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CHAPTER 1

Generalized complex geometry

Generalized complex structures were introduced by Nigel Hitchin [37] and further developed
by Gualtieri [33]. They are a simultaneous generalization of complex and symplectic structures
obtained by searching for complex structures on 7' @ T™, the sum of tangent and cotangent
bundles of a manifold M or, more generally, on Courant algebroids over M.

Not only do generalized complex structures generalize symplectic and complex structures but
also provide a unifying language for many features of these two seemingly distinct geometries.
For instance, the operators @ and @ and the p, g-decomposition of forms from complex geometry
have their analogue in the generalized complex world as well as symplectic and Lagrangian
submanifolds from the symplectic world.

This unifying property of generalized complex structures was immediately noticed by the
physicists and the most immediate application was to mirror symmetry. From the generalized
complex point of view, mirror symmetry should not be seen as the interchange of two different
structures (complex to symplectic and vice versa) but just a transformation of the generalized
complex structures in consideration. Features of mirror symmetry from the generalized complex
viewpoint were studied in [26, 32, 36] and in [4, 20] from a more mathematical angle.

The relevance of generalized complex structures to string theory does not stop there. They
also arise as solutions to the vacuum equations for some string theories, examples of which were
given by Lindstrom, Minasian, Tomasiello and Zabzine [49] and Zucchini [70]. Furthermore,
the generalized complex version of Kéhler manifolds correspond to the bihermitian structures
of Gates, Hull and Rocek [29] obtained from the study of general (2,2) supersymmetric sigma
models (see also [50]).

Another angle to generalized complex structures comes from the study of Dirac structures:
maximal isotopic subspaces L C T @ T™* together with an integrability condition. A generalized
complex structure is nothing but a complex Dirac L C T¢ @ T¢ satisfying L N L = {0}. Dirac
structures predate generalized complex structure by more than 20 years and due to work of
Weinstein and many of his collaborators we know an awful lot about them. Many of the features
of generalized complex structures are in a way results about Dirac structures, e.g., some aspects
of their local structure, the dj-cohomology, the deformation theory and reduction procedure.
However due to lack of space, we will not stress the connection between generalized complex
geometry and Dirac structures.

This chapter follows closely the exposition of Gualtieri’s thesis [33] and includes some de-
velopments to the theory obtained thereafter. This chapter is organized as follows. In the first
section we introduce linear generalized complex structures, i.e., generalized complex structures on
vector spaces and then go on to show that these structures give rise to a decomposition of forms
similar to the (p, g)-decomposition of forms in a complex manifold. In Section 2, we introduce the
Courant bracket which furnishes the integrability condition for a generalized complex structure
on a manifold, as we see in Section 3. This is a compatibility condition between the pointwise
defined generalized complex structure and the differential structure, which is equivalent to saying
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that the pointwise decomposition of forms induced by the generalized complex structure gives
rise to a decomposition of the exterior derivative d = 9 + 0. In Section 4 we state the basic
result on the deformation theory of generalized complex structures and in Section 5 we study
two important classes of submanifolds of a generalized complex manifold. We finish studying
some interesting examples of generalized complex manifolds in the last section.

1. Linear algebra of a generalized complex structure

For any vector space V™ we define the double of V., DV, to be a 2n-dimensional vector space
endowed with a nondegenerate pairing (-, -) and a surjective projection

m:DV —V,

such that the kernel of 7 is isotropic. Observe that the requirement that the kernel of « is
isotropic implies that the pairing has signature (n,n).
Using the pairing to identify (DV)* with DV, we get a map

%7['* V' — DV,
so we can regard V* as a subspace of DV. By definition, (7*(V*),Ker (7)) = 0 and, since

er (m = Ker(m), we see that m = Ker (m), theretore furnishing the rollowing exact
K L K h (v K herefore furnishi he followi

sequence
1

0— V2DV vV —0.
If we choose an isotropic splitting V : V. — DV, i.e., a splitting for which V (V') is isotropic,
then we obtain an isomorphism DV = V @ V* and the pairing is nothing but the natural pairing
on Vg V*

(X+EY +u) = 2(6X) +7(X)).

DEFINITION 1.1. A generalized complex structure on V is a linear complex structure J on
DV orthogonal with respect to the pairing.

Since J? = —Id, it splits DV ® C as a direct sum of +i-eigenspaces, L and L. Further, as J
is orthogonal, we obtain that for v,w € L,

(v,w) = (Jv, Jw) = (iv,iw) = —(v,w),

and hence L is a maximal isotropic subspace with respect to the pairing.

Conversely, prescribing such an L as the i-eigenspace determines a unique generalized complex
structure on V', therefore a generalized complex structure on a vector space V" is equivalent to
a maximal isotropic subspace L C DV ® C such that L N L = {0}

This last point of view also shows that a generalized complex structure is a special case of a
more general object called a Dirac structure, which is a maximal isotropic subspace of DV. So a
generalized complex structure is nothing but a complex Dirac structure L for which LN L = {0}.

EXAMPLE 1.2 (Complex structures). If we have a splitting DV = V @ V* and V has a
complex structure I, then it induces a generalized complex structure on V which can be written

in matrix form using the splitting as
-1 0

The i-eigenspace of Jy is L = KOJ eV c (Ve V*)®C. It is clear that L is a maximal
isotropic subspace and that L N L = {0}.
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ExAMPLE 1.3 (Symplectic structures). Again, if we have a splitting DV =V @& V*, then a
symplectic structure w on V' also induces a generalized complex structure 7, on V by letting

0 —w!
‘7“’:<w 0 )

The i-eigenspace of J,, is given by L = {X —iw(X) : X € V'}. The nondegeneracy of w implies
that L N L = {0} and skew symmetry implies that L is isotropic.

EXAMPLE 1.4. A real 2-form B acts naturally on DV by the B-field transform
e e — B(m(e)).
If V is endowed with a generalized complex structure, 7, whose +i-eigenspace is L, we can
consider its image under the action of a B-field: L = {e — B(w(e)) : e € L}. Since B is real,

LgNLg=(Id—B)LNL={0}. Again, skew symmetry implies that Lp is isotropic. If we have
a splitting for DV, we can write J g, the B-field transform of 7, in matrix form

1 0 10
75=(1 )7 (5 1),
One can check that any two isotropic splittings of DV are related by B-field transforms.

EXAMPLE 1.5. In the presence of a splitting DV = V @ V*, an element 3 € A%V also acts in
a similar fashion:
X+ X+E+E06.
An argument similar to the one above shows that the [-transform of a generalized complex
structure is still a generalized complex structure.

1.1. Mukai pairing and pure forms. In the presence of a splitting DV =V & V*, we
have one more characterization of a generalized complex structure on V', obtained from an inter-
pretation of forms as spinors.

The Clifford algebra of DV is defined using the natural form (-, ), i.e., for v € DV C C1(DV)

we have v?> = (v,v). Since V* is a maximal isotropic, its exterior algebra is a subalgebra of

Cl1(DV). In particular, A"V* is a distinguished line in the Clifford algebra and generates a left
ideal Z. A splitting DV = V @ V* gives an isomorphism Z = AV @ A"V* =2 A®V*. This, in
turn, determines an action of the Clifford algebra on A*V* by
(X+& a=ixat+ENa.
If we let o be the antiautomorphism of Cl1(V @ V*) defined on decomposables by
(1.1) o1 ®@ - Qug) =1 ® - @y,
then we have the following bilinear form on A*V* C C1(V & V*):

(€1,&2) = ((&1) A &2)tops

where top indicates taking the top degree component on the form. If we decompose &; by degree:
& =>.&, with deg(&]) = j, the above can be rewritten, in an n-dimensional space, as

(1.2) (€,6) =Y (Y@ NG + 7T Ag ™
J
This bilinear form coincides in cohomology with the Mukai pairing, introduced in a K-
theoretical framework in [56].
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Now, given a form p € A*V* ® C (of possibly mixed degree) we can consider its Clifford
annihilator
Ly={ve (VaeV)®@C:v-p=0}.
It is clear that L, = L. Also, for v € L,,
0= p=(v,v)p,

thus L, is always isotropic.

DEFINITION 1.6. An element p € A*V* is a pure form if L, is maximal, i.e., dim¢c L, =
dimg V.

Given a maximal isotropic subspace L C V@ V™ one can always find a pure form annihilating it
and conversely, if two pure forms annihilate the same maximal isotropic, then they are a multiple
of each other, i.e., maximal isotropics are in one-to-one correspondence with lines of pure forms.
Algebraically, the requirement that a form is pure implies that it is of the form e®*t%Q, where B
and w are real 2-forms and 2 is a decomposable complex form. The relation between the Mukai
pairing and generalized complex structures comes in the following:

PROPOSITION 1.7. (Chevalley [21]) Let p and 7 be pure forms. Then L, N L, = {0} if and
only if (p,7) # 0.

Therefore a pure form p = e#1*Q determines a generalized complex structure if and only if
(p,p) = QAQAWF £ 0, where k is the degree of  and V is 2n-dimensional. This also shows
that there is no generalized complex structure on odd dimensional spaces.

With this we see that, if DV is split, then a generalized complex structure is equivalent to a
line K C A*V* ® C generated by a form e®+tQ, such that Q is a decomposable complex form
of degree, say, k, B and w are real 2-forms and Q A Q A w™ % # 0. The degree of the form € is
the type of the generalized complex structure. The line K annihilating L is the canonical line.

ExXaMPLES 1.2 — 1.5 REVISED: The canonical line in A*V* ® C that gives the generalized
complex structure for a complex structure is A%V *, while the line for a symplectic structure w
is generated by €. If p is a generator of the canonical line of a generalized complex structure 7,
eP A p is a generator of a B-field transform of J and e®Lp is a generator for a -field transform

of J.

1.2. The decomposition of forms. Using the same argument used before with V' and V*
to the maximal isotropics L and L determining a generalized complex structure on V, we see
that C1((V @ V*)® C) 2 C1(L ® L) acts on A?"L and the left ideal generated is the subalgebra
A®L. The choice of a pure form p for the generalized complex structure gives an isomorphism of
Clifford modules:

¢:NL — A°V*®C; o(s) =s-p.

The decomposition of A®*L by degree gives rise to a new decomposition of A®*V* ® C and the
Mukai pairing on A®*V* ® C corresponds to the same pairing on A®L. But in A®L the Mukai
pairing is nondegenerate in

AL x APVKL — AL
and vanishes in AFL x A'L for all other values of . Therefore the same is true for the induced
decomposition on forms.

PROPOSITION 1.8. Letting U* = A" FL - p < A*V* @ C, the Mukai pairing on U x U is
trivial unless | = —k, in which case it is nondegenerate.
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According to the definition above, U” is the canonical bundle. Also, the elements of U* are
even/odd forms, according to the parity of k, n and the type of the structure. For example, if n
and the type are even, the elements of U* will be even if and only if k is even.

EXAMPLE 1.9. In the complex case, we take p € A™"V*\{0} to be a form for the induced
generalized complex structure. Then, from Example 1.2, we have that L = A0V @ AD1V*, so

Then, in this case, one can see Proposition 1.8 as a consequence of the fact that the top degree

part of the exterior product vanishes on AP4V* x AP-¢V* unless p+p' = ¢ + ¢ = n, in which
case it is a nondegenerate pairing.

EXAMPLE 1.10. The decomposition of forms into the spaces U for a symplectic vector space
(V,w) was worked out in [16]. In this case we have

Ut = {ei“’e% ARV R CY.
So @ : A" FV* @ C — A" FV* @ C defined by
O(a) = e“edia
is a natural isomorphism of graded spaces: ®(AFV*) = U"F,

ExXAMPLE 1.11. If a generalized complex structure induces a decomposition of the differential
forms into the spaces U*, then the B-field transform of this structure will induce a decomposition
into Ug = eB AU*. Indeed, by Example 1.4 revised, Ug = eB AU, and

Uk =(1d - B)(L)- UL,
The desired expression can be obtained by induction.

1.3. The actions of 7 on forms. Recall that the group Spin(n,n) sits inside C1(V @ V*)
" Spin(n,n) = {v1 - -vek 1 v; - v; = £1;k € N}
And Spin(n,n) is a double cover of SO(n,n):

¢ : Spin(n,n) — SO(n,n); o)X =v-X-o(v),

where o is the main antiautomorphism of the Clifford algebra as defined in (1.1).

This map identifies the Lie algebras spin(n,n) = so(n,n) = A2V @ A2V* @ End(V):

spin(n,n) — so(n,n); dp(v)(X)=[v,X]=v- X —-X v

But, as the exterior algebra of V* is naturally the space of spinors, each element in spin(n,n)

acts naturally on A*V™.

EXAMPLE 1.12. Let B = Y bjet A el € A2V* < so(n,n) be a 2-form. As an element of
so(n,n), B acts on V @ V* via
X + €& XUB.

