmonic spinors and their deformations could
be obstructed.

The Gs-analog of Lagrangian submanifolds are coassociative submani-
folds in M, which are four dimensional submanifolds C' with Q|c = 0. They
are calibrated by %€, like special Lagrangian submanifolds. The normal
bundle N¢/y is isomorphic to the bundle A% (C) of self-dual two forms
on C'. Infinitesimal deformations of C' as coassociative submanifolds are
parametrized by harmonic self-dual two forms H? (C) and their deforma-
tions are always unobstructed. In particular, their moduli space M%*5 (M)
is smooth. Coassociative submanifolds are natural boundary conditions for
the free boundary value problem of associative submanifolds with nonempty
boundaries.

In the next section, we will explain that the theory of associative sub-
manifolds and coassociative submanifolds in Go-manifolds are special exam-
ples of instantons and branes in manifolds with VCP. We could also view
a Go-manifold M, or more precisely M x S', as an Q-oriented O-manifold
(see section 10). From this point of view, associative (resp. coassociative)
submanifolds are H-Lagrangian submanifolds of type I (resp. type II) in M.

When M = X x S!, a submanifold of the form ¥ x S! (resp. L x {p}) is an
associative submanifold in M if and only if 3 is a holomorphic curve (resp.
L is a special Lagrangian with phase zero) in the Calabi-Yau threefold X.
Similarly, a submanifold of the form L x S! (resp. C' x {p}) is a coassociative
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submanifold in M if and only if L is a special Lagrangian with phase 7/2
(resp. C'is a complex surface) in X.

Analogous to the roles that holomorphic disks play in the intersection
theory of Lagrangian submanifolds in symplectic manifolds, one should con-
sider associative submanifolds bounding the intersections of coassociative
submanifolds in the Gs-setting. This theory is also closely related to the
Seiberg-Witten theory of the coassociative submanifold C' [99].

Go-TFT. 1t is natural to couple (co-)associative submanifolds C' with
U (r)-connections on E over C. We consider the following Chern-Simons
type functional

CSG2 :Map(C,M) XA(C)—JR

CSe, (f1,Day) = / Trexp (f* (2 +#+Q) + Fa),
[0,1]xC

where f:[0,1] x C — M with f (¢,x) = f; (x) is an one parameter family of
maps joining f; with a background map fo. This map is invariant under

the natural action of the connected component of the large gauge group G
consisting of g: £ — F

E % E
! !
M % M

covering a diffeomorphism g of M and linear isomorphisms along fibers.
It fits into the following fiber bundle with fiber the usual group of gauge
transformations,

G — G — Diff(C)
When dim C' = 3,

1
CSG2 (fl, DA1) —/ *Q) + fTTFi.
0,1]xC 2

Critical points are (f1, Da,)’s with fi (C) as associative submanifold in M
and Dy, a flat connection over f;(C). Thus the moduli space of critical
points,

{dCSg, = 0} /G = M= (M)

is the moduli space of associative submanifolds coupled with flat bundles,
called associative cycles, or simply A-cycles in M.
When dim C' =4,

CSa, (f1.Da)= [ TrAFy.
[0,1]xC
Suppose that Dy, is a U (1)-connection, then the Euler-Lagrange equa-
tions is
Q|f1(C) =0 and FXl =0.
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Thus the moduli space of critical points,
{dCSg, =0} /G = M7V (M)

is the moduli space of coassociative submanifolds coupled with ASD bundles,
called coassociative cycles, or simply C-cycles in M.

Formally, the Witten-Morse theory for C'Sg, defines topological field
theories, called A-TFT and C-TFT for Ga-manifolds [91][39].

Moduli of A- and C-cycles. The moduli spaces MA=ee (M) and
ME=evele (M) process natural three forms, four forms and cubic tensors,
analogous to the Ga-forms and Yukawa couplings. When r = 1, the forgetting
maps to the moduli spaces of associative and coassociative submanifolds,

MA—cycle (M) — \Massoc (M) and
MCfcycle (M) —» Mcoass (M)
behave somewhat similar to an associative and coassociative fibrations

respectively [84].
We consider the universal moduli spaces of A- and C-cycles, i.e.

MAfcycle _ H MAfcycle (M) and

MGMGQ

MCfcycle — H MCfcycle (M) )
MG./\;lG2

There are analogs of the Abel-Jacobi maps to the universal Ga-intermediate
Jacobian,

Adg, : MA—eyele _, Ja, and
AJG’2 :MC—cycle _’sza

whose images give Lagrangian subspaces in the Kdhler manifold Jg,. Recall
that Jg, has a Lagrangian fibration over /\;IGQ. Locally, these Lagrangian
subspaces are graphs of exact one forms on MG2 and these functions are
Go-superpotentials as in the physics literatures.

8.4. (G2-Donaldson-Thomas bundles. Donaldson and Thomas gen-
eralized the ASD connections over oriented four manifolds and introduced
the DT-connections on vector bundles E over manifolds with holonomy
SU (3), G2 and Spin (7). In the Go-setting, the DT-equation for the curva-
ture Iy is

xFp+ FaNQ=0,

or equivalently,
Fan(+xQ)=0€ Q% (M, ad(E)).
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DT-connections are absolute minimizers of the Yang-Mills functional [ |F 2.
We can also rewrite the DT-equation as

Fac 03, (M, ad(E)).

Recall that g C s0(7) corresponds to the component A2, C A2, Globally
we have the infinitesimal frame bundle go (M) = A2,T5, C A2T},. Thus the
above equation is the same as

Fregy(M)®ad(E).

In this form, the Go-DT connections are special Q-connections over M from
the point of view of geometry over normed division algebra (section 10).

We could consider the previous Chern-Simons type functionals to this
setting,

CSc, : A(M) — R

CSa, (DAl):/ Trexp (f* (24 *Q) + Fa)
[0,1]x M

1 1
:/ Tr [«*QA=F% 4+ =F%|.
[0,1]x M 2 4!

The Euler-Lagrange equation is a perturbation of the G5-DT equation,
L3
FA/\*Q—FgFA:O.

The original G2-DT equation is the Fuler-Lagrangian equation for the func-
tional f[o 1ar A TrF3.

The moduli space MPT (M) of G5-DT connections over M has many
properties similar to those for moduli of (co-)associative cycles. For instance,
it has a natural three form, four form and a cubic tensor, similar to the Go-
forms and Yukawa couplings.

8.5. (Go-dualities, trialities and M-theory. The mystery of the
nonassociativity of @ is hidden in the triality and we expect that the full
symmetry for Go-geometry is a mirror triality.

GYZ duality. For mirror symmetry, mirror Calabi-Yau threefolds X and
Y admit dual special Lagrangian T3-fibrations. Furthermore, the mirror
transformation between the complex geometry and the symplectic geometry
is a certain generalization of the Fourier-Mukai transformation along these
T fibers. Gukov-Yau-Zaslow [58] argues physically that if we couple X with
a stable Eg x Eg-bundle, then its string theory is dual to the M-theory on a
Go-manifold M with a coassociative K3-fibration. On the fiber level, this is
the duality that we mentioned in section 6.4. However, it is not clear how to
transform the Calabi-Yau geometry on X to the Go-geometry on M. One is
also curious whether this is part of a triality symmetry among X, Y and M.
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Triality flops. When we resolve a rational double point singularity in a
Calabi-Yau threefold, we could either smooth it by deforming its complex
structure, thus producing a vanishing cycle S2, or we could blow it up,
i.e. deforming its symplectic structure, and producing an exceptional cycle
S2. The mirror symmetry for this extremal transition has produced many
exciting mathematics. Recall that there are two ways to blowup and they
are related by a simple flop. It is expected that the quantum symplectic
geometry is unchanged under a simple flop.

Atiyah-Witten [7] discovered that the extremal transition from S? to S®
and the flop between S?’s can be naturally unified from the Ga-perspectives.
Namely the Ga-singular cone C' (S3 x S 3) admits three different resolutions,
each of them is the spinor bundle Sgs over S% and they are related by triality
G-flops. Only when we quotient by S!, three different resolutions give 753,
Og2 (—1,—1), Og2 (—1,—1) and they are related by extremal transitions and
flop. Hence the dualities for Calabi-Yau threefolds become more symmetric
from the Ga-perspectives. It is natural to ask how the various Go-TFTs
behave under triality Ga-flops. For instance, it is interesting to ask whether
the skein relation for knot invariants is a consequence of the triality for the
associative geometry under a Go-flop.

In M-theory, physicists study the membrane theory on an eleven dimen-
sional spacetime R3! x M with M a Gy-manifold. M-theory reduces to the
superstring theory when M is the product of a Calabi-Yau threefold with
S1 whose size goes to zero. As we mentioned above, there are many duality
transformations in M-theory. We hope that they can be combined together
to form a mirror triality.

We remark that there is a similar story for eight dimensional Spin (7)-
manifolds, which is related to F-theory in physics. However we will not
further discuss it here.

9. Geometry of vector cross products

A Kahler structure on a Riemannian manifold (M, g) is a parallel Her-
mitian complex structure J : T, M — T, M. J being a linear Hermitian com-
plex structure is equivalent to

Ju L u and |Ju|=ul.
Similarly, a Ga-structure is a parallel product structure
X:ToMT, M —T,M

satisfying similar defining properties. Their corresponding symplectic 2-form
w and Go 3-form ) play important roles in these geometries. Another exam-
ple is the standard volume form on R? gives the wector product, or cross
product, v x v on R3. Such product structures coming from volume forms
and Kéhler forms have particularly nice properties and they are examples
of real vector cross products (abbrev. R-VCP) [85]. VCPs are classified and
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the remaining two are G2-VCP and Spin (7)-VCP. Manifolds with these
structures play important roles in string theory, M-theory and F-theory.
For C-VCP, there are only two of such and they come from holomorphic
volume forms and holomorphic symplectic forms. The corresponding Kéahler
manifolds are Calabi-Yau manifolds and hyperkdhler manifolds. Thus R-
VCP and C-VCP give a nice uniform description of special holonomies.

9.1. VCP manifolds.

Riemannian manifolds with VCP. The classical vector product, or cross
product, on R? satisfies the property that uxv is perpendicular to both u and
v and with length equal to the area of the parallelogram spanned by u and
v. The only such structure in higher dimension is the Ga-structure. A real
vector cross product is such a product structure but we allow the number
r of variables to be different from two. When r =1, this is a Hermitian
complex structure.

We define an r-fold vector cross product (R-VCP or simply VCP) on a
Euclidean space R™ to be a skew-symmetric multi-linear form

x:R"®. - - @R™ —=R™
which satisfies

(i) (ug x -+ xuy) Lu; for all i

(i) |ugp X - Xup| =[Jug A Auy.

Here ||-]| is the norm on r-forms.
Similar to the Kéhler form and the Ga-form, we define the VCP-form
Qe QL (R™) as follow

Q(Uly .oy Upy Upp1) = (U X oo X Upy Upp) -

The condition (i) for x ensures that 2 is skew-symmetric and condition (ii)
is equivalent to

ltuy bug - - L, 2] =1

for any orthonormal vectors u;’s.

It turns out that there are very few possibilities of such and they are
classified by Gray [50]: Any VCP-form must be one of the following: (1)
volume form, (2) symplectic form, (3) Go-form and (4) Spin (7)-form. Gs
and Spin (7) VCPs live in 7 and 8 dimensional spaces respectively and they
are both directly linked to the octonion Q. In terms of R” ~Im @ and R® ~ O
and octonion multiplications, we have, in the G2-case,

u X v=Imuv

QGQ _ dl,123 _ d:L'167 + dZL‘145 + dl‘257 + d:L‘246 _ dl‘356 + dl’347,
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and in the Spin (7)-case,
uXvxw=(u(vw) —w(vu)) /2
Qpin(r) = —dz' 3 — 4z — (dz?! 4 dz®) (da® + dz™)
— (dz®' + dz*?) (d2" + da®®) — (da*! + dz?®) (da® + d2¥7).

Here dz** means dz’ A dz/ A dz* and so on. Note that Go and Spin (7)
are the symmetry groups of the corresponding VCP-forms in R’ and R®
respectively.

A Riemannian manifold (M, g) with a VCP (resp. closed VCP and par-
allel VCP) [85] means that it has VCP x on each of its tangent space and
Q is a smooth form (resp. closed form and parallel form). For simplicity,
we usually call a Riemannian manifold with a parallel VCP simply a VCP-
manifold.

9.2. Instantons and branes. The closedness of € implies that (2 €
Q1 (M) is a calibrating form. A (r + 1)-dimensional submanifold C'in M is
calibrated by € if and only if it is preserved by x and they are called instan-
tons. For instance, when M is a Kéhler manifold, instantons are holomorphic
curves; when M is a Go-manifold, instantons are associative submanifolds;
when M is a Spin (7)-manifold, instantons are Cayley submanifolds.

The following characterization of an instanton is useful in studying the
deformation theory of instantons: First we denote the symmetry group of
x as G CO(m) and its Lie algebra as g C o(m)= A?V*. Over a VCP-
manifold M, by putting g for each tangent space V =T, M together, we
have a subbundle gy C AT 4~ We define a homomorphism

ATV S AZY

as the composition of the VCP of the last » components follows by the wedge
product, i.e.

T(ug Aug A+ Aup) =ug A (ug X -+ X up).

The image of 7 lies inside g, the orthogonal complement of the Lie algebra
of G. Over M, we have

reQrtt (M, gﬁ)

and C' is a instanton in M if and only if
Tlc=0e Q! (C, gﬁ) .

Using this, one can show that infinitesimal deformations of an instanton in
M are parametrized by twisted harmonic spinors on C.

The well-behaved free boundary condition for holomorphic curves C in a
Kahler manifold C'is by requiring the boundary 0C to lie inside a Lagrangian
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submanifold L C M. This notion generalizes to VCP-geometry. A submani-
fold L in M is called a brane if (i) Q| =0 and (ii) dimL = (n+r —1) /2.
Indeed this is the largest possible dimension among submanifolds L satis-
fying Q|7 = 0. Lagrangian submanifolds in Ké&hler manifolds, hypersurfaces
in volume manifolds and coassociative submanifolds in Gs-manifolds are
examples of branes. However, brane does not exist in any Spin (7)-manifold.

Suppose L is a brane in M, VCP determines a homomorphism from
AT}, to the normal bundle Ny, ;. Taking the adjoint of it, Ny, becomes
a subbundle of A"T} which is spanned by VCP-forms of degree r on L.
Infinitesimal deformations of a brane are parametrized by such degree r
closed VCP-forms on L and they all have unobstructed deformations. In
particular, the moduli space of branes in M is always smooth.

Thus the theory of VCP gives a unified approach to describe the geome-
tries of various important geometric objects in Ké&hler geometry, Go-
geometry and Spin (7)-geometry. The following table summarizes all these
structures.

VCP form |Volume form|Sympl. form |G-form Spin (7)-form
Instanton ||Domain Holo. curve |Assoc. submfd.|Cayley submfd.
Brane Hypersurface|Lagr. submfd.|Coass. submfd.|n/a

9.3. Symplectic geometry on higher dimensional knot spaces.
Symplectic forms are 1-fold VCP forms. Indeed the geometry of r-fold VCP
on M can be described in terms of the symplectic geometry of the infinite
dimensional knot space Kyx, (M) [83]. Here Ky, (M) is the set of all subman-
ifolds in M which are diffeomorphic to a fixed (r — 1)-dimensional space X,
that is g (M) = Mapemp (2, M) /Dif f (¥). Here Map (3, M) is the space
of all embeddings from a fixed (r — 1)-dimensional manifold ¥ to M. Via
transgression, any (r 4+ 1)-form  on M defines a 2 -form wx on Ky, (M), i.e.

wi (f) (X,Y) = /2 LE (XN f (1) S2-

It is clear that dwyx = 0 if and only if d2 = 0. The Riemannian metric on M
defines one on Ky, (M). One can show that Q is a ~-VCP form on M if and
only if wi is an 1-VCP form on Ky, (M), in particular a symplectic form.
Furthermore, a submanifold L in M is a brane if and only if Ky (L)
is a Lagrangian submanifold in Ky (M). Given a holomorphic curve D in
Ks (M), it is a family of submanifolds in M, i.e. there is a fiber bundle
> —=C — D and a map C' — M, then C is an instanton in M provided that
the curve satisfies a normality condition. Thus the geometry of VCP on
M is nothing but the symplectic geometry on Ky (M). For instance, one
would expect to have intersection theory of branes defined using instantons,
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similar to the intersection theory of Lagrangian submanifolds defined using
J-holomorphic discs.

This interpretation of VCP geometry in terms of symplectic geometry
on knot spaces is particularly fruitful for C-VCP.

9.4. C-VCP geometry.

Kahler manifolds with C-VCP. We can similarly define a r-fold complex
vector cross product (C-VCP) on a Hermitian vector space C™ [85]. More
precisely, a C-VCP form Q € Q"+19 (C™) must satisfy

|tuy bug -+ - 0, 2] =1

for any orthonormal complex vector wu;’s. There are only two C-VCPs,
namely it must be either (i) a complex volume form or (ii) a complex sym-
plectic form.

Suppose (M,w) is Kdhler manifold with a holomorphic form 2 defining
a C-VCP, then () is automatically parallel. As a result, a Kdhler manifold
with a holomorphic C-VCP must be either (i) a Calabi-Yau manifold or (ii)
a hyperkahler manifold.

Instantons. Since ) is a complex valued differential form, we have a
S1-family of calibrating forms. Namely for any real number 6, Re (er) isa
calibrating form and those submanifolds C' it calibrates are called instantons
with phase . Instantons can be characterized as those (r + 1)-dimensional
submanifolds C' in M satisfying

Im (ei9§2> lc =w|c=0.

When M is a Calabi-Yau manifold, then C is a special Lagrangian sub-
manifold with phase §. When M is a hyperkéhler manifold, then C is a
Jg-holomorphic curve where Jy = (cosf) I + (sinf) K.

N-branes and D-branes. There are two types of boundary conditions for
instantons: Neumann boundary condition and Dirichlet boundary condition.
The corresponding branes are called N-branes and D-branes. A N-brane is
a real (n 4+ r — 1)-dimensional submanifold L in M satisfying

Q| =0.
A D-brane is a middle dimensional submanifold L in M satisfying
w|r, =Re (er) L =0.