Then the corresponding element in spin(n,n) inducing the same action on V @ V* is given by
> bijele’, since, in so(n,n), we have

e Nel e 6ikej — jkei.
And, in spin(n,n),

dp(elet)er = (e7e') ey —ep - (e’) = el - (e - ex) — (e - €7) - €' = dipe? — &€,
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Finally, the spinorial action of B on a form ¢ is given by
Z bijele’ - =—BAp.
EXAMPLE 1.13. Similarly, for 8 =Y %¢; A e; € A2V < so0(n,n), its action is given by
B (X +¢&) =ief.

And the corresponding element in spin(n,n) with the same action is Y 3“eje;. The action of
this element on a form ¢ is given by

B¢ =Prp.
EXAMPLE 1.14. Finally, an element of A = 3" Ale’ @ e; € End(V) < so(n,n) acts on V@ V*
via
A(X +6) = AX) + A(¢).

The element of spin(n,n) with the same action is %EA{ (eje’ — e'ej). And the action of this
element on a form ¢ is given by:

1 S
A-gpzi g Al(eje’ —e'ej) - ¢
1 j i i
=3 > Al(ej(e’ Ap) — € A(ejp))

1 . .
=3 Z Alp — Z Ale' A (eip)
( 2

1
=—-A"p+ §TrA<,0,
where A*p is the Lie algebra adjoint of A action of ¢ via

A*p(v1,-vp) g o(vi, - Avg, - vp).

The reason for introducing this Lie algebra action of spin(n,n) on forms is because J €
spin(n,n), hence we can compute its action on forms.

ExaMPLE 1.15. In the case of a generalized complex structure induced by a symplectic one,
we have that J is the sum of a 2-form, w, and a bivector, —w ™!, hence its Lie algebra action on
a form ¢ is

(1.3) Jo=(~wA —w )y

ExaMpPLE 1.16. If J is a generalized complex structure on V' induced by a complex structure
I, then its Lie algebra action is the one corresponding to the traceless endomorphism —1I (see
Example 1.2). Therefore, when acting on a p, g-form «:

J-a=T"a=i(p—q)

From this example and Example 1.9 it is clear that in the case of a generalized complex
structure induced by a complex one, the subspaces U¥ < A®V* are the ik-eigenspaces of the
action of J. This is general.

PROPOSITION 1.17. The spaces U* are the ik-eigenspaces of the Lie algebra action of J.
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PROOF. Recall from Subsection 1.2 that the choice of a nonzero element p of the canonical
line K C A®*V™* gives an isomorphism of Clifford modules:

¢:NL— AV*®C; o(s) =s-p.

And the spaces U¥ are defined as U = ¢(A¥L). Further, J acts on L* = L as multiplication
by —i. Hence, by Example 1.14, its Lie algebra action on v € AFL is:

1 1
J-v=—-Jv+ §TrJW = —iky + 522'717 =i(n—k)y.
As ¢ is an isomorphism of Clifford modules, for o € U % we have ¢~'a € AFL and

T-a=7T ¢ a) =T ' a) =i(n—k)o(¢  a) =i(n — k)

2. The Courant bracket and Courant algebroids

From the linear algebra developed in the previous section, it is clear that a generalized complex
structure on a manifold lives naturally on the double of the tangent bundle, DT'. Similarly to the
case of complex structures on a manifold, the integrability condition for a generalized complex
structure is that its i-eigenspace has to be closed under a certain bracket. This bracket was
originally introduced by Courant and Weinstein as an extension of the Lie bracket of vector
fields to sections of '@ T™ [23, 22]. One of the striking features of the Courant bracket is that
it only satisfies the Jacobi identity modulo an exact element, more precisely, for all e1,es,e3 €
C>®(T ® T*) we have

1
Jac(ey, ea,e3) := [[e1, e2], e3] + c.p. = gd(([[el, ea], e3) + c.p.).

Liu, Weinstein and Xu, [51], axiomatized the properties of the Courant bracket in the concept
of a Courant algebroid, which we define next. As we will see later, ezact Courant algebroids are
the natural space where generalized complex structures live.

DEFINITION 1.18. A Courant algebroid over a manifold M is a vector bundle & — M equipped
with a skew-symmetric bracket [-,-] on C*°(£), a nondegenerate symmetric bilinear form (-, ),
and a bundle map 7 : & — T, which satisfy the following conditions for all ej, ea,e3 € C*°(E)
and f,g € C*°(M):

C1) 7([er, e2]) = [m(e1), m(ea)],

C2) Jac(ey, ez, e3) = 3d({[e1, e2], e3) + c.p.),

C3) [e1, feo] = fler, e2] + (m(er) f)ea — (ex, e2)df,

C4) mod=0, ie. (df,dg) =0,

C5) 7T(€1)<62, 63) = <61 ®co, €3> + <€2761 ° €3>,
where we consider (M) as a subset of C*(€) via the map 7% : Q1 (M) — C>(&) (using (-, )
to identify £ with £*) and e denotes the combination

(1.4) e1 @ ex = e, ea] + d{er, ea).
and is the adjoint action of e1 on es.

DEFINITION 1.19. A Courant algebroid is ezact if the following sequence is exact:

(1.5) 0—T" 58T —0
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Given an exact Courant algebroid, we may always choose an isotropic right splitting V : T' —
&. Such a splitting has a curvature 3-form H € Q3 (M) defined as follows, for X, Y € C>®(T'M):

(L6) H(X,Y. 2) = J(V(X), V(Y)], V(2)).

Using the bundle isomorphism V + %71'* T e T* — &£, we transport the Courant algebroid
structure onto T'® T™. As before the pairing is nothing but the natural pairing

(17) (XHEY +1) = S(n(X) +E(V)),

and for X + &, Y +n € C(T & T") the bracket becomes
(1.8) [X +&Y +n] =[X,Y]+ Lxn— Ly& — 3d(ixn — iy€) +iyixH,

which is the H-twisted Courant bracket on T & T* [59]. Isotropic splittings of (1.5) differ by
2-forms b € Q?(M), and a change of splitting modifies the curvature H by the exact form db.
Hence the cohomology class [H] € H3(M,R), called the characteristic class or Severa class of
&, is independent of the splitting and determines the exact Courant algebroid structure on £
completely.

One way to see the Courant bracket on 7' @ T™ as a natural extension of the Lie bracket
of vector fields is as follows. Recall that the Lie bracket satisfies (and can be defined by) the
following identity when acting on a form « (see [44], Chapter 1, Proposition 3.10):

20, 9] ¢ = Ty Avpd + Aty vy @) F 20y, A1y, ) — 20y, d(v1L0).

Now we observe that this formula gives a natural extension of the Lie bracket to a bracket
on T @ T*, acting on forms via the Clifford action:

(1.9) 2[vi,v2] - v = v1 Awa - da + d(v1 Ava - @) 4+ 2v1 - d(ve - @) — 202 - d(vy - @).
Spelling it out we obtain (see Gualtieri [33], Lemma 4.24):
[X+&Y +n] =[X,Y]+ Lxn — Ly& — Ld(ixn — iyE).

This is the Courant bracket with H = 0. If we replace d by dg = d+ HA in (1.9) we obtain the
H-twisted Courant bracket:

(1.10) 2vi, vo]m - a=v1 Ava-dga+dg(vi Avy - a) + 201 - di(ve - @) — 2v - dg(v1 - ).

3. Generalized complex structures

Given the work in the previous sections it is clear that the fiber of an exact Courant alge-
broid £ over a point p € M is nothing but DT}, and hence it is natural to define a generalized
almost complex structure as a differentiable bundle automophism J : &€ — & which is a lin-
ear generalized complex structure on each fiber. The Courant bracket provides the integrability
condition.

DEFINITION 1.20. A generalized complex structure on an exact Courant algebroid £ is a
generalized almost complex structure J on £ whose i-eigenspace is closed with respect to the
Courant bracket.

As before, J can be described in terms of its i-eigenspace, L, which is a maximal isotropic
subspace of E¢ closed under the Courant bracket satisfying L N L = {0}.

The choice of a splitting for £ making it isomorphic to T'® T™ with the H-Courant bracket
also allows us to characterize a generalized complex structure in terms of its canonical bundle
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K C N*TE. If p is a nonvanishing local section of K then using (1.9) one can easily see that the
integrability condition is equivalent to the existence of a local section e € C°°(Tt @ T¢) such that

dup=e-p.

If we let 4* be the space of sections of the bundle U k defined in Proposition 1.8, this is only
the case if dgp e U1 = L-U".

ExAMPLE 1.21. An almost complex structure on a manifold M induces a generalized almost
complex structure with i-eigenspace 7! @ 710, If this generalized almost complex structure
is integrable, then T%! has to be closed with respect to the Lie bracket and hence the almost
complex structure is actually a complex structure. Conversely, any complex structure gives rise
to an integrable generalized complex structure.

ExaMpPLE 1.22. If M has a nondegenerate 2-form w, then the induced generalized almost
complex structure will be integrable if for some X + £ we have

de™ = (X +¢) - ™.

The degree 1 part gives that XiLw + & = 0 and the degree 3 part, that dw = 0 and hence M is a
symplectic manifold.

ExaMpPLE 1.23. The action of a real closed 2-form B by B-field transforms on an exact
Courant algebroid £ is a symmetry of the bracket. In fact, B-field transforms together with
diffeomorphisms of the manifold, form the group of orthogonal symmetries of the Courant bracket.
Therefore we can always transform a given a generalized complex structure by B-fields to obtain
a new generalized complex structure which should be considered equivalent to the first one.

Assume we have a splitting for £ rendering it isomorphic to T'@® T* with the H-Courant
bracket. If the 2-form B is not closed, then it induces an isomophism between the H-Courant
bracket and the H + dB-Courant bracket. In particular, if [H] = 0 € H3(M,R), the bracket [,]y
is isomorphic to [,]o by the action of a nonclosed 2-form.

EXAMPLE 1.24. Consider C? with complex coordinates z1, zo. The differential form
p=21+dz Ndzo

is equal to dz; A dzo along the locus z; = 0, while away from this locus it can be written as

(1.11) p=2z exp(idzlé\ldw).
Since it also satisfies dp = —0s - p, we see that it generates a canonical bundle K for a generalized

complex structure which has type 2 along z; = 0 and type 0 elsewhere, showing that a generalized
complex structure does not necessarily have constant type.

In order to obtain a compact type-change locus we observe that this structure is invariant
under translations in the 2z, direction, hence we can take a quotient by the standard Z? action to
obtain a generalized complex structure on the torus fibration D? x T2, where D? is the unit disc
in the z;-plane. Using polar coordinates, z; = re?™1, the canonical bundle is generated, away
from the central fibre, by

exp(B + iw) = exp(dlogr + idb;) A (df2 + idf3)
= exp(dlogr A dfy — dby A dfs + i(dlogr A dbs + dby A db2)),
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where 0 and 03 are coordinates for the 2-torus with unit periods. Away from r = 0, therefore,
the structure is a B-field transform of a symplectic structure w, where

B =dlogr A dfy —db; A dbs

(1.12) w =dlogr A dfs; + db; N dbs.

The type jumps from 0 to 2 along the central fibre » = 0, inducing a complex structure on the
restricted tangent bundle, for which the tangent bundle to the fibre is a complex sub-bundle.
Hence the type change locus inherits the structure of a smooth elliptic curve with Teichmiiller
parameter T = 1.

Similarly to the complex case, the integrability condition places restrictions on dH(L{k) for
every k and hence allows us to define operators 0 and 0.

THEOREM 1.25 (Gualtieri [33], Theorem 4.3). A generalized almost complex structure is
integrable if and only if dy : U* — U @ UFT.

So, on a generalized complex manifold M we can define the operators
o - uk _ uk—i—l.
o: Uk — uyF
as the projections of dy onto each of these factors. We also define dV = —i(9 — 9).
Similarly to the operator d° from complex geometry, we can find other expressions for d7

based on the action of the generalized complex structure on forms. One can easily check that if
we consider the Lie group action of 7, i.e, J acts on U* as multiplication by i*, then

a7 =g tdg.
And if one considers the Lie algebra action, then
d7 =1d,J].

As a consequence of Example 1.21 it is clear that in the complex case, @ and O are just
the standard operators denoted by the same symbols and d7 = d°. In the symplectic case, d7
corresponds to Kosul’s canonical homology derivative [46] introduced in the context of Poisson
manifolds and studied by Brylinski [8], Mathieu [53],Yan [69], Merkulov [55] and others [25, 41]
in the symplectic setting.

In the symplectic case, the operators 0 and 0 are related to d and d7 also in a more subtle
way. Recall from Example 1.10 that for a symplectic structure we have a map ® : A*T* — A®T™
such that ®(AFT*) = U"~*. The operators 9, 9, d and dV and the map ® are related by (see

[16])
0®(a) = ®(da) 2100 (a) = ®(d7 a).