As in the real case, N-branes are biggest dimension submanifolds where the
restriction of {2 vanishes. This forces L to be a complex submanifold in M.

When M is a Calabi-Yau manifold, a N-brane (resp. D-brane) is a com-
plex hypersurface (resp. special Lagrangian submanifold with phase 0+ 7/2)
in M. Even though complex hypersurfaces and special Lagrangian submani-
folds seems to be very different from each other, both of them correspond to
complex Lagrangian submanifolds in the isotropic knot space Ky (M) of M
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(as will be explained below). The difference is they are complex Lagrangian
with respect to different complex structures in the twistor family of K, (M).

When M is a hyperkdhler manifold, a N-brane (resp. D-brane) is a
J-complex Lagrangian submanifold (resp. Jy . s2-complex Lagrangian sub-
manifold) in M. The deformation theory of instantons with boundaries lying
in N-branes and D-branes was studied by Schoen’s school. The following
table summarizes these structures.

C-VCP mfd. Calabi-Yau mfd. Hyperkéahler mfd.

Instanton SLag. w/ =0 J-holomorphic curve
D-brane Cpx. hypersurface J-cpx. Lagr. submfd.
N-brane SLag. w/ 0 =m/2 I-cpx. Lagr. submfd.

9.5. Hyperkahler geometry on isotropic knot spaces of CY.
Recall that the R-VCP geometry on M can be interpreted as the symplectic
geometry on Ky (M), the space of submanifolds in M, i.e.

Ks (M) = Mapemy, (5, M) /Dif f (3) .

We will simply write Map (2, M) for Mapeny (X, M). For C-VCP we should
complezify this picture and consider the quotient of Map (3, M) by the
complexification of Dif f (3), which does not exist! So one tries to replace
the complex quotient by the symplectic quotient: Suppose (M, g, J,w) is a
Kihler manifold with a C-VCP form Q€ Q"1 (M) . In order to induce
a symplectic form warqp on Map (X, M) from w on M, we need to fix a
background volume form vy on 3, then

rtap (F) (1, 0) = /E (fw) (u, ) vy

for any f e Map (X, M) and any w,v € TrMap (3, M) =T (3, f*Tar).
Since we have fixed a background volume form on 3, only volume pre-
serving diffeomorphisms of ¥ preserves wprqp. The moment map for the
Dif f (3, vy)-action on Map (3, M) is
w: Map (2, M) — QY (%) /dQ° (%)
w(f)=le

where f*w=da (section 6.2). In particular, u~!(0) consists of isotropic
embeddings of ¥ into M. However, the symplectic quotient

Map (2, M) //Dif f (£,vs) =pu~" (0) /Dif f (S, vs)
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is too big as we should take the symplectic quotient by the larger group
Diff (%) . In [83], a natural coisotropic foliation D on p~! (0) is constructed
and the quotient space

Ks (M) =pu~"(0)/Dif f (%)
is a natural substitute for the nonexisting symplectic quotient Map (3, M) //
Diff (%), called the isotropic knot space. Furthermore, Ky (M) admits
almost complex structures I, J and K satisfying the Hamilton relation and
a natural 1-fold C-VCP structure. However, in this infinite dimensional set-
ting, we only know that Ky, (M) is a holomorphic symplectic manifold, not
hyperkahler.

Thus we have constructed an infinite dimensional holomorphic sym-
plectic manifold Ky, (M) from any Calabi-Yau manifold M. Analogous to
the real situation, a normal Jy-holomorphic curve in Ks, (M), where Jy =
(cos@) I + (sinf) K, corresponds to an instanton, i.e. a special Lagrangian
submanifold with phase 6 in M.

More interestingly, (i) if L is a complex hypersurface (i.e. a N-brane) in
M, then Ky, (L) is a J-complex Lagrangian submanifold in Ky, (M) and (ii)
if L is a special Lagrangian submanifold with phase 6 + /2 (i.e. a D-brane
with phase 6), then Kx (L) is a Jo4x/2-complex Lagrangian submanifold
in Ky, (M). The reason that Ky, (L) also defines a complex Lagrangian in
Ks; (M) is because it is automatically sitting inside x = (0).

For quaternionic-Kéhler manifolds, i.e. Hol (M, g) C Sp(n) Sp (1), there
is no well-defined H-VCP structure because of the noncommutativity of
H. In summary, we have explained the source of reduction to every non-

symmetric Riemannian holonomy groups as M carrying different A-VCP
with A € {R, C, H}.

none r=n—1|r=1 r=2|r=3
R-VCP O (n) SO (n) U (n) Go Spin (7)
C-vCP U (n) SU (n) Sp (n)
H-VCP Sp(n)Sp(1)

10. Geometry over normed division algebras

10.1. Manifolds over normed algebras.

Normed division algebras. We have seen that Riemannian manifolds
(M, g) with special holonomy groups have various algebraic structures on
their tangent bundles T'M. It is not surprising that such structures are
related to normed algebras A. We recall that a real algebra A with a norm
||-]| is a normed algebra if it satisfies the obvious compatibility condition:

[labll = {lall [[6]
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for any a,b € A. Note that a normed algebra is always a division algebra.
It is a classical fact that R, C, H and O form the complete list of normed
division algebras. In this section, we will see that different holonomy groups
correspond to manifolds being defined over various A and whether it is
A-oriented or not.

Each tangent space of a Riemannian manifold (M,g) certainly has a
norm. If it also has an A-module structure, then it will reduce the holonomy
group of M. For instance, a Riemannian manifold with a parallel C-module
structure on its tangent spaces is a Kahler manifold. We can give a unified
way to describe all Riemannian holonomy groups and their geometries from
this point of view, even including Riemannian symmetric spaces (see section
13). There are many advantages to this. It helps us to discover new links
between different kinds of geometries and obtain new results. For example
the hard Lefschetz sl (2, R)-action for compact Kéhler manifolds can be nat-
urally generalized to all holonomy groups in [96] and the results of mean
curvature flow for Lagrangian submanifolds in Calabi-Yau manifolds was
generalized to hyperlagrangian submanifolds in the H case in [98]. We could
even include conformal geometry in the same arena with the help of Jordan
algebras (section 12).

The first issue is @-module does not make sense as Q is not an associative
algebra. Using Jordan algebras, one can resolve this problem as long as the
O-dimension is not more than three. In fact, we need to use this and its
extension via the magic square to describe exceptional symmetric spaces in
terms of two normed division algebras. For the time being, we will restrict
to the one dimensional case, i.e. O itself.

A-manifolds and A-orientations. Now we define a Riemannian A-
manifold M to be a Riemannian manifold with its holonomy group lies
inside the group Gy (n) of twisted isomorphisms of A™, which is defined as
follows: Suppose V is a normed linear A-module of rank n. A R-linear isom-
etry ¢ of V is called a twisted isomorphism if there exists # € SO (A) such
that

¢ (vx) = (v) 0 (2)

for any ve V and x € A. When A is R or C, 6 is necessarily the identity.
The reason of introducing 6 is because a H-structure is given by the twistor
S2-family of complex structures, rather than a particular choice of the triple
(I,J,K). We have the symmetry group Gy (n) is Sp(n)Sp(1). In the O
case, Go (1) is the exceptional holonomy group Spin (7).

Next we introduce the notion of an A-orientation for Riemannian
A-manifolds. Orientability requires the notion of determinant. In the com-
plex and quaternionic cases, dety corresponds to the projection to the second
component in U (n) =SU (n) x U (1) /Z,, and Sp(n) Sp (1) respectively. In
the octonion case, it is simply the octonion product because we only con-
sider the one dimensional case. Therefore a twisted isomorphism g € G (n)
is called special if dety (g) fixes 1 € A. That is g is an element in the isotropic
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subgroup of 1 in G4 (n), which we denote Hy (n) and the corresponding
manifolds are called special A-manifolds. They are given explicitly in the
following table:

A R C H @)
Ga(n) O (n) U(n) Sp(n) Sp(1) Spin (7)
Hy (n) SO (n) SU (n) Sp(n) G2

Their corresponding Riemannian geometries are as follows.

A R C H O

Ga (n) || Riemannian Kéhler Quaternionic-Kahler | Spin (7)

Hy (n) Volume Calabi-Yau Hyperkéhler Go

In the above definition, a Ga-manifold is a real eight dimensional mani-
fold. However its universal cover is a Riemannian product manifold M x R
with M a seven dimensional Gg-manifold as defined previously. This is
because G = Aut (0) fixes R C @ and therefore sits inside SO (7).

sup (1,1)g,,-action. When M is a Kéhler manifold, the hard Lefschetz
theorem says that there is a natural sls (R)-action on differential forms
Q* (M) and the cohomology group H* (M, R). Notice that sl (R) 2 su (1,1).
Indeed there is a super Lie algebra

su(1,1), =su(l,1)®C oR

sup
which acts on the space of differential forms Q* (M) extending the hard
Lefschetz action. Here C1! acts by the first order differential operators 0, 0,
0* and 0* and R acts by the second order differential operator, the Laplacian
A. Having such an action encompass (i) the hard Lefschetz action, (ii) first
order Kéhler identities and (iii) second order Ké&hler identities.