EXAMPLE 1.26. If a generalized complex structure induces a splitting of A®*T™ into subspaces
U*, then, according to Example 1.11, a B-field transform of this structure will induce a decom-
position into eBU¥*. As B is a closed form, for v € U* we have:

d(eBv) = ePdv = ePov + ePov € PUM + Byt
hence the corresponding operators for the B-field transform, O and Op, are given by

op = ePoe B; dp = ePde B,
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3.1. The differential graded algebra (Q2°(L),dr). A peculiar characteristic of the oper-
ators 0 and 0 introduced last section is that they are not derivations, i.e., they do not satisfy the
Leibniz rule. There is, however, another differential complex associated to a generalized complex
structure for which the differential is a derivation. We explain this in this section.

As we mentioned before, the Courant bracket does not satisfy the Jacoby identity, and instead
we have

1
Jac(ey, ea,e3) = gd(<[[el, e2], e3) + c.p.).

However, the identity above also shows that the Courant bracket induces a Lie bracket when
restricted to sections of any involutive isotropic space L. This Lie bracket together with the
projection mp : L — TM, makes L into a Lie algebroid and allows us to define a differential
dr, on Q°(L*) = C*(A®L*) making it into a differential graded algebra (DGA). If L is the i-
eigenspace of a generalized complex structure, then the natural pairing gives an isomorphism
L* 2 [ and with this identification (Q°*(L),dy) is a DGA.

If a generalized complex structure has type zero over M, i.e., is of symplectic type, then
L 5T c is an isomorphism and the Courant bracket on C°°(L) is mapped to the Lie bracket
on C*°(T¢). Therefore, in this particular case, (Q*(L),dr) and (Q%(M), d) are isomorphic DGAs.

Further, recall that the choice of a nonvanishing local section p of the canonical bundle gives
an isomorphism of Clifford modules:

6: QL) — Qe(M);  b(s-0)=s-p.
With these choices, the operators 0 and dy, are related by
9p(er) = p(dra) + (=D dprp,

In the particular case when there is a nonvanishing global holomorphic section p we can define

¢ globally and have
9¢(a) = ¢(dra).

4. Deformations of generalized complex structures

In this section we state part of Gualtieri’s deformation theorem for generalized complex
structures. The space of infinitesimal deformations is naturally a subspace of the space of sections
of A2L and we want to know which sections of A2L give rise to deformations of the generalized
complex structure. We shall not discuss when such deformations are trivial and instead refer to
Gualtieri’s thesis. Drawing on a result of Liu, Weinstein and Xu [51], Gualtieri established the
following deformation theorem.

THEOREM 1.27 (Gualtieri [33], Theorem 5.4). An element e € AL gives rise to a deformation
of generalized complex structures if and only if € is small enough and satisfies the Maurer—Cartan
equation

1
dre + 5[[6,{5]] =0.
The deformed generalized complex structure is given by
Lf=(Id+¢e)L L =(Id+?)L.

In the complex case, a bivector e € N2OTM < A2L gives rise to a deformation only if each of the

summands vanish, i.e., de =0 (e is holomorphic) and [e,e] = 0 (e is Poisson).
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EXAMPLE 1.28. Consider C? with its standard complex structure and let & = 219, A 0,,.
One can easily check that ¢ is a holomorphic Poisson bivector, hence we can use € to deform
the complex structure on C2. According to Example 1.5, the canonical bundle of the deformed
structure is given by

e -dzy Ndzg = 21 +dz1 N dzo.
One can readily recognize this as the generalized complex structure from Example 1.24. This
illustrates the fact that in 2 complex dimensions the zeros of the holomorphic bivector correspond
to the type-change points in the deformed structure.

ExaMPLE 1.29. Any holomorphic bivector € on a complex surface M is also Poisson, as
[e,e] € AT M = {0}, and hence gives rise to a deformation of generalized complex structures.
The deformed generalized complex structure will be symplectic outside the divisor representing
c1(M) where the bivector vanishes. At the points where ¢ = 0 the deformed structure agrees
with the original complex structure.

ExAMPLE 1.30. Let M*" be a hyperkihler manifold with Kahler forms wr,w; and wg.
According to the Kahler structure (wr,I), (wj + iwg) is a closed holomorphic 2-form and
(wy + iwg)™ is a holomorphic volume form. Therefore these generate a holomorphic Poisson
bivector A € A2YTM by

A- (wJ + in)n = n(LUJ + in)n—l.
The deformation of the complex structure I by tA is given by
w7 tiw
eMwy + iwg)" = t"e e
which interpolates between the complex structure I and the B-field transform of the symplectic
structure wg as t varies from 0 to 1.

5. Submanifolds and the restricted Courant algebroid

In this section we introduce two special types of submanifolds of a generalized complex
manifold. The first type are the generalized Lagrangians introduced by Gualtieri [33]. This
class of submanifolds comprises complex submanifolds from complex geometry and Lagrangian
submanifolds from symplectic geometry. Generalized Lagrangians are intimately related to branes
(33, , 71]. The second type of submanifolds consists of those which inherit a generalized
complex structure from the original manifold. These correspond to one of the definitions of
submanifolds introduced by Ben-Bassat and Boyarchenko [5] and are the analogue of symplectic
submanifolds from symplectic geometry.

In order to understand generalized complex submanifolds it is desirable to understand how
to restrict Courant algebroids to submanifolds. Given a Courant algebroid £ over a manifold M
and a submanifold ¢ : N < M there are two natural bundles one can form over N. The first is
t*E, the pull back of £ to N. The pairing on £ induces a pairing on ¢t*&€, however the same is not
true about the Courant bracket: even if a section vanishes over N, it may bracket nonzero with
a nonvanishing section.

EXERCISE 1.31. Show that if e;,ea € C°(E), w(1*e1) € C°(TN) and t*eq = 0, then t*[ey, ea]
is not necessarily zero but lies in N* = Ann(T'N) C T*M, the conormal bundle of N.

The second bundle, called the restricted Courant algebroid, and denoted by &|y, is a Courant
algebroid, as the name suggests. It is defined by
Nt {ee & :m(e) € TN}
N* Ann(TN)

Eln =
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The bracket is defined using the Courant bracket on £: according to Exercise 1.31, the ambiguity

of the bracket on N** lies in A/*, hence the bracket on E|n is well defined. If £ is split and has

curvature H, &£|y is naturally isomorphic to TN & T*N endowed with the ¢* H-Courant bracket.
Using these two bundles we can define two types of generalized complex submanifolds.

DEFINITION 1.32. Given a generalized complex structure J on a Courant algebroid £ over
a manifold M, a generalized Lagrangian is a submanifold ¢ : N — M together with a maximal
isotropic subbundle 7y C ¢*& invariant under J such that 7(7x) = TN and if t* ey, t*ea € C°(7n)
then t*[e1, es] € Tn.

Since 7 is maximal isotropic and 7(7x) = T'N, it follows that 7, sits in an exact sequence
0 —N*"— 7y — TN —0.

Since N* C 7y, it makes sense to ask for 7y to be closed under the bracket on *£, even though
this bracket is not well defined, since the indeterminacy lies in N°*.

EXERCISE 1.33. Show that if £ is split, then there is F' € Q?(N) such that

Show that 7, is closed under the bracket if and only if dF' = 1* H, where H is the curvature of the
splitting. Therefore a necessary condition for a manifold to be a submanifold is that *[H] = 0.

Using this exercise we obtain an alternative description of a generalized Lagrangian for a split
Courant algebroid: it is a submanifold N with a 2-form F' € Q?(N) such that dF = *H and 7y,
as defined in (1.13) is invariant under 7.

For the second definition of submanifold we observe that there is a natural way to transport
a Dirac structure D C £ to a Dirac structure on &|y:

DN+ N~
N* '
The distribution D,..4 is a Dirac structure whenever it is smooth and it is called the pull-back of

D. So, if L is the i-eigenspace of a generalized complex structure J on &, L4, the pull back of
L, is a Dirac structure on &|y.

Dred =

DEFINITION 1.34. A generalized complex submanifold is a submanifold ¢ : N — M for which
L,¢q determines a generalized complex structure on €|y, i.e., Lyeq N Lyeq = {0}.

One can check that L,.q is a generalized complex structure if and only if it is smooth and
the following algebraic condition is satisfied

IN* AN c N*,
Some particular cases when the above holds are when N* is J invariant, i.e, JN* = N or when
the natural pairing is nondegenerate on JN* x N*.

EXAMPLE 1.35 (Gualtieri [33], Example 7.8). In this example we describe generalized La-
grangians of a symplectic manifold. So, the starting point is the split Courant algebroid T' ® T
with H = 0 and generalized complex structure given by Example 1.3. Since the Courant alge-
broid is split, we can use the description of 7,y in terms of TN and a 2-form F'. In this case, as
was observed by Gualtieri, the definition of generalized Lagrangian agrees with the A-branes of
Kapustin and Orlov [42].

We claim that if (N, F') is a generalized Lagrangian, then N is a coisotropic submanifold.
Also, both F and, obviously, w|y are annihilated by the distribution TNY = w='(N*). In
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the quotient V = TN/T N, there is a complex structure induced by w™'F and (F + iw) is a
(2,0)-form whose top power is a volume element in A¥CV. Finally, if F = 0, then N is just a
Lagrangian submanifold of M.

To prove that N is coisotropic, we have to prove that w™'(N*) C TN. This is a simple
consequence of the fact that N* C 7y and 7y is J invariant, hence

jN*:—wilN* € TN,

showing that N is coisotropic.
To show that F' is annihilated by TNN“, we choose a local extension, B, of F to Q2(M), so
that for X € TN, X + B(X) € 7n. Since 7y is J invariant,

J(X + B(X)) = —w 'B(X) +w(X) € v,
and hence w™'B(X) € TN, which implies that B(X) vanishes on TN = w~}(N*) since
0 = (W™ BX),N™) = (B(X), —omega™ (V™).

Hence F' is also annihilated by the distribution T'N“.
To find the complex structure on the quotient TN/TN“ we take X € TN and apply J to
X + B(X) € 7n. Invariance implies that

—w IB(X) 4+ w(X) € Ty,

which is the same as —F ow™! o F(X)|y = w(X)|n. In TN/TNY, there is an inverse w~! and
hence, in the quotient, we have the identity

—X = (W F)(X),

showing that w™!'F induces a complex structure on TN/TNY.

For an X € AYYTN/TN¥) we have w ' F(X) = —iX. Applyingw we get F(X,-)+iw(X, ") =
0 and hence F + iw is annihilated by A®1(TN/TN¥) and thus is a (2,0)-form. Finally, for
X = X1 +iXo € AYY(TN/TN¥), as before we obtain (F — iw)(X,-) = 0, which spells out as

F(Xl,-) = —w(XQ,') and F(XQ,) :w(Xl,-),

and therefore (F + iw)(X,-) = —2w(Xs,-) + 2w(X1,) # 0, as w is nondegenerate in TN/TN“.
Thus F + iw is a nondegenerate 2,0-form.

If F vanishes, 0 is a complex structure in 7N/T'N“ which must therefore be the trivial vector
space and hence N is Lagrangian.

EXERCISE 1.36. Show that a generalized Lagrangian of a complex manifold is a complex
submanifold with a closed form F € QLY(M).

EXERCISE 1.37. Show that generalized complex submanifolds of a complex manifold are
complex while those of a symplectic manifold are symplectic submanifolds.

6. Examples

In this section we give some interesting examples of generalized complex structures. In the
first example we find generalized complex structures on symplectic fibrations and, in the second,
on Lie algebras. The last example consists of a surgery procedure for symplectic manifolds
which produce generalized complex structures on Courant algebroids over a topologically distinct
manifold and whose characteristic class is not necessarily trivial.
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6.1. Symplectic fibrations. The differential form description of a generalized complex
structure furnishes also a very pictorial one around regular points. Indeed, in this case one can
choose locally a closed form p defining the structure. Then the integrability condition tells us
that QA Q is a real closed form and therefore the distribution Ann(Q A Q) C TM is an integrable
distribution. The algebraic condition Q A @ A w™ ¥ #£ 0 implies that w is nondegenerate on
the leaves and the integrability condition 2 A dw = 0, that w is closed when restricted to these
leaves. Therefore, around a regular point, the generalized complex structure furnishes a natural
symplectic foliation, and further, the space of leaves has a natural complex structure given by 2.

This suggests that symplectic fibrations should be a way to construct nontrivial examples of
generalized complex structures. Next we see that Thurston’s argument for symplectic fibrations
[63, 54] can also be used in the generalized complex setting.

THEOREM 1.38 (Cavalcanti [15]). Let M be a generalized complex manifold with the H -
Courant bracket. Let m: P — M be a symplectic fibration with compact fiber (F,w). Assume
that there is a € H?(P) which restricts to the cohomology class of w on each fiber. Then P admits
a generalized complex structure with the w* H-Courant bracket.

PROOF. The usual argument using partitions of unit shows that we can find a closed 2-form
T representing the cohomology class a such that 7|p = w on each fiber. If K is the canonical
bundle of the generalized complex structure on M, then we claim that, for € small enough, the
subbundle Kp = ¢ A*K C Q% (P) determines a generalized complex structure on P with the
m* H-Courant bracket.