Suppose M is only an oriented Riemannian manifold, then Q* (M)
admits an so(1,1), =so(1,1) ® RY @ R where RV acts via d and d*
and R acts via A.

When M is a hyperkahler manifold, there is a similar action of

sup

sp(1, 1) =sp(1,1) 6 H & R
on Q* (M) encompassing all the hyperkéahler identities.

The existence of such actions can be explained via the geometry over
normed algebras point of view. The basic reason is the exterior algebra
A* (A™) can be naturally identified with the spinor representation for the vec-
tor space A™". Such actions have natural generalization to all (A-oriented)
A-manifolds [93].
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10.2. Gauge theory over (special) A-manifolds. When a Riemann-
ian manifold has special holonomy, there is usually a special kind of connec-
tions on bundles over them, for instance holomorphic bundles over Kéhler
manifolds and Donaldson-Thomas bundles over G- and Spin (7)-manifolds.
Using normed division algebras to describe different holonomy groups gives
us a particular nice unified way to describe all these different types of con-
nections.

If M is a (special) A-manifold, then the Lie algebra of its holonomy
group is (hy (n) C)ga (n) C so(m), where m and n are dimensions of M
over R and A respectively. This determines a subbundle in the bundle of
2-forms A*T 7+ denoted

hy (TM) cga (TM) C AQT]’\%.

Recall that the curvature F4 of a connection D4 on a bundle E is a ad (E)-
valued 2-form, Fy € A?T},;®ad (E) . On a (special) A-manifold M, it is natu-
ral to require F) to lie inside I' (M, ga (Ta) ® ad (E)) (resp. I'(M, hp (Ta) ®
ad (E))) and we call such a connection a (special) A-connection. Most of
them can be identified with well-known Yang-Mills connections as indicated
in the following table.

A-connections Special A-connections
C\lFy*=Fz"=0 Fp?=F"=AF =0

(Holomorphic bundles) (Hermitian Yang-Mills bdls.)
H|F € g (Tar) ® ad (E) FP?=FY=Fp*=0

(B-bundles) (ASD or hyperholomorphic bdls.)
OxFg+OAFg=0 FAO=0

(Spin (7)-Donaldson-Thomas bdls.)|(G2-Donaldson-Thomas bdls.)

10.3. A-submanifolds and (special) Lagrangian submanifolds.

A-submanifolds in A-manifolds. Complex submanifolds form an impor-
tant class of submanifolds in Kéhler manifolds. However there are very few
quaternionic submanifolds in a H-manifold as they are always totally geo-
desic submanifolds. And we have no O-submanifold as Go- and Spin (7)-
manifolds already have OQ-dimension one. However, the geometry of (special)
Lagrangian submanifolds in (special) A-manifolds is very rich.

(Special) A/2-Lagrangian submanifolds. When a symplectic vector space
(V,w) has a compatible complex structure .J, a Lagrangian subspace L in V'
gives an orthogonal decomposition V =L @& JL. When V is an A-module, it
has several compatible complex structures Jy, . .., Jo,_1 where r = dimg A /2
and therefore V' has several symplectic structure wq, . .., wo,_1. For example,
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when V =H", a subspace which is both w;- and wg-Lagrangian is auto-
matically J-linear and therefore a J-complex Lagrangian subspace. In gen-
eral, if L C A" is Lagrangian with respect to half of the symplectic forms,
say wi,...,wr, then it is Ji-linear for the remaining complex structures.
In particular, it is a (A/2)-module. Here we denote C/2 =R, H/2 =C and
0/2 =H. We call such a L a (A/2)-Lagrangian subspace in V. Globally on
M, this defines the notion of (A/2)-Lagrangian submanifolds in any Rie-
mannian A-manifold.

There is also a corresponding notion of orientability for such L, i.e. phase
angles are constant on L, which defines the class of special (A/2)-Lagrangian
submanifold and all of these are calibrated submanifolds. To describe the
phase angle concretely, we recall the Grassmannian of (A/2)-Lagrangian
subspaces in C" (resp. H" and Q) is U (n) /SO (n) (resp. Sp (n) Sp (1) /U (n)
U (1) and Spin (7) /Sp (1)%). There is phase angle map to S* (resp. 52/ +1
and S%) and the fiber over # consists of special (A /2)-Lagrangian subspaces
of phase angle #. Thus giving any (A /2)-Lagrangian submanifold L, there is
a phase angle map

0:L— S?
where d =dim A/2 and in the H-case it is well-defined up to the antipodal

map. L is special if this is the constant map.
We identify all the them in the following table.

A %—Lagrangian submfd. special %-Lagr. submfd.

C Lagrangian submfd. special Lagr. submfd.

H hyperlagrangian submfd. complex Lagrangian submfd.
O Cayley submfd. (co-)associative submfd.

When L is a Lagrangian submanifold in a Calabi-Yau manifold M, the
phase angle function 6 (z) satisfies

tpw =db (z),

where H is the mean curvature vector of L. This implies that Lagrangian
submanifolds in M, or more generally in a Ké&hler-Einstein manifold, are
invariant under the mean curvature flow. And the phase angle 0 (x) satisfies
the non-linear PDE

a0

ot
where A is the Laplacian operator with respect to the induced metric on L
which is changing it ¢t. It does not develop type I singularity. Furthermore,
if L is minimal, then it must be calibrated, namely a special Lagrangian
submanifold.

A6l
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Indeed, the same is true for A /2-Lagrangian submanifolds in any special
A-manifold in general. When A =@, Cayley submanifold is already cali-
brated and therefore the other interesting situation is for hyperlagrangian
submanifolds L in a hyperkédhler manifold M [98]. In this case, the phase
angle function 6 (x) : L — S?/ £ 1 has the following nice property: The tar-
get S? is the twistor family of complex structures on M and for any = € L,
the tangent space T, L C T, M is complex linear with respect to the complex
structure Jy(,). We also have

LHQJG(Z) = 69,

and 6 (x) satisfies the harmonic map flow. These can be used to show that
the mean curvature flow preserves the hyperlagrangian property and type I
singularity does not appear, just as what happens in the Calabi-Yau case.

11. Quaternion geometry

When we go from R to C and then to H, their geometries become more
and more rigid. For instance, every higher dimensional H-manifold is Ein-
stein. Also every complex submanifold in a K&hler manifold has zero mean
curvature, in fact an absolute volume minimizer, and every quaternionic sub-
manifold has zero second fundamental form, i.e. a totally geodesic submani-
fold. This is because the second fundamental form must be skew-Hermitian
with respect to I and J (of course K as well). Using [J = K, it becomes
Hermitian with respect to K and therefore it must be zero. In general, every
quaternionic map from H™ to H"™ must be affine H-linear.

Twistor spaces. Recall that a Riemannian H-manifold M has its holo-
nomy group in Sp (n) Sp (1). It is also called a quaternionic-Kdahler manifold.
If we also assume H-orientability, then its holonomy group is inside Sp (n)
and it is a hyperkdhler manifold. Every tangent space T, M is modeled on
H", thus it has three complex structures I, J and K. Indeed, any element
in the unit sphere S2 in the three dimensional vector space spanned by I, J
and K is a complex structure on T, M. They form a S?-fiber bundle

S? — 7 — M.

The total space is called the twistor space. In fact, this is the associated
bundle for the Sp (n) Sp (1)-frame bundle over M via the adjoint action of
the Sp (1)-factor on S? C Im H. Equivalently, the inclusion Sp (n) Sp (1) C
SO (4n) defines a subbundle in the bundle of two forms,

Ay © Ngpia) C A%,

and Z is the unit sphere bundle inside Agp(l). When M is of dimension four,
the above inclusion is the decomposition of any two form into ASD and SD
components,

A2 @ A2 = A2



GEOMETRIC STRUCTURES ON RIEMANNIAN MANIFOLDS 243

The tangent space of Z at any (z,J,) in Z splits into vertical and hori-
zontal components via the Riemannian metric on M. Since each fiber is S?,
the vertical component has a natural complex structure and J, is a complex
structure on the horizontal component, thus Z has a natural almost complex
structure. In fact, it is integrable as long as n > 2, namely the twistor space
is always a complex manifold. Moreover every S? fiber is a holomorphic
curve in Z. When n = 1, this requires W+ = 0.

Furthermore, the H-geometry on M can be described in terms of the
complex geometry on Z, the so-called twistor transformation.

11.1. Hyperkihler geometry. On a hyperkadhler manifold M, H-
orientibility guarantees that each I, J and K can be consistently defined over
the whole manifold M. In particular Z = M x S2, but non-holomorphically.
Indeed, the projection to S? is the S?-family of complex structures on M,
called the twistor family. The three complex structures satisfies the Hamilton
relation,

P=J=K*=1JK = —id.

Given any J in the twistor family, (M, g,J) is a Calabi-Yau manifold
which corresponds to the embedding Sp (n) C SU (2n), analogous to U (n) C
SO (2n) in the complex case. The corresponding Kéhler form will be denoted
as wy. The parallel form

QJZW]—ikaQQJ’O(M)

defines a holomorphic symplectic structure on (M,J). The J-holomorphic
volume form for the Calabi-Yau structure on (M, J) is simply the top exte-
rior power of ;.