Let U, be a covering of B where we have trivializations p, of K. Then the forms ™ A 7% p,
are nonvanishing local sections of Kp. Since 7 is nondegenerate on the vertical subspaces Ker .,
it determines a field of horizontal subspaces

Hor, ={X e€eT,P:7(X,Y)=0,VY € T, F}.
The subspace Hor, is a complement to T, F" and isomorphic to Ty ()M via m,. Also, denoting by
(,-)ar the Mukai pairing on M, (pa, o)y # 0 and hence pulls back to a volume form on Hor.
Therefore, for € small enough,
(€T AT pas €T AT Do) p = (e7) ™) AT (pa, Pa) s # 0,

and €7 A 7¥p,, is of the right algebraic type. Finally, from the integrability condition for pa,
there are X, &, such that

1ET

dea = (Xa + ga)pa-
If we let X" € Hor be the horizontal vector projecting down to X, then the following holds
on 7 1(U,):
dpe g (€57 A ¥ po) = (X7 4 %€, — XD Lie)e™ A 7% pa,
showing that the induced generalized complex structure is integrable. (|

Several cases for when the conditions of the theorem are fulfilled have been studied for
symplectic manifolds and many times purely topological conditions on the base and on the fiber
are enough to ensure that the hypotheses hold. We give the following two examples adapted
from McDuff and Salamon [54], Chapter 6.

THEOREM 1.39. Let m : X — M be a symplectic fibration over a compact generalized
complex base with fiber (F,w). If the first Chern class of TF is a nonzero multiple of [w], then
the conditions of Theorem 1.38 hold. In particular, any oriented surface bundle can be given
a symplectic fibration structure and, if the fibers are not tori, the total space has a generalized
complex structure.
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THEOREM 1.40. A symplectic fibration with compact and I-connected fiber and a compact
twisted generalized complex base admits a twisted generalized complex structure.

6.2. Nilpotent Lie algebras. Another source of examples comes from considering left
invariant generalized complex structures on Lie groups, which is equivalent to consider integrable
linear generalized complex structures on their Lie algebra g. In this case, one of the terms in the
H-Courant bracket always vanishes and we have

[X +&Y +n] =[X,Y]+ Lxn — Ly +iyixH,

which is a Lie bracket on g @ g*.

Hence the search for a generalized complex structure on a Lie algebra g amounts to finding
a complex structure on g @ g* orthogonal with respect to the natural pairing. Therefore, given a
fixed Lie algebra, finding a generalized complex structure on it or proving it does not admit any
such structure is only a matter of perseverance.

In joint work with Gualtieri, the author carried out this task studying generalized complex
structures on nilpotent Lie algebras. There we proved

THEOREM 1.41 (Cavalcanti-Gualtieri [18]). Every 6-dimensional nilpotent Lie algebra has a
generalized complex structure.

A classification of which of those algebras had complex or symplectic structures had been
carried out before by Salamon [57] and Goze and Khakimdjanov [31] and 5 nilpotent Lie algebras
don’t have either. Therefore these results gave the first nontrivial instances of generalized complex
structures on spaces which admitted neither (left invariant) complex or symplectic structures.

6.3. A surgery. One of the features of generalized complex structures is that they don’t
necessarily have constant type along the manifold, as we saw in Example 1.24. In four dimensions,
this is one of the main features distinguishing generalized complex structures from complex or
symplectic structures and was used to produce some interesting examples in [19] by means of a
surgery.

The idea of the surgery is to replace a neighborhood U of a symplectic 2-torus 7' with
trivial normal bundle on a symplectic manifold (M, o) by D? x T? with the generalized complex
structure from Example 1.24 using a symplectomorphism which is a nontrivial diffeomeorphism
of OU = T3. This surgery is a particular case a C™ logarithmic transformation, a surgery
introduced and studied by Gompf and Mrowka in [30].

THEOREM 1.42 (Cavalcanti-Gualtieri [19]). Let (M, o) be a symplectic 4-manifold, T — M
be a symplectic 2-torus with trivial normal bundle and tubular neighbourhood U. Let i : S' x
T? — 90U = 81 x T? be the map given on standard coordinates by

¥(01,02,03) = (03,09, —061).
Then
M = M\U Uy D* x T?,
admits a generalized complex structure with type change along a 2-torus, and which is integrable

with respect to a 3-form H, such that [H] is the Poincaré dual to the circle in S* xT? pr&gemed by
. If M is simply connected and [T € H?(M,7Z) is k times a primitive class, then 7 (M) = Zj.

ProOF. By Moser’s theorem, symplectic structures with the same volume on an oriented
compact surface are isomorphic. Hence, after rescaling, we can assume that T' is endowed with
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its standard symplectic structure. Therefore, by Weinstein’s neighbourhood theorem [65], the
neighborhood U is symplectomorphic to D? x T? with standard sympletic form:

1 - - -
o= id# A dby + dbsy A dbs.

Now consider the symplectic form w on D?\{0} x T2 from Example 1.24:
w =dlogr A dbs + db, A dbs.
The map v : (D*\D?, _ x T? w — (D*\{0} x T? o) given by

1/ve
Y(r,01,02,03) = (v/loger?, 03,02, —61)
is a symplectomorphism.

Let B be the 2-form defined by (1.12) on D2\Df/\/€ x T2, and choose an extension B of

Y~V B to M\T. Therefore (M\T, B+io) is a generalized complex manifold of type 0, integrable
with respect to the dB-Courant bracket.

Now the surgery M = M \T' Uy, D? x T? obtains a generalized complex structure since the
gluing map 1 satisfies *(B + ic) = B + iw, therefore identifying the generalized complex
structures on M\T and D? x T? over the annulus where they are glued together. Therefore, the
resulting generalized complex structure exhibits type change along the 2-torus coming from the
central fibre of D? x T2. This structure is integrable with respect to H = dB, which is a globally
defined closed 3-form on M.

The 2-form B can be chosen so that it vanishes outside a larger tubular neighbourhood U’
of T, so that H = dB has support in U'\U and has the form

H = f'(r)dr A dfy A dbs,

for a smooth bump function f such that f|y = 1 and vanishes outside U’. Therefore, we see that
H represents the Poincaré dual of the circle parametrized by 05, as required.

The last claim is a consequence of van Kampen’s theorem and that H?(M, Z) is spherical, as
M is simply connected. 0

ExaMPLE 1.43. Given an elliptic K3 surface, one can perform the surgery above along one
of the T? fibers. In [30], Gompf and Mrowka show that the resulting manifold is diffeomorphic
to 3CP?#19CP2. Due to Taubes’s results on Seiberg-Witten invariants [62] and Kodaira’s
classification of complex surfaces [45], we know this manifold does not admit symplectic or
complex structures therefore providing the first example of generalized complex manifold without
complex or symplectic structures.







CHAPTER 2

Generalized metric structures

In this chapter we present metrics on Courant algebroids as introduced in [33, 68] and further
developed in [34]. Since a Courant algebroid is endowed with a natural pairing, one has to place
a compatibility condition between metric and pairing. This is done by defining that a generalized
metric is a self adjoint, orthogonal endomorphism G : £ — & such that, for v € £\{0},

(Gv,v) > 0.

A generalized metric on a split Courant algebroid gives rise to a Hodge star-like operator on
forms. Further, for a given generalized metric, there is a natural splitting of any exact Courant
algebroid as the sum of T* with its metric orthogonal complement, (7%)Y. If this splitting is
chosen, the star operator coincides with the usual Hodge star, while in general it differs from it
by nonclosed B-field tranforms.

Similarly to the complex case, one can ask for a generalized metric to be compatible with a
given generalized complex structure. There always are such metrics. Whenever a metric compat-
ible with a generalized complex structure is chosen, we automatically get a second generalized
complex structure which is not integrable in general. By studying Hodge theory on generalized
complex manifolds we obtain Serre duality for the operator 0. When both of the generalized
complex structures are integrable, we obtain a generalized Kahler structure.

The compatibility between a metric and a generalized complex structure is used to the full
in the case of a generalized Kéhler structure, for Gualtieri proved that in a generalized Kéahler

manifold a number of Laplacians coincide [34, 35] furnishing Hodge identities for those manifolds.
These are powerful results which have implications for a generalized K&hler manifold similar to the
formality theorem for K&hler manifolds [24], as made explicit in [17]. Moreover these identities

are a key fact for the proof of smoothness of the moduli space of generalized Kéhler structures

[47).

After introducing the generalized metric, this chapter follows closely [34, 35] and gives some
applications of the results therein. In the first section we introduce the concept of generalized
metric on a vector space and investigate the consequences of the compatibility of this metric
with a linear generalized complex structure. In Section 2 we do things over a manifold with
the requirement that the generalized complex structure involved is integrable. We also state
Gualtieri’s theorem relating generalized Kéahler structures to bihermitian structures. In Section 3
we study Hodge theory on a generalized Kéahler manifold and in Section 4 we give an application
of those results.

1. Linear algebra of the metric

1.1. Generalized metric. The concept of generalized metric on DV, the double of a vector
space V, was introduced by Gualtieri [33] and Witt [68] and was further studied by Gualtieri
in connection with generalized complex structures in [34]. Following Gualtieri’s exposition, a

21
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generalized metric is an orthogonal, self adjoint operator G : DV — DV such that
(Ge,e) > 0 for e € DV\{0}.
Using symmetry and orthogonality we see that
G*=6G"'=6¢"" =1d.

Hence G splits DV into its £1-eigenspaces, C'y, which are orthogonal subspaces of DV where the
pairing is +-definite. Therefore C'+ are maximal and, since V* C DV is isotropic, the projections
w: Cp — V are isomorphisms. Conversely, prescribing orthogonal spaces C'y where the pairing
is +-definite defines a metric G by letting G = +1 on C4.

A generalized metric induces a metric on the underlying vector space. This is obtained using
the isomorphism 7 : C; — V and defining

9(X,Y) = (= 1(X), 77 (V).

One can alternatively define a metric using C_, but this renders the same metric on V.

If we have a splitting DV = V & V*, then a generalized metric can be described in terms
of forms. Indeed, in this case C; can be described as a graph over V of an element in ®?V* =
Sym?V* @ A2V*, i.e., there is ¢ € Sym?V* and b € A2V* such that

Cy ={X+(0b+9)(X): X eV}

It is clear that g above is nothing but the metric induced by G on V. The subspace C_ is also a
graph over V. Since it is orthogonal to C'y with respect to the natural pairing we see that

C.={X+0b-g)(X): X eV}

Conversely, a metric g and a 2-form b define a pair of orthogonal spaces C+ C V ® V* where the
pairing is +-definite, so, on V & V*, a generalized metric is equivalent to a metric and a 2-form.
A generalized metric on V @& V* allows us to define a Hodge star operator [34]:

DEFINITION 2.1. Fix an orientation for C, and let eq,--- ,e, be an oriented orthonormal
basis for this space. Denoting by 7 the product e;---e, € CL(V & V*), the generalized Hodge
star is defined by xa = (—1)I*("=D7 . o where - is the Clifford action of C1(V @ V*) on forms.

If we denote by *, the usual Hodge star associated to the metric g, the Mukai pairing gives
the following relation, if b = 0:
(0, %) = o N\ *gf3.

b

In the presence of a b-field, if we let « = e & and 5 = e_bB, then the relation becomes

(a,x03) = & A *gB.

Hence (o, x«) is a nonvanishing volume form whenever a # 0.

1.2. Hermitian structures. Given a generalized complex structure J1 on a vector space
V, we say a generalized metric G is compatible with 71 if they commute. In this situation,
Jo = GJ1 is automatically a generalized complex structure which commutes with G and 7.
Given a generalized complex structure on V', one can always find a generalized metric compatible
with it.

If we let C C DV be the +1-eigenspaces of G, then, using the fact that 71 and G commute,
we see that J1 : C+ — C4. Since 7 : C+ — V are isomorphisms, we can transport the
complex structures on CL to complex structures I+ on V. Furthermore, as J1 is orthogonal
with respect to the natural pairing, I+ are orthogonal with respect to the induced metric on V.
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If the double of V' is split as V @& V*, then both J; and Jo give rise to a decomposition
of A®V* @ C into their ik-eigenvalues. Since J; and Jo commute, they can be diagonalized
simultaneously:

a4 — 7P q . 4 — ASY*
urt=U% NUZ; Bp,UPT = NV* @ C.

So, given a metric compatible with a generalized complex structure on V' & V*, we obtain Z>
grading on forms. As we will see later, this bigrading will be compatible with the differentiable
structure on a manifold only if J; are integrable, which corresponds to the generalized Kéahler
case.

ExAMPLE 2.2. Let V be a vector space endowed with a complex structure I compatible
with a metric g. Then the induced generalized complex structure J; is compatible with the
generalized metric G on V & V* induced by g with b = 0. The generalized complex structure
defined by GJ is nothing but the generalized complex structure J,, defined by the symplectic
form w = g(I-,-).