Conversely, if a compact Kéhler manifold (M, J) admits a holomorphic
symplectic form €2;, then T, is isomorphic to T}, as holomorphic vec-
tor bundles and therefore all its odd Chern classes vanish. In particular,
c1 (M) =0 and it admits a Ricci flat K&hler metric g by Yau'’s theorem. €y
is a parallel form with respect to g and both Re 2y and Im 2 ; define Kéhler
structures on M which make M into a hyperkahler manifold.

Ezxamples of hyperkahler manifolds. Using this method, Beauville con-
structed higher dimensional hyperkahler manifolds from four dimensional
ones 5, i.e. K3 surfaces and Abelian surfaces, by resolving the singularities
of symmetric powers of S, called the Hilbert schemes of points in S. Instead
of considering moduli space of points in S, Mukai [109] showed that the
moduli space M of stable coherent sheaves on S has a canonical holomor-
phic symplectic form. When there is no strictly semi-stable sheaf, then M
is compact and therefore a hyperkéhler manifold. O’Grady [110] studied
the resolutions of the compactification of M and constructed two compact
hyperkéhler manifolds which are not birational to Beauville’s examples.

Recall that the cotangent bundle of any complex manifold X admits
a canonical holomorphic symplectic form but we cannot use Yau’s theo-
rem to assert that T X is hyperkédhler as it is noncompact. Nevertheless,
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Calabi [28] has constructed explicit hyperkéhler metric on T*P™. In fact,
the cotangent bundle of any Hermitian symmetric space of compact type is
hyperkéhler [14].

Hyperkahler manifolds also arises from the geometry of Calabi-Yau
threefolds Y. The infinite dimensional space of isotropic knots in Y carries a
natural H-structure [83]. Moreover, complex surfaces or special Lagrangian
submanifolds in Y define complex Lagrangian submanifolds in it.

As we mentioned in section 7.1, if we enlarge the moduli space of complex
structures on Calabi-Yau threefolds by including a choice of the holomor-
phic volume forms, then the universal intermediate Jacobian over it is a
hyperkahler manifold. Moreover, under the Abel-Jacobi map, the universal
moduli spaces of holomorphic curves define a complex Lagrangian subvariety
in it. The underlying structures on this enlarged moduli space of Calabi-Yau
manifolds is the special Kdhler structure [43].

Moduli of hyperkdahler manifolds. The moduli spaces of hyperkéhler
manifolds have many nice properties. First since M is always a Calabi-
Yau manifold, the moduli space of complex structures on M is smooth, by
the Tian-Todorov lemma. Every complex deformation M; of M is again a
hyperkahler manifold and the corresponding holomorphic symplectic form
Q; satisfies the following important property:

(%) =0 and ¢o(Refy) >0,
Here

qo: H*(M,C) - C

w(@) = [orieig e q-n [orian [oranis,
is called the Beauville-Bogomolov quadratic form. It is a quadratic form of
signature (3,b — 3) on H? (M,R). The local Torelli theorem says that the
period map

7:T —-D=S0"(3,by —3) /SO (2) SO (1,by — 3)

which sends a marked hyperkahler manifold M; to the real two plane in
H? (M, R) spanned by ReQ; and Im Q; is a local isomorphism.

Complex Lagrangian submanifolds. As we mentioned before, any quater-
nionic submanifold in a hyperkéhler manifold is totally geodesic. Thus there
are very few of such. On the other hand, the geometry of complex Lagrangian
submanifolds is rather rich. Bryant also studied other types of submani-
folds in hyperkéhler manifolds [26][21]. A complex submanifold L of mid-
dle dimension in a holomorphic symplectic manifold M is called a complex
Lagrangian submanifold if the restriction of Q; to M is zero.

Any middle dimensional complex submanifold L in M with ¢; (L) posi-
tive is always a complex Lagrangian submanifold because there is no nontriv-
ial holomorphic two form on L by Bochner arguments. For instance any CP"
in M is a complex Lagrangian submanifold. As in the real case, the cotangent
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bundle of any complex manifold X is always a holomorphic symplectic
manifold with the zero section X being a complex Lagrangian submanifold
in it.

Hitchin showed that when M is a hyperkahler manifold and L is a mid-
dle dimensional submanifold in M, then the vanishing of Q; on L already
implies that L is a complex submanifold. On the other hand, a complex
submanifold L in M being a complex Lagrangian can be characterized by
the property that the cohomology class [L] it represents is {2-primitive [17].
Furthermore, the rational cobordism class of L is completely determined by
[L] € H* (M, Z).

Since complex Lagrangian submanifolds are examples of special
Lagrangian submanifolds, the moduli space ML (M) of complex
Lagrangian submanifolds in M is smooth. Hitchin [62] defined an analog
of the Abel-Jacobi map

T MeLag (A1) — HY (Lo, C)

by integrating 2 along a path of 1-cycles between any complex Lagrangian
submanifold L and a fixed one Lg. Since Ly is a Kihler manifold, H! (Lo, R)
is a complex vector space. Hitchin showed that 7 is a local embedding with
image a complex Lagrangian subspace in H! (Lo, C) ~T™* (H' (Lo,R)) . On
the cotangent space T*H', there is a canonical pseudo Kihler metric. The
restriction of it to ML (M) is positive definite and of Hessian type. This
implies that M9 (M) is a special Kihler manifold.

From a physical perspective, the g-model with a hyperkahler manifold
M as a target has N =4 SUSY. If we require the domain Riemann surfaces
to have boundaries and their images lie inside a fix complex Lagrangian
submanifold L C M, then only half of the SUSY can be preserved. Hence
we have a N =2 SUSY theory. Moduli spaces of such theories are generally
known (physically) to have special Kidhler geometry. In our case here, it is
simply the moduli space of complex Lagrangian submanifolds in M (possible
with M varying). Therefore we expect such a moduli space is special Kéhler.

Complex Lagrangian fibrations. There are many examples of hyperkéhler
manifolds that admit complex Lagrangian fibrations. For instance, the mod-
uli space of curves coupled with line bundles in any K3 surface S has a
complex Lagrangian fibration with each fiber consisting of sheaves which
support on a fixed curve in S. This moduli space plays an important role in
the original derivation of the Yau-Zaslow formula (section 6.4). Every ellip-
tic fibration on a K3 surface S is a complex Lagrangian fibration because
of the low dimension. This induces complex Lagrangian fibrations on the
Hilbert schemes of points in S.

Matsushita [106] proved that every holomorphic fibration on an irre-
ducible projective hyperkéhler manifold is a complex Lagrangian fibration
provided that the base is normal. The base must be a Fano variety with
the same Hodge number as CP" (or simply write P™). A folklore conjecture
says that the base must always be P™. Note that Huybrechts proved that
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given any compact hyperkiahler manifold M, a given complex structure is
projective if and only if there exists a holomorphic line bundle L over M such
that go (c1 (L)) > 0 where qo is the Beauville-Bogomolov quadratic form.

For a complex Lagrangian fibration on a projective hyperkahler mani-
fold, every smooth fiber is an Abelian variety. We call such a fibration an
algebraically integrable system. In this case, the base has a natural special
Kahler structure away from the discriminant locus. Furthermore, the second
fundamental forms for the fibers define a symmetric cubic tensor on the base
which characterizes this fibration, as studied by Donagi-Markman [34][35].

Hyperkdhler flops. There are explicit examples of hyperkahler metrics on
cotangent bundles of any compact Hermitian symmetric space, for instance
the complex Grassmannian Grc (r,n) or P". Using the fact that the cotan-
gent bundles of a vector space V and its dual space V* are both equal to
V x V* there is a canonical identification between T*P"™ and T* (P")* out-
side their zero sections P and P"™* respectively. This surgery operator can
be done on any holomorphic symplectic manifold M of complex dimension
2n. Namely if M contains a complex (Lagrangian) submanifold P", then we
can replace it by P and obtain a new holomorphic symplectic manifold
M'. This is called a hyperkdhler flop.

Since M\P" and M'\P™ are isomorphic, every complex Lagrangian L
in M determines one in M’, called the Legendre transform of L, denoted LV .
Note that their intersections with P™ and P™* are dual varieties. The usual
Pliicker formula for dual varieties was generalized in [92] and give

(Ly-P?) (Lo -P7) oy

L 'L + :L .Lv+
1 2 (_1)n+1 (n+ 1) 1 2

(Ly -P™) (Ly - P™)
)" (n+1)

We recall the classical Plucker formula for an algebraic curve C' C P? and its
dual curve CV C P?*,

d"=d(d—1)—20 — 3k,

where d (resp. d") is the degree of C (resp. CV) and § (resp. k) is the number
of double points (resp. cusp) of C.

Thus this gives a duality transformation between the categories of coher-
ent sheaves on complex Lagrangians submanifolds in M and its hyperkahler
flop M.