In this case, the decomposition of forms into UP-? induced by this hermitian structure corre-
sponds to the intersection of U? and U, as determined in Examples 1.9 and 1.10, i.e.,

(2.1) UrmenTra = U U = G(APIV),

where ®(a) = e e is the map defined in Example 1.10. In particular, the decomposition
of forms into UP¢ is not just the decomposition into AP4V*  which only depends on I, but
isomorphic to it via an isomorphism which depends on the symplectic form.

Also, as we saw in the previous section, a metric on V@ V™ gives rise to a Hodge star operator.
If the metric is compatible with a generalized complex structure, then this star operator can be
expressed in terms of the Lie group action of J1 and J9 on forms:

LEMMA 2.3. (Gualtieri [35]) If a metric G is compatible with a generalized complex structure
J1 and we let Jo = GJT1, then xa = J1J 20

COROLLARY 2.4. If V& V* has a generalized complex structure J1and a compatible metric
G, then the Hodge star operator preserves the bigrading of forms.

PRroor. Indeed if a € UP, then xa = J1J2a = iPTa. O

For a generalized complex structure with compatible metric the operator * defined by *a = xa
is also important, as it furnishes a definite, hemitian, bilinear functional,

(2.2) ha, B) = /M(a,*ﬂ), a,f e NVFRC.

We finish this section with a remark. The fact that a pair of commuting generalized complex
structures J1 and J2 on V gives rise to a metric places algebraic restrictions on J; and J». For
example, one can check that,

type(J1) + type(T2) < n,
where dim(V) = 2n.

2. Generalized Kahler structures

2.1. Hermitian structures. A Hermitian structure on an exact Courant algebroid £ over
a manifold M is a generalized complex structure J with compatible metric G on £. Given a
generalized complex structure on £ one can always find a metric compatible with it, therefore
obtaining a Hermitian structure. From a general point of view, this is true because it corresponds
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to a reduction of the structure group of the Courant algebroid from U(n,n) to its maximal
compact subgroup U(n) x U(n) and such reduction is unobstructed.

Incidentally, the existence of such a metric implies that every generalized almost complex
manifold has an almost complex structure. Indeed, from the work in the previous section, if J
is a generalized almost complex structure, then a metric compatible with J allows one to define
an almost complex structure on M using the projection 7 : Cy — T.

Given a splitting for £, J induces a decomposition of differential forms, G furnishes a Hodge
star operator preserving this decomposition and the operator h from equation (2.2) is a definite
hermitian bilinear functional.

LEMMA 2.5. Let (M,J,G) be a generalized complex manifold with compatible metric. Then
the h-adjoint of & is given by 8 = —%0x

PRrROOF. We start observing that (dgco, 3) + (a,du3) = (d(o(a) A B))iop is an exact form.
Now, let o« € U**! and 8 € U7, then

(2.3) (d(o(a) A B))top = (duev, B) + (a, diB) = (9ev, B) + (dev, B) + (at, IB) + (at, D),
and according to Proposition 1.8, the terms (Ja, 3) and («, 93) vanish. Therefore

hG0,5) = [ (FasB) =~ [ (@.35D)

= —/ (o, 7% 10 % B)
M
= h(a, =% 10%p)
]

Now, the Laplacian 99" + 379 is an elliptic operator and in a compact generalized complex
manifold every d-cohomology class has a unique harmonic representative, which is a @ and a-
closed form. Also, from the expression above for @ , we see that * maps harmonic forms to
harmonic forms.

THEOREM 2.6 (Serre duality; Cavalcanti [16]). In a compact generalized complex manifold
(M?",7), the Mukai pairing gives rise to a pairing in cohomology Hg X ng — H*™(M) which
vanishes if k # —l and is nondegenerate if k = —I.

PrOOF. Given cohomology classes a € Hg(M )and b € ng(M ), choose representative a € U*

and 8 € U'. According to Lemma 1.8, (a, 8) vanishes if k # —[, therefore proving the first claim.
If k= —1and b =0, so that § = 07 is a J-exact form, then, according to (2.3),

[(er,07)] = [(9er, )] = 0,
Showing that the pairing is well defined.

Finally, if we let o be the harmonic representative of the class a, then & is 0 closed form in
U~ which pairs nontrivially with «, showing nondegeneracy. O

2.2. Generalized Kéahler structures. Given a Hermitian structure (J,G) on a Courant
algebroid £, we can always define the generalized almost complex structure Jo = JG. This
structure is not integrable in general. Particular examples are given by an almost complex
structure taming a symplectic structure or by the structure associated to a nondegenerate 2-
form of type (1,1) on a complex manifold. So the integrability of 75 is the analogue of the
Kahler condition.
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DEFINITION 2.7. A generalized Kdhler structure on an exact Courant algebroid £ is a pair
of commuting generalized complex structures J1 and Jo such that G = — 7179 is a generalized
metric.

As we have seen, given a generalized complex structure compatible with a generalized metric
one can define almost complex structures I on T using the projections 7 : C1 — T. The
integrability of 71 and Jo imply that I+ are integrable complex structures and also that

dd®w_ =0 dfw_ = —dSwy,

where wy = g(I4-,-) are the Kéhler forms associated to I+ and di = —I1dI+ (see [33], Propo-
sition 6.16).

The converse also holds and is the heart of Gualtieri’s theorem relating generalized Kahler
structure to bihermitian structures:

THEOREM 2.8 (Gualtieri [33], Theorem 6.37). A manifold M admits a bihermitian structure
(9, 14+,1-), such that

ddcw_ =0 dfw_ = —dfwy

if and only if the Courant algebroid £ with characteristic class [d°w_] has a generalized Kdhler
structure which induces the bihermitian structure (g,1y,1_) on M.

In the case of a generalized Kéahler induced by a Kéahler structure, I, = £1_ and the equations
above hold trivially as d°w = 0. Now we use the bihermitian characterization of a generalized
Kaéhler manifold to give nontrivial examples of generalized Kéhler structures.

EXAMPLE 2.9 (Gualtieri [33], Example 6.30). Let (M, g, I, J, K) be a hyperkdhler manifold.
Then it automatically has an S? worth of Kéhler structures which automatically furnish gen-
eralized Kahler structures. However there are other generalized Kéhler structures on M. For
example, if we let I, = I and I_ = J, then all the conditions of Theorem 2.8 hold hence provid-
ing M with a generalized Kéhler structure (with H = 0). The forms generating the canonical
bundles of this generalized Kéahler structure are

7
p1 = exp(wg + §(w1 —wy));

i
p2 = exp(~wi + 5 (wr +wy)).
showing that a generalized Kahler structure can be determined by two generalized complex
structures of symplectic type.

EXAMPLE 2.10 (Gualtieri [33], Example 6.39). Every compact even dimensional Lie group
G admits left and right invariant complex structures [58, 64]. If G is semi-simple, we can
choose such complex structures to be Hermitian with respect to the invariant metric induced
by the Killing form K. This bihermitian structure furnishes a generalized Kéahler structure on
the Courant algebroid over G with characteristic class given by the bi-invariant Cartan 3-form:
H(X,Y,Z)=K([X,Y],Z). To prove this we let J, and Jg be left and right invariant complex
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structures as above and compute dfwr,:
A=d5wr(X,Y,Z) =dpwr(JL X, JLY, Jp.Z)
= —wr([Jp X, JLY], JLZ) + c.p.
=—-K([JLX,JLY],Z) + c.p.
= —K(J[JL X, Y]+ Jo[ X, JLY ]+ [ X, Y], Z) + c.p.
= 2K([JrX,JLY],Z) + cp.) —3H(X,Y,Z)
=—-2A—-3H,
where c.p. stands for cyclic permutations. This proves that dfw; = —H. Since the right Lie
algebra is antiholomorphic to the left, the same calculation yields dywr = H and by Theorem

2.8, this bihermitian structure induces a generalized Kahler structure on the Courant algebroid
with characteristic class [H].

More recently, using a classification theorem for bihermitian structures on 4-manifolds by
Apostolov et al [1], Apostolov and Gualtieri managed to classify all 4-manifolds admiting gener-
alized Kéhler structures [2].

3. Hodge identities

Assume that an exact Courant algebroid £ has a generalized Kéhler structure (71, J2).
Once a splitting for £ is chosen, we obtain a bigrading of forms into UP¢ = U§1 N ng. Since

for generalized complex structure dj; : UF — U L U+ we see that for a generalized Kahler
structure dpy decomposes in four components:

dy - UPY — yrthatl 4 gp+la-1 +up71,q+1’upfl,qfl'
We denote these components by
Oy UPT — yPptia+l §_ - yrd —, yptla-l
and their conjugates
o4 UPY — yplat o - UYP9 — ypLatl
So that, for example, 87, = §. +d_ and 07, = 6. + d_. One can easily show that h-adjoints
J1 + T2 +

of 64+ are given by 0% = —%d+% ! and similarly for §_, 6, and §_. Given the description of x in
terms of the Lie algebra action of J1 and J3 given in Lemma 2.3, we have

THEOREM 2.11 (Gualtieri [34, 35]). The following relations hold in a generalized Kdhler
manifold

(2.4) & =04 and 0 = —0_;
(25)  48g, =209, =205 =20g, =205 =05, = D5 =Dy =Dy

Proor. To prove that 67 = —d,, one only has to prove these operators agree when action
on UP4. So let a € UP?. Then, according to Lemma 2.3, we get *a = i P~ %@ and

& = %% ta= —PtixS e = PP R = 6L a
And similarly one can check the identity §* = -J_.

To prove the equality of the Laplacians now one only has to observe that due to (2.4)

A§+ = 5+g+ —|—g+(5+ and Ay = —(5737 —|—3,57)_
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On the other hand, if o € UP? then d%a = 0 implies

(0464 +040,+0.6_4+0_6)a=0

for all o and hence As, = As_.
Since 8231 =0, 04 and d_ anticommute, so, e.g.,

Ngy = dpdiy + digdy = (54 +0- + 05 +0)(0 + 05 40, +0°)
(0 40T 0L +0) (0 + O 0+
= (04 +0-+04+06_)(04 — 04064 —0_)+ (64 — -+ 84 —6_)(04 +0_+ 64 +0-)
=2(6404 +6401) +2(0_6- +0-6_)
= 20;, + 205 = 4N, .
And similar arguments prove all the other identities. t

Here we mention a couple of standard consequences of this theorem whose proof follows the
same argument given in the classical Kahler case.

COROLLARY 2.12 (Gualtieri [34, 35]). In a compact generalized Kdhler manifold the decom-
position of forms into UP? gives rise to a p,q-decomposition of the dgr-cohomology.

COROLLARY 2.13 (Gualtieri [34, 35]). 040_-Lemma In a compact generalized Kdhler man-
ifold
Im (64) NKer (0—) =Im (0_) NKer (04) = Im (646_).

4. Formality in generalized Kahler geometry

A differential graded algebra (A, d) is formal if there is a finite sequence of differential graded
algebras (A;, d) with quasi isomorphisms ¢; between A; and A;;1 such that (A;,d) = (A, d) and
(Ana d) = (H.(A)v 0):

A Ay F2 g BT A O A,
And a manifold is formal if the algebra of differential forms, (Q°*(M),d), is formal.

One of the most striking uses of the 0-lemma for a complex structure appears in the proof
that it implies formality [24], therefore providing fine topological obstructions for a manifold to
admit a Ké&hler structure [61]. A very important fact used in this proof is that for a complex
structure 9 and O are derivations. As we mentioned before, in the generalized complex world the
operators 0 and O are not derivations and indeed there are examples of nonformal generalized
complex manifolds for which the 99-lemma holds [14].

However, as we saw in Section 3.1, given a generalized complex structure we can form the dif-
ferential graded algebra (Q2°(L), dy) and if the generalized complex structure has holomorphically
trivial canonical bundle, trivialized by a form p, we get a map

¢: QL) — QE(M);  P(s-0)=s-p
such that
I¢(a) = p(dra).
In the case of a generalized Kahler structure, since J; and Jo commute, Jo furnishes an inte-

grable complex structure on Ly, the i-eigenspace of J1. With that we obtain a p, g-decomposition
of A*L; and decomposition dy, = Jr, + 0, of the differential. Since this is nothing but the
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decomposition of dr, by an underlying complex structure, the operators 9, and J;, are deriva-
tions. And if further J; has holomorphically trivial canonical bundle, then the correspondence
between dj, and 0 gives an identifications between Jr, and d4 and 0, and 0_:

0+p(a) = 60, @)  0-¢(a) = $(Ir, ).
So, if we let df = —i(dL, — dL,), Corollary 2.13 implies

LEMMA 2.14. If (J1,J2) is a generalized Kdhler structure on a compact manifold and J
has holomorphically trivial canonical bundle then

Im (dr,) NKer (d},) = Im (d7,) NKer (dz,) = Im (dr,df ).
And hence the same argument from [24] gives

THEOREM 2.15 (Cavalcanti [17]). If (J1,J2) is a generalized Kdhler structure on a compact
manifold and J1 has holomorphically trivial canonical, then (Q°(L1),dr,) is a formal differential
graded algebra.

PROOF. Let (Q2(L1),dr,) be the algebra of df -closed element of Q°*(L;) endowed with dif-
ferential dr,, and (Hch1 (L1),dr,) be the cohomology of Q°(L;) with respect to df , also endowed
with differential dy,. Then we have maps

(L), dr,) <= (Qe(Tn), dry) == (Hag, (L), duy),

and, as we are going to see, these maps are quasi-isomorphisms and the differential of <Hdil (M),dr,)
is zero, therefore showing that Q(L1) is formal.
i) * is surjective:

Given a dp,-closed form «, let 8 = df «a. Then dp, = dr,dj o = —dj dp,a =0,
so 3 satisfies the conditions of the dp,df -lemma, hence 8 = df dr,v. Let & = a—dy,7,
then df & =df a—df dr,v= 08— =0,s0 [a] € Im (7).

it) i is injective:

If ©*a is exact, then « is dj -closed and exact, hence by the dp,dj -lemma o =
dr,df, B, so a is the derivative of a df -closed form and hence its cohomology class in
(). is also zero.

ii) The differential of (Hge (M), d) is zero:
1

Let « be df, -closed, then dr,« is exact and df = closed so, by the dr,d7 -lemma,

dr,a =dj dp, and so it is zero in df -cohomology.
iv) m* is onto:

Let a be df -closed. Then, as above, dr, = dr,d7 (. Let & = a —d7 (3, and so

dr,a =0 and [a]dil = [a]chl, SO W*([Oé]dLl) = [a]dil'
v) 7 is injective:

Let a be closed and d7 -exact, then the d,d} -lemma implies that « is exact and
hence [a] =0 in &..

O

If J1 is a structure of type 0, i.e., is of symplectic type, then not only does it have holomor-
phically trivial canonical bundle but 7 : L — Tt is an isomorphism and the bracket on L is
mapped to the Lie bracket of vector fields. Therefore, in this case, (2(L1),dy,) is isomorphic to
(Qc(M),d). So the previous theorem gives:
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COROLLARY 2.16 (Cavalcanti [17]). If (J1,J2) is a generalized Kdhler structure on a com-
pact manifold M and J1 is of symplectic type, then M is formal.

Similarly to the original theorem of formality of K&hler manifolds, Theorem 2.15 furnishes
a nontrivial obstruction for a given generalized complex structure to be part of a generalized
Kahler structure. As an application of this result one can prove that no generalized complex
structure on a nilpotent Lie algebra is part of generalized Kahler pair [17].






CHAPTER 3

Reduction of Courant algebroids

Given a structure on a manifold M and a group G acting on M by symmetries of that
structure, one can ask what kind of conditions have to be imposed on the group action in order
for that structure on M to descend to a similar type of structure on M/G. Examples include
the quotient of metrics when a Riemannian manifold is acted on by Killing fields, quotient of
complex manifolds by holomorphic actions of a complex group and the reduction of symplectic
manifolds acted on by a group of symplectomorphisms.

The latter example is particularly interesting as it shows that sometimes it may be necessary
to take submanifolds as well as the quotient by the G action in order to find a manifold with the
desired structure. This is going to be a central feature in theory developed in this chapter and
one of the tasks ahead is to define a notion of action which includes the choice of submanifolds
on it. Although we are primarily concerned about how to take quotients of generalized complex
structures, there is a more basic question which needs to be answered first: how can we quotient
a Courant algebroid £7

To answer this question we recall that the action of G on M can be fully described by the
infinitesimal action of its Lie algebra, 1 : g — C°°(T'), which is a morphism of Lie algebras.
We want to have a similar picture for a Courant algebroid £ over M, i.e., we want to describe
a G-action on &£ covering the G-action on M by a map ¥ : a — C°°(&). Here we encounter
our first problem which is to determine what kind of object a is. It is natural to ask that it has
the same sort of structure that £ has, i.e., instead of being a Lie algebra, it has to encode the
properties of a Courant algebroid. This leads us to the concept of a Courant algebra. Another
point is that we still want to have the same group G acting on both £ and M, thus restricting
the Courant algebra morphisms ¥ one is allowed to consider: these are the extended actions.

We will see that once an extended action on a Courant algebroid is chosen, it determines
a foliation on M whose leaves are invariant under the G action. The ‘quotient’ algebroid is an
algebroid defined over the quotient of a leaf of this distribution by G and the algebroid itself
is obtained by considering the quotient of a subspace of £ and hence we call these the reduced
manifold and the reduced Courant algebroid. Some of the formalism we introduce appeared
before in the physics literature in the context of gauging the Wess—Zumino term in a sigma
model [40, 28, 27].

Once the reduced Courant algebroid &£,.4 is understood, it is relatively easy to reduce struc-
tures from &£. Here we will deal only with Dirac and generalized complex structures. However,
even by just considering these we see that this theory is actually quite strong and includes as
subcases pull back and push forward of Dirac structures (as studied in [11]), quotient of complex
manifolds by holomorphic actions by complex groups, symplectic reduction. Other interesting
and new cases consist for type changing reductions: for example, the reduction of a symplectic
structure can lead to a generalized complex structure of nonzero type (see Example 3.22).

The material of this chapter is mostly an extraction from the collaboration with Bursztyn
and Gualtieri [10], whose reading I highly recommend if you are interested in these topics. There
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we also deal with the reduction of generalized Kéahler structures and present the concept of
Hamiltonian actions. Other independent work dealing with reduction of generalized complex
structures with different degrees of generality are [38, 48, 60].

This chapter is organized as follows. In Section 1 we give a precise description of the group
of symmetries of an exact Courant algebroid, define Courant algebras and extended actions.
In Section 2 we explain how to reduce manifolds and exact Courant algebroid over them given
an extended action. In Section 3 we show how to transport Dirac structures from the original
Courant algebroid to the reduced Courant algebroid and then we finish in Section 4 applying
these results to reduction of generalized complex structures.

1. Courant algebras and extended actions

1.1. Symmetries of Courant algebroids. As we have mentioned before, the group of
symmetries, C, of an exact Courant algebroid is formed by diffeomorphisms and B-fields. A
more precise description of C can be given once an isotropic splitting is chosen [33]: it consists
of the group of ordered pairs (¢, B) € Diff(M) x Q2(M) such that p*H — H = dB, where H is
the curvature of the splitting. Diffeomorphisms act in the usual way on T @ T™, while 2-forms
act via B-field transforms. As a result we see that C is an extension

OHQEZ(M) HCHDiﬂA[H](M)HO’

where Diff (M) is the group of diffeomorphisms preserving the cohomology class [H].
Therefore, the Lie algebra ¢ of symmetries consists of pairs (X, B) € C®(T) @ Q*(M) such
that £Lx H = dB. For this reason, it is an extension of the form

0 —= Q%(M) —> ¢ —> C®(T) —>0.

We have mentioned before that there is a natural adjoint action of a section e; of £ on C*°(€)
by e1 @ ea = [er, ea] + d{ej,ez). It follows from the definition of a Courant algebroid that the
adjoint action of e; is an infinitesimal symmetry of &, i.e.,

(3.1) m(e1)(e2, e3) = (e1 ® ez, e3) + (e2,e1 ® €3)

(3.2) e1 o [ez, e3] = [e1 ® ez, e3] + [e2, e1 @ €3],

and hence we have a map ad : C*°(£) — ¢. However, unlike the usual adjoint action of vector
fields on the tangent bundle, ad is neither surjective nor injective; instead, in an exact Courant
algebroid, the Lie algebra ¢ fits into the following exact sequence:

0— QL (M) ——=C®(€) —c¢c—— H*(M,R) —=0,
where the map to cohomology can be written as (X, B) — [ix H — B] in a given splitting.

1.2. Extended actions. In the same way a Lie group action is described in terms of a
morphism between a Lie algebra g and the Lie algebra C°°(T) we want to describe an action
on M together with an action on an exact Courant algebroid £ over M in terms of a map
U :a— C®&). Since C*°(€) is not a Lie algebra, but has a structure coming from the
Courant algebroid structure, it is natural to ask that a has a similar kind of structure and ¥ to
be a morphism. The structure we want on a is that of a Courant algebra, as introduced in [10].

DEFINITION 3.1. A Courant algebra over the Lie algebra g is a vector space a equipped with
a skew-symmetric bracket [-,-] : @ X @ — a, a symmetric bilinear operation 0 : a X a — a, and
a map 7w : a — g, which satisfy the following conditions for all a1, a9, a3 € a:
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) m([a1, ag]) = [r(a1), w(az)],
c2) Jac(ar,az,a3) = 3(0([a1, az], as) + c.p.),
; 9(&1,@2) ® a3 = 0,

ch) aj @ O(az,as) = 0(ay ® as,as) + O(az,ay ® as),
where e denotes the combination
a] ®ay = [al, CLQ] + 9(@1, CLQ).

DEFINITION 3.2. An exact Courant algebra is one for which

T

0 b a g 0

is an exact sequence and such that [h1, ha] = 0(hy, he) =0 for all h; € h = ker .

A Courant algebroid £ gives an example of a Courant algebra over g = C*°(T'M), taking
a=C>(€) and O(e1,e2) = d{eq,e2). If £ is exact, then C*°(€) is an exact Courant algebra.
For an exact Courant algebra, one obtains immediately an action of g on h: g € g acts on
h € h via g-h = a e h, for any a such that m(a) = ¢g. This is well defined, and it determines an
action because of the Leibniz property of e: for all a; € a,
ay e (azeaz) = (a;®az)eas+aze(aseas),
which implies that, given g; € g and a; € a such that 7(a;) = g;,

g1-(92-h)—g2-(g1-h)=are(ageh)—ase(aseh)
= ([a1,a2] + 0(a1,az2)) e h
= la1,az] @ h = [g1,92] - I,
for all A € b, proving that g acts on h. In fact there is a natural nontrivial exact Courant algebra

associated with any g-module, as we now explain.

EXAMPLE 3.3 (Demisemidirect product). Let g be a Lie algebra acting on the vector space
h. Then a = g @& h becomes a Courant algebra over g via the bracket

(3.3) [(91,h1), (g2, h2)] = ([g1, 92], 5 (g1 - ha — g2 - h1)),

and the bilinear operation

(3.4) 0((g1, 1), (92, h2)) = (0, 5(g1 - ha + g2 - h1)),

where here g - h denotes the g-action. This bracket has appeared before in the context of Leibniz
algebras [43], where it was called the demisemidirect product, due to the factor of % Note that
in [67], Weinstein studied the case where g = gl(V') and h = V, and called it an omni-Lie algebra
due to the fact that, when dimV = n, any n-dimensional Lie algebra can be embedded inside
g @ b as an involutive subspace.

DEFINITION 3.4. A morphism of Courant algebras from (a —— g, [-, -], ) to (o’ -, g.[],0")
is a commutative square
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where 1) is a Lie algebra homomorphism, ¥([ai,as]) = [¥(a1),¥(az2)] and ¥(f(ai,az)) =
0'(¥(a1),¥(az)) for all a; € a. Note that a morphism of Courant algebras induces a chain

homomorphism of associated chain complexes h ——=a ——g .
We now have all we need to define the extension of a G-action to a Courant algebroid £.

DEFINITION 3.5 (Extended action). Let G be a connected Lie group acting on a manifold
M with infinitesimal action ¢ : g — C°°(T"). An extension of this action to an exact Courant
algebroid £ over M is an exact Courant algebra a over g together with a Courant morphism
U:a— C®&):
0 y a g 0
)
0 —C*(T") —=C>(&) —=C=(T) —0

which is such that b acts trivially, i.e. (ad o ¥)(h) = 0, and the induced action of g = a/h on
C(€) integrates to a G-action on the total space of £.

Requiring that h acts trivially means that b acts via closed 1-forms, i.e. v(h) C Qil(M)
Furthermore the induced g-action on £ must integrate to a G-action (a priori, one has only the
action of the universal cover of G). In order to make this condition more concrete, we observe
that since we already know that the g-action on T integrates to a G-action, one needs only to
find a g-invariant splitting of £ to guarantee that it is a G-bundle, as the splitting € =T ¢ T*
carries a canonical G-equivariant structure.

PROPOSITION 3.6 (Busztyn—Cavalcanti-Gualtieri [10]). Let the Lie group G act on the man-

ifold M, and let a ——= g be an exact Courant algebra with a morphism ¥ to an exact Courant
algebroid € over M such that v(b) C QL (M).

If € has a g-invariant splitting, then the g-action on £ integrates to an action of G, and hence
U is an extended action of G on £. Conversely, if G is compact and V is an extended action,
then by averaging splittings one can always find a g-invariant splitting of £.