When the H-dimension of M is two, Hu and Yau [68] showed that
hyperkéahler flops are the only birational transformations among hyperkéhler
manifolds. Note that birational transformations are isomorphisms in H-
dimension one. For higher dimensional hyperkéhler manifolds, Mukai [109]
studied a hyperkéhler flop along a family of P* in M when the total space
Z of the family is a complex coisotropic submanifold in M of complex codi-
mension k. This is also called a Mukai elementary modification. There is also
a natural generalization of the Legendre transformation between categories
of complex Lagrangians in this setting [92].
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More general birational transformations can be constructed when the
above coisotropic family of P* develops singularities. Then the model bira-
tional transformation between T*P™ and T*P"* will be replaced by Springer
correspondences, for instance between cotangent bundles of complex Grass-
mannians T*Grc (r,C") and T*Gre (r,C™). This stratified version of the
Mukai elementary transformation is constructed by Markman.

11.2. Quaternionic-Kahler geometry. Oriented four manifolds are
quaternionic-Kéhler manifolds of H-dimension one, because Sp (1) Sp (1) =
SO (4) . We usually referred to quaternionic-Kéhler manifolds M as those
with holonomy group equals Sp (n) Sp (1) instead of a subgroup of it. When
n > 2, quaternionic-Kéhler manifolds have two very special properties: (1)
the Ricci curvature of M equals g or —g and they are called positive and
negative respectively. Namely they are Einstein manifolds. (2) The canonical
almost complex structure on the twistor space Z is always integrable, i.e. Z
becomes a complex manifold. As a result, we usually require oriented four
manifolds to have these properties to be called quaternionic-Kahler, namely
they are ASD Einstein four manifolds.

The list of compact Riemannian symmetric spaces which are
quaternionic-Kéahler is

Sp(n) U (n) O (n) Go
Sp(n—1)Sp(1) U(n—=2)U(2) O(n—4)0(4)" Sp(1)Sp(1)
Fy Eﬁ E? ES

" Sp(3)Sp(1) SU(6)Sp (1) Spin(12)Sp (1) ErSp (1)

Notice that for each simply connected compact Lie group, there is exactly
one compact quaternionic-Kéhler symmetric space associated to it.

It has been a folklore conjecture that these are the only quaternionic-
Kéhler manifolds in the positive case and this has recently been proven by
Kobayashi.

12. Conformal geometry

Two Riemannian metrics g and ¢’ on M are called conformally equivalent
if there is a smooth function u on M such that ¢’ = e%%g. A conformal struc-
ture on M is an equivalence class of Riemannian metrics g under conformal
equivalences. For example, the standard metric on S™\ {p} is conformally
equivalent to R™ and we called such a metric conformally flat.

The following combination of the curvature tensor depends only on the
conformal class of g,

1 R R
W_Rm_n 2 (Rc—ng> Og_?n(n—l)gog’

and W is called the Weyl curvature tensor. When dim M >4, g is locally
conformally flat if and only if W =0. When dim M =2, M is a Riemann
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surface and conformal structures are the same as complex structures on M.
In particular, the group Conf (52) of conformal transformations of S? is
infinite dimensional. However, when n = dim M > 3, we have

Conf (S")=50(n+1,1).

This group is generated by SO (n) together with inversions.

There are many important topics in conformal geometry, for instances
(i) the Yamabe problem, solved by Schoen, says that there is always a con-
stant scalar curvature metric within any conformal class of metrics; (ii) the
harmonic energy E (f) = [5 |df|? for a map f: (2, gs) — (M, gar) is invari-
ant under conformal change of gs when dim X =2. This fact is essential
to the two dimensional conformal field theory (abbrev. 2d CFT) in physics
(section 3.7); (iii) the Yang-Mills energy functional Y M (Dya) = [, |Fg?
for a connection D4 on a unitary bundle C" — E — (M, gps) is invariant
under conformal changes of gy when dim M = 4. This fact is important for
the Donaldson theory (section 4.1). Other conformally invariant quantities
include the Willmore functional in dimension four and the conformal volume
of Li-Yau.

In this section, we will only explain that conformal geometry can be
interpreted as an extension of real, complex, quaternion and octonion geom-
etry with the help of Jordan algebras [79].

Jordan algebras. Due to the nonassociativity of the octonions, we do not
have a well-defined notion of its modules O". Nonetheless, when n < 3 there
is a way to define the symmetry group of the non-existing object Q™, by
considering the space of self-adjoint operators.

Recall on R"”, the space of self-adjoint operators is simply the space
of symmetric n X n matrices, denoted by S, (R). The symmetrization of
ordinary matrix multiplication

makes S, (R) into a formally real Jordan algebra. Namely it is an algebra
over R whose multiplication o is commutative and power associative (that
is, (aoca)oa=ao(aoa)), together with

aioar+---4+ap,oca,=0 = ag=---=a,=0.

The same product also makes the space S, (A) of Hermitian symmetric
matrices with entries in A € {R, C, H} into a Jordan algebra. When n = 3, an
analog of the product can still be defined for A = O, making S35 (0) into an
exceptional Jordan algebra (see e.g. [9]) even though O lacks of associativity.

Inside S,, (A) we may collect all rank one projections, which are matrices
p with pop = p and trp = 1, to form the projective space AP"~!. For instance,
even though one has problem to define O3, each rank one projection operator
in S3(0) can be interpreted as an octonion line in @3, and the space of
them forms the octonion projective plane OP?, which can be identified as
the symmetric space Fy/Spin (9).
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Since S, (A) is the space of self-adjoint operators on A", it should share
the same automorphism group Hy (n) as A". This is indeed true in the clas-
sical cases when A € {R,C,H} and continues to have such an interpretation
in the exceptional case A = Q. The following gives a complete list of simple
formally real Jordan algebras and their automorphism groups:

A R C H (@) R™

Su(A) | Su(R) | Su(C) | Su(H) | S5(0) | Sp(R™) ~R™ @R

Apr—1 RP*! | cP* ! | PP | OP? APl =s§™

Hy (n) SO (n) | SU(n) | Sp(n) Fy SO (m+1)

Amazingly there is one more item in the list of Jordan algebras besides
those coming from normed division algebras, namely the spin factor Seo
(R™) ~ R™ @ RYL. Tt consists of 2 x 2 matrices of the form

v

a—>b v o
v a+b

a

where v € R™ and a,b € R, and we set v-w = viw for v, w € R™ to carry out

matrix multiplication. The embedded projective space is

1
lol® + 07 =5 p 28™.

= o

Notice that the automorphism group SO (m + 1) of S™ is contained
as a maximal compact subgroup in the non-compact group Conf(S™)=
SO (m +1,1). A natural question arises: For A € {R,C,H, O}, is there a
symmetry group of AP"~! which gives an analog to the conformal symmetry
SO (m +1,1) of S™?

To answer this question, one identifies S as the conformal boundary of
the hyperbolic ball

B™Tl = {M € Sy (R™) : detM =1} =2 SO(m +1,1)/SO(m + 1)

on which SO (m + 1,1) acts as isometries. Under this identification, one has
Conf(S™) = Isom(B™ %) = SO (m + 1, 1) which preserves collinearity in the
sense that Conf(S™) maps circles to circles in S™.

Now for A € {R,C,H}, if we collect the symmetries of AP"~! which are
linear but not necessarily isometries, we obtain the group SL (n, A). Analo-
gously AP"~! can be identified as a part of the conformal boundary of {M €
Sy (A) :detM =1} =2 SL(n,A) /SU(n,A) on which SL (n, A) acts as isome-
tries. We get the answer for A € {R, C,H}: SL (n,A) can be regarded as the
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conformal symmetry of AP"~!, which plays the same role as SO (m + 1,1)
acting on S™. In general, let’s denote these symmetry groups as Ny (n)
which are listed below. Notice that Hy (n) sits inside Ny (n) as a maximal
compact subgroup.

A R C H 0 R™
Ni(n) || SL(n,R) | SL(n,C) | SL(n,H) | Eg* | SO (m+1,1)

Hy (n) SO (n) SU (n) Sp(n) Fy SO (m+1)

Here E 26 i a split Lie group of type Eg and its maximum compact
subgroup is Fj.

We observe that when m=1,2,4 and 8, Ngm (2) =SL(2,A) with A
being real, complex, quaternion and octonion respectively. Hence, sl (2,R) =
s0(2,1), sl (2,C)=s0(3,1), sl (2,H) =s0(5,1), sl(2,0) =s0(9,1). In gen-
eral we have sl (2,A) = so (A ®@ R [9].

The above point of view integrates conformal geometry with real, com-
plex, quaternionic and octonionic geometries.

13. Geometry of Riemannian symmetric spaces

13.1. Riemannian symmetric spaces. A Riemannian manifold (M,
g) is called a Riemannian symmetric space, or simply a symmetric space,
if every point € M has an involutive isometry o, € Dif f (M, g) satisfying
oz (z) =2 and do, = —id on T, M. Recall that involutive means o2 = id.
A typical example is the Grassmannian Grg (r,n) of r-dimensional linear
subspaces in R"™. Suppose z represents a subspace Py, then o, (P) is the
reflection of P along Py with respect to the orthogonal decomposition R" =
Py @ Pj-. Similarly, if R" is endowed with a complex (resp. symplectic)
structure, then the Grassmannian of complex (resp. Lagrangian) subspaces
in R™ is also a symmetric space for the same reason. We will explain in this
section that all compact Riemannian symmetric spaces are basically of these
types.

A noncompact example of a symmetric space is the Grassmannian
Grﬁ{ (r,n) of spacelike subspaces, namely it is the set of r-dimensional sub-
spaces P in R™ ™" such that restriction of the signature (r,n —r) inner
product (-,-) = > =1 (da:j)2 D D (da:’“)2 to P is positive definite. Note
that Grg (r,n) is naturally an open subset in Grg (r,n) and they are called
the compact/noncompact dual to each other. Similarly, the Grassmannian of
spacelike complex (resp. Lagrangian) subspaces in C™"~" is a noncompact
symmetric space, denoted as Grg (r,n) (resp. LGr{ (n) when n = 2r).

The curvature tensor of a symmetric space is always covariant constant,
i.e. VRm = 0. This is because do, acts as (—1) on T,,M and VRm is an odd
degree tensor. Conversely, the universal cover of any Riemannian manifold
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M with VRm =0 is a symmetric space and we call such a M a locally
symmetric space.

A symmetric space M has a large group of isometries Dif f (M, g) which
acts transitively on M. That is, for any p,q € M, there is an isometry o
satisfying o (p) = ¢. Indeed o is the involutive symmetry o, for the midpoint
x of the geodesic segment joining p and ¢. If we denote G = Dif f (M, g) and
K as the isotropy subgroup fixing a point € M, then we have

M=G/K.

In particular, do, (x) = —id on T, M = g/k, where g and k are the Lie alge-
bras of G and K respectively. Indeed there is a Lie algebra homomorphism
0 :g — g satisfying 02 = id and the eigenspace decomposition of ¢ is given
by g = k®p with eigenvalues 1 and —1 on k and p respectively. Equivalently,
g has a decomposition g =k @ p as vector spaces satisfying

k,k]Ck, k,p]Cp and [p,p]Ck.

Note that p =T, M. Furthermore, up to covering, M is determined by such
a structure (g, o), called an involutive Lie algebra.

The Riemannian structure on M is reflected by the existence of a positive
inner product on g which is invariant under o and adgk and this is called
an orthogonal structure on (g, o).

The curvature of M can be expressed in terms of the Lie algebra struc-
ture of g, namely for any X,Y € p=T,M, we have

(Bm (X, Y) X, V) = = (X, [X, Y]], Y)g

Re(X,Y) = ~Trp (adx o ady) = —— (X,Y),.

1
2

Orthogonal involutive Lie algebras and therefore Riemannian symmet-
ric spaces has been completely classified by Cartan and we will describe
them as Grassmannians. We recall from section 3 that holonomy groups
of Riemannian manifolds are classified by Berger into two types: the first
type are manifolds defined over a normed algebra A and with or without
A-orientation; the second type are locally symmetric spaces.

Suppose M = G/ K is an irreducible symmetric space, then it is compact
(resp. noncompact) if and only if its curvature is positive (resp. negative),
with the only exception that the universal cover of M is R™ in which case
its curvature is zero. As the curvature of M can be expressed in terms of
the Killing form of g, M is compact if and only if G is a compact Lie group
and M is noncompact if and only if K is a maximal compact subgroup in a
noncompact Lie group G.

Symmetric spaces always come in pairs (M., M,,) with M.=G./K.
(resp. M,, = G,,/K,,) is a compact (resp. noncompact) symmetric space and
the Lie algebras have the same complexification

gc@cggn®c7
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and under this isomorphism,
k.=2k, and p:.Zip,.

M. and M, are called compact/noncompact dual to each other. In many
cases, M, is naturally an open subset in M,. For instance
O (r,n—r) c O (n)
O(r)On—r) O(@r)O(n-—r)

or equivalently,
Grﬁ{ (r,n) C Grg (r,n)

as the open subset consisting of those r-dimensional subspaces which are
spacelike.

Every compact Lie group GG is an example of symmetric spaces when
we view it as a quotient of G x G by G under the diagonal action. The Lie
group O (n) (resp. U (n) and Sp(n)) can be viewed as the Grassmannian
of maximal isotropic subspaces in R™" (resp. C™" and H"™"). Recall that a
maximal isotropic subspace is a half dimensional linear subspace with the
restriction of the signature (n,n) inner product to it being identically zero.

When a Lie group G is noncompact, it also determines a symmetric
space M =G /K where K is a maximal compact subgroup in G. Indeed
every noncompact symmetric space is of this form. For example, when G
is the complexification K of a compact Lie group K, then K© /K is the
noncompact dual to K.

13.2. Jordan algebras and magic square. Every compact Lie group
is a compact symmetric space. Up to finite covers, they are determined
by their Lie algebras and they are classified into A, =su(n+1), B, =
so(2n+1), C, =sp(n), D, =so0(2n), Es, E7, Eg, Fy and Ga. Note that
classical Lie algebras, i.e. A,, B,,C, and D,, consist of infinitesimal sym-
metries of inner product spaces R™, C™ and H"”. Recall that G2 can also be
interpreted as the symmetry group of @. The remaining ones can be inter-
preted as the symmetries of (A ® B)® with both A and B normed division
algebras. However, this magic square approach of Tits [123] and Freudenthal
[44] is more subtle (see [9] for a beautiful account). They show that

gn (A, B) =DerS,(A) & [S,(A)""" ® ImB] & Der(B)

admits a natural Lie algebra structure. Here S,, (A) is the Jordan algebra of
A-Hermitian n x n matrices (n =3 if A or B is the octonion). On the one
hand, going from A to 2A, for instance from R to C, corresponds to enlarging
the symmetry of a linear space V' to its complexification V o V=V @ C
with one added complex structure. We can also identify this as the tangent
bundle TV of V. On the other hand, going from B to 2B corresponds to
enlarging the symmetry of V' to its symplectification V & V* =T*V. The
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corresponding Lie groups Gy, (A,B) (up to finite cover and center) are given
in the following table.

| B\ | R | C | H | 0 |
R SO (n) SU (n) Sp (n) Fy
C SU (n) SU (n)? SU (2n) Es
H Sp(n) SU (2n) SO (4n) E;
@) Fy L by Ey

This is called the magic square because of the symmetry of interchanging A
and B, just like mirror symmetry! Loosely speaking, G,, (A, B) is the group
of symmetries of (A @ B)".

The set of all real linear subspaces in (A ® B)" which are complex lin-
ear with respect to all complex structures coming from A and B will be
called (A, B)-Grassmannian, or simply Grassmannian, and it is denoted as
Grap (r,n), or symbolically as {(A ® B)" C (A ® B)"} and they are given in
the following table.

A\B R C H )
R O(n) U(n) Sp(n) Fy
O(k)O(n—k) | Uk)U(n—k) | Sp(k)Sp(n —k) Spin(9)
C U(n) U(n)? U(2n) Es
U(K)U(n — k) | UK)2U(n — k)2 | U(2K)U(2n — 2k) | Spin(10)U(1)
I Sp(n) U(2n) O(4n) E,
Sp(k)Sp(n — k) | U(2k)U(2n — 2k) | O(4k)O(4n — 4k) | Spin(12)Sp(1)
0 Fy Eg Eq Eg
Spin(9) Spin(10)U(1) Spin(12)Sp(1) SO(16)

Every Grag (r,n) is a compact Riemannian symmetric space G/K with G =
Gp (A,B) and K equals to G, (A,B) Gp,—, (A,B), possibly up to U (1) or
Sp (1) factors.

Next we consider real linear subspaces in (A ® B)" which are complex
linear with respect to all complex structures coming from A and B except
the last J from A and instead we require it to be Lagrangian with respect to
wy. The set of all such subspaces is called Lagrangian(A,B)- Grassmannian,
or simply Lagrangian Grassmannian, and it is denoted as LGrap (n), or

symbolically as {(% ® IB%)" C(A® IB%)"} and they are given in the following
table.
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B\A | R C H 0

R n/a n/a n/a n/a

c U (n) SU (n)? SU (2n) Eg
O (n) SU (n) Sp(n) Fy

I Sp (n) U (2n) SO (4n) E;

0 Fy Eﬁ E? ES
Sp(3)Sp(1) | SU(6)Sp(1) | Spin(12)Sp(1) | EzSp(1)

Each LGrag (n) is a compact Riemannian symmetric space G/K with G =
G, (A,B) and K equals to Gy, (%,IB%), possibly up to U (1) or Sp(1) fac-
tors. This is because the orthogonal complement of a Lagrangian subspace
is naturally its dual space. Note that the symmetric space G2/SO (4) =
Ga/Sp(1)? is the Lagrangian Grassmannian LGrog (1). With a little more
work, SO (2n) /U (n) can be described in a similar fashion [69].

In fact we have given the list of all symmetric spaces of compact type up
to covering with the exceptions of Eg/Sp(4) and E7/SU (8). They can be
realized as follows: We consider real linear subspaces in (A ® IB%)3 which are
complex linear with respect to all complex structures coming from A and B
except the last complex structures Jy from A and Jp from B and instead we
require it to be Lagrangian with respect to both w;, and w ;. The set of all
such subspaces is called double Lagrangian (A,B)-Grassmannian, or simply
double Lagrangian Grassmannian, and it is denoted as LLGrap, or sym-

bolically as {A2 (% ® %)4 C(A® IB%)?’} and they are given in the following
table.