The condition that a splitting is g-invariant can be expressed more concretely as follows. A
split exact Courant algebroid is isomorphic to T @ T* with the H-twisted Courant bracket for
a closed 3-form H. In this splitting, therefore, for each o € a the section ¥(«) decomposes as
U(a) = Xq + &, and it acts via (Xo +&a) @ (Y + 1) = [Xo, Y]+ Lx,n—iyvdéy +iyix, H, or as
a matrix,

_ Lx, 0
ad\p(a) - (iXaH _ dga ['Xa>

We see immediately from this that the splitting is preserved by this action if and only if for each
a€aq,

(3.5) ix, H — dé = 0.

1.3. Moment maps. Suppose that we have an extended G-action on an exact Courant
algebroid as in the previous section, so that we have the map v : h — Qil(M ). Because the
action is a Courant algebra morphism, this map is g-equivariant in the sense

(36) I/(g : h) = £¢(9)U(h)
Therefore we are led naturally to the definition of a moment map for this extended action, as an
equivariant factorization of p through the smooth functions.



1. COURANT ALGEBRAS AND EXTENDED ACTIONS 35

DEFINITION 3.7. A moment map for an extended g-action on an exact Courant algebroid is a
g-equivariant map p : h — C°(M,R) satisfying d o u = v, i.e. such that the following diagram

commutes:
/ l
12

(M) —% ¢ (T* M)

Note that p may be alternatively viewed as an equivariant map p: M — b*.

As we see next, the usual notions of symplectic and Hamiltonian actions fit into the framework
of extended actions of Courant algebras.

ExAMPLE 3.8 (Symplectic actions). Let G be a Lie group acting on a symplectic manifold
(M, w) preserving the symplectic form, and let ¢ : g — C°°(T') denote the infinitesimal action.
We now show that there is a natural extended action of the Courant algebra associated to the
adjoint action on the standard Courant algebroid T' ® T™* with zero twist H = 0. As described
in Example 3.3, the Courant algebra is described by the sequence

and is equipped with the bracket

(3.7) [(91,h1), (92, h2)] = ([g1, 92], 3 ([g1, h2] — [g2, h1])),
and the bilinear operation
(3.8) 0((g1, 1), (92, h2)) = (0, 5([g1, ho] + [g2, ha]))-

We now claim that this Courant algebra acts naturally on T'@® T™*. Let X, = 1(g), for g € g,
denote the symplectic vector fields. Then we define the action ¥ : g ® g — C°(T & T%) by

\I’(gﬂ h) = Xg + /[:tha

where w is the symplectic form. It is enough to verify that the pairing e is preserved; on the
Courant algebra it is simply

(91, h1) ® (g2, ha) = ([91, g2], [91, h2]),

whereas in T"® T we have

(Xgl + iXhl w) i (Xg2 + ithw) = [XQI’X92] + EXgl iXhzw = X[.‘]L.‘]Q] + iX[

w
g1,ho] 77

showing that ¥ is a Courant morphism.
The question of finding a moment map for this extended action then becomes one of finding
an equivariant map p : g — C°°(M) such that

d(pg) = ix,w.

Hence we recover the usual notion of moment map for a Hamiltonian action on a symplectic
manifold.
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2. Reduction of Courant algebroids

In the previous section we saw how a G-action on a manifold M could be extended to a
Courant algebroid £, making it an equivariant G-bundle in such a way that the Courant structure
is preserved by the G-action. In this section we will see that an extended action determines the
reduced Courant algebroid in a more subtle way, as not only does it furnish us the G-action but
also an equivariant subbundle whose quotient is the reduced Courant algebroid. This reduced
Courant algebroid is defined over a reduced manifold which is the quotient by G of a submanifold
P — M, which is also determined by the extended action.

The starting point is to consider the two natural distributions in £ determined by the extended
action, which may be viewed as a bundle map ¥ : a x M — £. The image of this map is a
distribution K C &, and its orthogonal complement is a second distribution K+ C £. The basic
idea behind reduction relies on the following facts:

(1) The distributions K and K+ are G-invariant and 7(K+K*) is a G-invariant distribution
A on M;

(2) The set of G-invariant sections of K + K+ is closed under the Courant bracket;

(3) The invariant sections of K, C°°(K)%, form an ideal of C°(K + K+)% suggesting that

(K + K+H)¢
K¢ ’
potentially has a structure of Courant algebroid;

f:

There are two problems with F defined above: first, in general, it is not a bundle, as its rank can
jump even if K has constant rank, and second the anchor = : F — T'(M/G) is not surjective,
instead w(F) = A/G. These two problems cancel each other magically:

(4) If P is a leaf of A where G acts freely and properly and where K has constant rank,
then the distribution
(K + KH)¢
K¢ pje
defined over M,.q = P/G is a bundle and the bracket from £ gives rise to a bracket on
Ered, making it into a Courant algebroid.

The manifold M,.q = P/G is a reduced manifold and the Courant algebroid &,¢q the reduced
Courant algebroid. The reduced Courant algebroid is not necessarily ezact. This will be the case
if and only if

(5) The distribution K C & given by
K=Kn(K*+T%),

is isotropic. This is the case, for example if K is isotropic.

gred =

THEOREM 3.9 (Bursztyn, Cavalcanti and Gualtieri [10]). Let P C M be a leaf of A =
(K 4+ K*) on which G acts freely and properly, and over which W(h) and ¥(a) have constant
rank. Then
(K + K*+H)°

K¢ pa
is a bundle over M,.q = P/G which inherits a structure of Courant algebroid from £. If K is
isotropic then E,cq is an exact Courant algebroid. In general, €04 is exact if and only if along
P:

(3.9) K=Kn(K++1T%

gred =
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18 1sotropic.

Instead of dwelling on the proof of this theorem, we will see how to concretely use it in some
examples. But before we do so, we remark that under the hypothesis of the theorem above, one
can describe &;¢q and M,¢q in alternative ways.

For example, if K, as defined in equation (3.9), is isotropic, one can check that the facts (1)
— (5) still hold using K in place of K and hence we have

jaxe

oG
KP

red —

/G

This way of describing the reduced algebroid as a reduction by an isotropic subspace is theoret-

ically useful as we will see later when we try to transport generalized complex structures from £

to Ereq (see section 3.1). In practice nearly all our worked examples will use K isotropic.
Another way of describing £,.q arises if instead of considering the distributions K + K+ and

K we use K+ and K N K. For the point of view of linear algebra, it is obvious that

K+K+ K+
K  KnKLY
However, now the corresponding distribution on M is given by Ay = 7(K+) C 7(K + K+) = A,
or alternatively, A = Ann(h). A leaf S of Ay is not acted on by the whole of G as 7(K) = ¢(g)

is not necessarily a subspace of Ay = (K1), nonetheless for any fixed leaf S of A, the set of G
orbits passing through S forms a leaf P of A, so if we let G5 C G be the stabilizer of S we have

S P
Myeg = — = —.
red Gs G

And, under the hypothesis of Theorem 3.9, the reduced algebroid can be described as

KJ_GS

57’8d = T~ 1 N N
(KNEKL)% g,

Using this description, it is clear that the pairing on £ gives rise to a pairing on &,.¢q4.

2.1. Examples. In this section we will provide some examples of Courant algebroid re-
duction. Since Courant algebroids are often given together with a splitting, we describe the
behaviour of splittings under reduction. This is then related to the way in which the Severa class
[H] of an exact Courant algebroid is transported to the reduced space.

ExaMpPLE 3.10. Even a trivial group action may be extended by 1-forms; consider the ex-
tended action ¥ : R — C*°(&) given by ¥(1) = £ for some closed 1-form £. Then K = (£) and
K+ ={ve&:n(v) € Ann(¢)} which induces the distribution A = Ay = Ann(¢) C T, which is
integrable wherever £ is nonzero. Since the group action is trivial, a reduced manifold M,.q is
simply leaf of the distribution A = Ann(¢), so that the conormal bundle of M,.q is N* = (£).
The reduced Courant algebroid is

KJ_
K

N*L
= *
Mred N

So, in this case the reduced Courant algebroid is nothing but the restricted algebroid, as defined
in Chapter 1, Section 5.

gred =

Mrcd
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ExaMpLE 3.11. Let G act freely and properly on M with infinitesimal action ¢ : g —
C*°(T), and consider the split Courant algebroid (T®T™, (-,-), [, -]z) over M. Using the inclusion
V:T — T@&T* we obtain a natural lift of ) to amap ¥ : g — C®(T & T*), ¥ = Vo,
and hence we can try and see W as an extended action of the Courant algebra a = g on the
split Courant algebroid. One way to ensure that ¥ is an extended action is by requiring that
it preserves the splitting as in Proposition 3.6. By Equation (3.5), this is equivalent to the
requirement that H is an invariant basic form.

In these conditions, K = Vo(g) CT C T®T* and K+ = T®Ann(K) so that A = A; = T.
Therefore the only leaf of A is M itself and M,.q = M/G. The reduced Courant algebroid is

T/K ®AnnK = TM,eq ® T M;q,
and the 3-form twisting the Courant bracket on &£,.4 is the push-down of the basic form H.

In the preceding examples, the reduced Courant algebroid inherited a natural splitting; this
is not always the case. The next example demonstrates this as well as the phenomenon by which
a trivial twisting [H] = 0 may give rise to a reduced Courant algebroid with nontrivial curvature.

EXAMPLE 3.12. Assume that S' acts freely and properly on M with infinitesimal action
st — C°°(T), (1) = 9y, and let ¥ : s1 — C(€) be a trivial extension of this action (i.e.,
h = {0}) such that ¥(s') = K is isotropic. In these conditions A; = Ann(h) = T, so the only
leaf of Ay is M itself and M,.q = M/S?.

By Proposition 3.6, we may choose an invariant splitting so that & = (T'® T*, (-,-), [, -] =),
with (1) = 9y + & and
(3.10) ig,H = d§.

The form & is basic as isotropy implies that £(0p) = 0 and condition (3.10) tells us it is invariant:
Lo,€ = d&§(0g) +in,d§ = to,in,H = 0.

Equation (3.10) also implies that H is invariant under the circle action, hence, if we choose a
connection 6 for the circle bundle M, we have

H=d¢n0+h,

where d§ and h are basic forms.
Further, the connection 6 furnishes an identification

TMred 52 T*Mred - (KL/K)/Sla

X+77»—>Xh+iXh(9/\§)+q*n+K,

where the superscript of X" denotes horizontal lift. To compute the reduced Courant bracket in
this splitting, we use the decomposition H = d§ A 0 + h, and let F' = df be the curvature of the
connection. Then we obtain the following expression for the curvature 3-form H associated to
the splitting of &£,¢4:

H(X,Y, Z) = 2([X" +ixn(0NE),Y" +iyn(OANE 1, Z" +ign (0 AE))
= 2([X", Y " iy aone)» 2")
= (h+ FAE)(X,Y, 2),
ie.,

(3.11) H=H-—dEN0)
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Observe that the splitting of the reduced Courant algebroid over M,.q obtained above is not
determined by the original splitting of £ alone, but also the choice of connection 6. Also, if
H = 0, the curvature of the reduce algebroid is given by F' A £, which may be a nontrivial
cohomology class on M,..q4, therefore showing that even if £ has trivial characteristic class £,¢q
can have nonvanishing characteristic class.

EXERCISE 3.13. Assume that £ is equipped with a G-invariant splitting V and the action ¥
is split, in the sense that there is a splitting s for 7 : @ — g making the diagram commutative:

(3.12) a . g

b

0% (E) <o C(T)

Show that in this case £,.4 is exact and has a natural splitting.

ExXAMPLE 3.14. Let (M,w) be a symplectic manifold and consider the extended G-action
U:gdg— C°(T ®T*) with curvature H = 0 defined in Example 3.8.

Let ¢ : g — C°°(T) be the infinitesimal action and ¢ (g)“ denote the symplectic orthogonal
of the image distribution ¢(g). Then the extended action has image

K =(g) ® w(¥(g)),

so that the orthogonal complement is

K+ =(g)” ® Ann(y(g)).
Then the distributions A and Ag on M are
A =4(g)” +¢(g),
Ay =(g)”.
If the action is Hamiltonian, with moment map u : M — g*, then A; is the tangent distribution
to the level sets 1 () while A is the tangent distribution to the sets u~1(0,), for O, a coadjoint

orbit containing A. Therefore we see that the reduced Courant algebroid is simply T'"M,.cq®T™* M,.cq
with H = 0, for the usual symplectic reduced space M,eq = 1~ 1(O0))/G = p=1(\)/G.

Finally, we present an example of a reduced Courant algebroid which is not exact.

EXAMPLE 3.15. Let ¥ : 51 — & be a trivially extended S! action (i.e., h = 0) which is not
isotropic, i.e. (¥(1),¥(1)) # 0. Hence the reduced manifold for this action is just M/S! and the
reduced algebroid is £,..q = (K+/(K N K*))/S. However, K N K+ = {0} and so &,q is odd
dimensional; hence it is not an exact Courant algebroid.

3. Reduction of Dirac and generalized complex structures

In this section we study how to transport Dirac structures invariant under an extended action
from & to &£,eq.