B\A R C H O

R n/a n/a n/a n/a

c o/ SU (3)* SU (6) Eg
SO (4) SU (4) Sp (4)

I n/a SU (6) SO (12) E;
SU (4) U (6) SU (8)

O n/a Eo Er Es
Sp(4) SU (8) SO (16)

Each LLGrp is a compact Riemannian symmetric space G/K with G =
Gs (A,B) and K = Gy (%, %)! A reason for having dimension four appearing
in K is roughly as follows: If we consider the decomposition of two forms
on R* into self-dual and anti-self-dual forms, A%2R* = A%rR4 ® A2R?, then
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each AZR?* is a Lagrangian subspace in a copy of C? in the decomposition
C3 @ C=C? @ C3 Thus SU (3)? /SO (4) = [SU (3) /SO (3)]* and similarly
we have SU (6) /SU (4) = SU (6) /SO (6). We should warn our readers that
much care is always needed whenever A or B equals O [69].

These give a simple description of all locally symmetric spaces of compact
type up to covering as Grassmannians of complex/Lagrangian subspaces in
(A ® B)" except compact Lie groups G. In fact compact Lie groups G, (A, B)
can also be described as the Grassmannians of maximal isotropic subspaces
in T* (A @ B)" with respect to the canonical symmetric bilinear form of type
(m,m). These structures are related to the generalized complex structures
as introduced by Hitchin.

How about symmetric spaces M of noncompact type? In many cases
M admits an open embedding into its compact dual M C M. The simplest
example is

O(r,n—r) c O (n)

G ) = G om—n S omom

=Grgr (r,n)

where Grif (r,n) is the Grassmannian of spacelike linear subspaces of dimen-
sion r in R™™~". Indeed this holds true in general for Hermitian symmetric
spaces as well.

13.3. Hermitian and quaternionic symmetric spaces.
Hermitian symmetric spaces. A Riemannian symmetric space G/K is
called a Hermitian symmetric space if it admits a G-invariant complex struc-
ture. This happens precisely when K has a U (1)-factor, possibly up to a
finite cover. Classical irreducible compact Hermitian symmetric spaces are
classified into
(i) Type I(p,a) SU (p+4q) /S (U (p) U (q)),
(ii) Type II(n) Spin (2n) /U (n),
(iii) Type III(n) Sp(n) /U (n) and
(iv) Type IV(n) Spin (n+ 1) /Spin (n) U (1).
There are natural embeddings

Gn,/KCpCG./K

where the first embedding realizes G,,/K as a bounded domain in CV,
called the Harish-Chandra embedding and G,,/K C G./K is called the Borel
embedding. An example of these embeddings is

Gré (r,n) C Hom (C",C"") C Gre (r,n).

Conversely, every bounded domain D in CV has a natural Kihler metric,
called the Bergman metric. If it is also symmetric in the sense that every
point x € D is fixed by a biholomorphic involution as an isolated fixed point,
then this involution must preserve the Bergman metric. Thus noncompact
Hermitian symmetric spaces are the same as bounded symmetric domains.
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The bounded symmetric domain Sp (2n,R) /U (n) can be transformed
to the Siegel upper half space S;7 (R)+1iS,, (R) by the Cayley transformation,
where S;7 (R) is the set of positive definite symmetric matrices of rank n.
It is well-known that Sp (2n,R) /U (n) is the universal cover of the moduli
space of n-dimensional Abelian varieties, or equivalently the moduli space of
weight one polarized Hodge structures. Indeed every noncompact Hermitian
symmetric space can be described as the moduli space of polarized Hodge
structures of certain types by the work of Deligne.

Recall that S, (R) is a Jordan algebra and every Jordan algebra is of
the form S,, (A), with A € {R, C,H, O, R™}. When A = O, we have n = 3 and
S3 (0) is the exceptional Jordan algebra; when A = R™, we have n =2 and
S (R™) 2 R™! is the spin factor. Every S;F (A) + 1S, (A) is a noncompact
Hermitian symmetric space and they form the complete list of tube domains.
We have

A R C H O R™

Sp(2n,R)|U(n,n)|O0* (4n)| Ers O (m+2,2)
U(n) | U@m)?*|U(@2n) |EU(1)|O(m+2)0(2)

St (A) +14S, (A)

In fact, they are simply the Grassmannians of spacelike (C ® A)-Lagrangians
in (He A)",

S (A) +iS, (A) = LGry, (n).

We also remark that S, (A) = LGrd, (n).

Quaternionic symmetric spaces. A symmetric space M = G/K is called
a quaternionic symmetric spaces if it is also a quaternionic-Kéhler mani-
fold, namely its holonomy group lies inside Sp (n) Sp (1) with 4n = dimg M.
Similar to the characterization of Hermitian symmetric spaces, G/K is a
quaternionic symmetric space if and only if K contains a Sp (1)-factor, pos-
sibly up to a finite cover. This Sp (1)-factor always corresponds to the longest
root of G. As a matter of fact, there is exactly one compact quaternionic
symmetric space for each simple Lie group, up to finite covers.

Classical compact quaternionic symmetric spaces are

Sp(n+1) U(n+2) and O(n+4)
Sp(n)Sp(1)" U(2)U(2) O(n)O(4)

Note that Sp(n+1)/Sp(n)Sp (1) = HP" is the set of H-lines in H"*!.
Recall from the magic square that when n = 2m, su (2m) should be regarded
as the set of infinitesimal symmetries of (C @ H)™. Thus U (n+ 2) /U (n)
U(2)=(C®H)P™. Similarly, O(n+4)/0(n)0(4) = (HeH)P™ with
n = 4m. We can also include the exceptional symmetric space (0 @ H) P? &
E;/SO (12) O (4) in this list of quaternionic symmetric spaces of the form
(A @ H)P™ for some normed division algebra A.
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Exceptional compact quaternionic symmetric spaces are

Fy Es E; Es and Go
Sp(3)Sp (1)’ SU (6)U (2)” SO (12)O (4)’ E;Sp(1) Sp(1)*

The first four in the above list correspond to the sets of H-Lagrangians in
(0 ® A)® with A =R, C, H and O respectively, i.e. LGroy (3). And the last
one is simply the set of H-Lagrangians in O, i.e. LGy (1).

14. Conclusions

In this article, we summarized certain aspects of geometric structures on
Riemannian manifolds M. From a topological perspective, we discussed bun-
dles and submanifolds, leading to K-theory and cohomology theory. When
M is equipped with a Riemannian metric, we look for canonical structures
by minimizing the energy of a connection and the volume of a submanifold.
The Euler-Lagrange equations are the Yang-Mills equations and the minimal
surface equations. They are both system of second order partial differential
equations.

Most spaces we encounter in nature have more geometric structures.
That is why symmetry is such an important subject in physics. Spaces with
the largest amount of symmetries are Riemannian symmetric spaces. They
are model spaces in geometry as well as many important moduli spaces.

A compatible complex structure J on M gives a symplectic structure w
via w (u,v) = g (Ju,v). This makes M into a K&hler manifold. Kéhler geom-
etry is a very rich subject as it includes the complex algebraic geometry for
projective manifolds. Kahlerian is also the necessary and sufficient condition
for the existence of N = 2 supersymmetry for o-models in physics. J defines
the complex geometry on M while w defines the symplectic geometry on
M. These two geometries are conjecturally dual to each other by the mir-
ror symmetry conjecture, provided that M has a C-orientation, namely a
Calabi-Yau manifold.

Berger classified all possible reduced holonomy groups and the author
described them in terms of normed algebras A € {R,C,H,O} and A-
orientability. This means that geometric structures on (M,g) do always
come from, possibly more than one, J or equivalently w. This approach
also gives a unified description of various canonical Yang-Mills connections
and calibrated submanifolds in M. As a result, we found new results and
relationships among these geometries. These canonical connections and sub-
manifolds are not just critical points of the energy/volume functionals, they
are absolute minimizers. Furthermore they are governed by first order PDEs
and they define, at least formally, topological invariants of M via various
topological field theories.

The O-geometry has the richest structure and its corresponding geome-
tries have holonomy groups Spin (7) D G2 D SU (3) in dimension 8, 7 and 6
respectively. The lack of associativity for O is rescued by the triality as we
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have seen it reflected in Ga-geometry. The octonion structure is also equiva-
lent to the vector cross product, which is a natural generalization of the com-
plex structure, thus we have seen that Ga-geometry resembles the Kahler
geometry in many ways. The H-Lagrangian geometry in the O-geometry
brings the beautiful low dimensional geometry and physics in dimension 4,
3 and 2 into an integral part of the O-geometry. For instance the author
expects that the skein relation for knots in R® and the Morgan-Mrowka-
Szabé formula for the SW-invariants are consequences of the Ga-triality.

The duality and triality transformations among different geometries have
proven to be a powerful tools to uncover many structures and producing
amazing formulas. Many of these formulas have been verified by compu-
tational methods. The SYZ approach to explain the mirror symmetry has
sparked many exciting developments in mathematics, as well as in physics.
We expect to continue to see many more of such developments in the coming
years until we fully understand the SYZ transformations.
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