3.1. Odd symplectic category. Let £, F be real vector spaces with nondegenerate, sym-
metric bilinear forms of split signature. Linear Dirac structures on these are simply maximal
isotropic subspaces, and they may be transported between £ and F if there is a morphism be-
tween them in the sense of the odd symplectic category [11],[66]. Here “odd” indicates a parity
reversal, whereby the symmetric inner product is viewed as an odd symplectic form and maximal
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isotropic subspaces are odd Lagrangians. Therefore, a morphism @) : £ — F is a maximal
isotropic subspace

QC&xTF,
where £ is obtained from € by multiplying the inner product by —1. This means that a Dirac
structure D C & may itself be viewed as a morphism D : {0} — &, which may then be composed
as a relation with @ to yield @ o D : {0} — F, a Dirac structure in F. In this way, we obtain
a map of linear Dirac structures:

Q : Dir(€) — Dir(F).

An isotropic subspace K C € determines not only another split-signature space Kt / K , but also
a morphism
g€ — K L/K,
given by the following maximal isotropic:
0= {(:):, ) eEx KY/K : x e I?L}
Given a Dirac structure D C £, one obtains by composition with ¢ the Dirac structure

DNKY+K ~| -
@koD:chL/K

If one recalls that the reduced Courant algebroid is given by &,¢q = Kt / K , with K isotropic, as
defined in equation (3.9), this point of view shows that one can transport Dirac structures from
E to E,¢q. This is what we do next.

2. Reduction procedure. Let ¥ : a — C°(£) be an extended action for which the
reduced Courant algebroid over a reduced manifold M,..4 is exact. According to the previous
section, if a Dirac structure D is preserved by W, i.e., U(a) e C>°(D) C C*°(D), then we have a
natural candidate for a Dirac structure on the reduced algebroid:

(DN K+ + K)¢

(3.13) Dyeq = [N{G C Ered-

Myeq

The distribution D,.q is certainly mgximal isotropic, however it is not necgssarﬂy smooth.
One case when D, is smooth is if D N K~ is a bundle, or equivalently if D N K is a bundle, as
in this case D,¢q is just the smooth quotient of two bundles. If D,..4 is smooth, its sections are
closed under the Courant bracket on &£,.4, since D is closed under the bracket on £. These are
the main arguments needed to prove the following theorem.

THEOREM 3.16 (Bursztyn-Cavalcanti-Gualtieri [10]). Let p : a — C*°(&) be an extended
action preserving a Dirac structure D C &€, and such that E,.q s exact over M,e.q = P/G, i.e.,

the subbundle K = K N (K+ +T*) is isotropic along P. If DN K is a smooth bundle, then
DNK* +K)¢
(3.14) Dyeg = ( = ;— ) C Ered-
(K) M’red

defines a Dirac structure on & eq.

The reduction of Dirac structures works in the same way for complex Dirac structures, pro-
vided one replaces K by its complexification.
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4. Reduction of generalized complex structures

4.1. Reduction procedure. As we know, a generalized complex structure is a complex
Dirac structure L C Ec satisfying LNL = {0}. So, if an extended action ¥ preserves a generalized
complex structure J with i-eigenspace L we can try and transport L, as a Dirac structure, to
the reduced Courant algebroid over a reduced manifold:

(LNKE + Ke)©

(3.15) Lyeq = C
K¢

Mred

This reduced Dirac structure L,.q is not necessarily a generalized complex structure as it may
not satisfy Lyeq N Lyeq = {0}. Whenever it does it determines a generalized complex structure.

The condition L;eqN Lyeq = {0} is a simple linear algebraic condition which can be rephrased
in the following way (compare with the condition for a manifold to be generalized complex).

LEMMA 3.17. The distribution Lyeq satisfies Lyeg N Lyeq = {0} if and only if
(3.16) JKNK* c K over P.

So, this lemma tells us precisely when a generalized complex structure can be reduced. How-
ever (3.16) may be hard to check in real examples, so we settle with more meaningful conditions
in the following theorems.

THEOREM 3.18 (Bursztyn—Cavalcanti-Gualtieri [10]). Let ¥ be an extended G-action on the
exact Courant algebroid £. Let P be a leaf of the distribution A where G acts freely and properly

with exact quotient E,..q. If the action preserves a generalized complex structure J on £ and
JK = K over P then J reduces to & 4.

ProoOF. We start with a general observation: given a complex Dirac structure D invari-
ant under an extended action, let us consider in the reduced Courant algebroid the isotropic
distribution N LG

b (DOKE + Ke N Kg)
’ 1\G
(K(C M K(C ) M,y

One can check that D' C D,.q, so, if D’ is maximal isotropic, then it agrees with D,..q.
In our case, we have

(3.17) L,:LﬂKé—I—K(cﬂKé

K(CﬂKé‘
Since JK+ = K*, it follows that K = LN K¢ + LN K¢. Hence
L,+F:LﬁKé+fﬂKé+KcﬂKé: K# e oC
KeNK# KenKg " ’

showing that L’ is maximal and therefore agrees with L,.q. The argument above also shows that
Ln Ké is a bundle and, since K N K is a bundle over P, this implies that L’ as defined in
(3.17) is smooth.

Finally, in order to conclude that L,.q induces a generalized complex structure we must check
that condition (3.16) in Lemma 3.17 holds:

JKNK'=Kn(K*+JTN(K*+KNnTYCcKN(K*+KnT") =K,
as desired. (]
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COROLLARY 3.19. If the hypotheses of the previous theorem hold and the extended action has
a moment map p: M — b*, then the reduced Courant algebroid over u='(0,)/G has a reduced
generalized complex structure.

It is easy to check that the reduced generalized complex structure J7°¢ constructed in The-
orem 3.18 is characterized by the following commutative diagram:

(3.18) Kt —L > gt

.

KJ- J'red KJ-
KnNK+ KnK+

Theorem 3.18 uses the compatibility condition JK = K for the reduction of 7. We now
observe that the reduction procedure also works in an extreme opposite situation.

THEOREM 3.20 (Bursztyn—Cavalcanti-Gualtieri [10]). Consider an extended G-action ¥ on
an exact Courant algebroid £. Let P be a leaf of the distribution A where G acts freely and
properly. If K is isotropic over P and (-,-) : K x JK — R is nondegenerate then J reduces.

ProOF. As K is isotropic over P, the reduced Courant algebroid is exact and K = K. The
nondegeneracy assumption implies that JK N K+ = {0}, and it follows that LN Ké is a bundle
and the Dirac reduction of L is smooth. Finally, (3.16) holds trivially. O

4.2. Symplectic structures. We now present two examples of reduction obtained from a
symplectic manifold (M,w): First, we show that ordinary symplectic reduction is a particular
case of our construction; the second example illustrates how one can obtain a type 1 generalized
complex structure as the reduction of an ordinary symplectic structure. In both examples, the
initial Courant algebroid is just T'® T with H = 0.

EXAMPLE 3.21 (Ordinary symplectic reduction). Let (M,w) be a symplectic manifold, and let
J . be the generalized complex structure associated with w. Following Example 3.8 and keeping
the same notation, consider a symplectic G-action on M, regarded as an extended action. It is
clear that J,K = K, so we are in the situation of Theorem 3.18.

Following Example 3.14, let S be a leaf of the distribution A; = ¢(g)“. Since K splits as
K7 @& Kr+, the reduction procedure of Theorem 3.16 in this case amounts to the usual pull-back
of w to S, followed by a Dirac push-forward to S/Gs = M,¢q. If the symplectic action admits a
moment map j : M — g*, then the leaves of Ay are level sets = !()\), and Theorem 3.18 simply
reproduces the usual Marsden-Weinstein quotient ~1(\)/G.

Next, we show that by allowing the projection 7 : K — T to be injective, one can reduce a
symplectic structure (type 0) to a generalized complex structure with nonzero type.

EXAMPLE 3.22. Assume that X and Y are linearly independent symplectic vector fields
generating a T2-action on M. Assume further that w(X,Y) = 0 and consider the extended
T2-action on T @ T* defined by

V(o) = X +w(Y);  W(az) = =Y +w(X),

where {1, g} is the standard basis of t2 = R2. It follows from w(X,Y) = 0 and the fact that
the vector fields X and Y are symplectic that this is an extended action with isotropic K.
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Since J,K = K, Theorem 3.18 implies that the quotient M /72 has an induced generalized
complex structure. Note that

LNKE ={Z —iw(Z): Z € Ann(w(X) Aw(Y))},

and it is simple to check that X — iw(X) € LN Ké represents a nonzero element in L,.q =
(LN K& + Kc)/Kc)/G which lies in the kernel of the projection Lycq — T(M/T?). As a result,
this reduced generalized complex structure has type 1.

One can find concrete examples illustrating this construction by considering symplectic man-
ifolds which are T?-principal bundles with lagrangian fibres, such as T2 x T2, or the Kodaira—
Thurston manifold. In these cases, the reduced generalized complex structure determines a
complex structure on the base 2-torus.

4.3. Complex structures. In this section we show how a complex manifold (M, I) may
have different types of generalized complex reductions.

ExAMPLE 3.23 (Holomorphic quotient). Let G be a complex Lie group acting holomorphically
on (M,I), so that the induced infinitesimal map ¥ : g — C*(T) is a holomorphic map.
Since K = W¥(g) C T, it is clear that K is isotropic and the reduced Courant algebroid is
exact. Furthermore, as W is holomorphic, it follows that J;K = K. By Theorem 3.18, the
complex structure descends to a generalized complex structure in the reduced manifold M/G. The
reduced generalized complex structure is nothing but the quotient complex structure obtained
from holomorphic quotient.

EXERCISE 3.24. Let (M, I) be a complex manifold, ¥ : a — C°°(T & T™) be an extended
action and K = W(a). If J; is the generalized complex structure induced by I, show that if
J 1K = K, then reduction of J is of complex type.

EXAMPLE 3.25. Consider C? equipped with its standard holomorphic coordinates (z; =
Ty + Y1, 2o = T3 + iy2), and let U be the extended R%-action on C? defined by
\Il(al) = axl + dzs, \I’(ag) = 8y2 + dyl,
where {ay,as} is the standard basis for R2. Note that K = W¥(R?) is isotropic, so the reduced
Courant algebroid over C/R? is exact. Since the natural pairing between K and J;K is non-

degenerate, Proposition 3.20 implies that one can reduce J; by this extended action. In this
example, one computes

K¢ N L =span{d,, — 0y, — dyy + idxy, 8y, — 0y, — dya +idxs}

and Ké NLNKc ={0}. As aresult, L;.q = Ké NL. So 7 : Lyeqg — C?/R? is an injection, and
J e has zero type, i.e., it is of symplectic type.






CHAPTER 4

T-duality with NS-flux and generalized complex structures

T-duality in physics is a symmetry which relates IIA and IIB string theory and T-duality
transformations act on spaces in which at least one direction has the topology of a circle. In this
chapter, we consider a mathematical version of T-duality introduced by Bouwknegt, Evslin and
Mathai for principal circle bundles with nonzero twisting 3-form H [6, 7].

From the point of view adopted in these notes, the relation between two T-dual spaces can be
best described using the language of Courant algebroids. Two T-dual spaces are principal circle
bundles E and E over a common base M and hence the space of invariant sections of (T'E &
T*E,(-,),[-,-]g) and (TE & T*E, (-,-), [, ‘]7) can both be identified with nonexact Courant
algebroids over M. With that said, the T-duality condition is nothing but requiring that these
Courant algebroids are isomorphic:

(TEeT*E)S, (). [ 1)

M

Therefore any invariant structure on T'E' ¢ T™FE can be transported to an invariant structure
on TE @& T*E. This is particularly interesting since E and E have different topologies, in
general. Further, when using the map above to transport generalized complex structures, the
type changes by +1. This means that even if E is endowed with a symplectic or complex
structure, the corresponding structure on E will not be either complex or symplectic, but just
generalized complex.

Another structure which can be transported by the isomorphism above is a generalized metric
invariant under the circle action. Since a generalized metric can be described in terms of a metric g
on F and a 2-form b, studying the way the generalized metric transforms is equivalent to studying
the transformations rules for g and b. As we will, these rules are nothing but the Buscher rules
[12, 13], which are obtained in a geometrical way, using this point of view.

A final interesting point is that given two principal circle bundles E and E over M, we can
always for the fiber product, or correspondence space, E x y; E, which we can endow with, say,
the 3-form H from E. The condition that E and E are T-dual can then be stated by saying that
(TE ® T*E, (-,-),[,/]u) and (TE & T*E, (-,-),[-,-] 5) are different reductions of the Courant
algebroid over the correspondence space with curvature H:

45
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This chapter is heavily based ona collaborative work with Gualtieri [20] and organized in the
following way. In the first section we introduce T-duality for principal circle bundles as presented
in [6] and prove the main result in that paper stating that T-dual manifolds have isomorphic
twisted cohomologies. In Section 2 we prove that T-duality can be expressed as an isomorphism
of Courant algebroids and hence Dirac and generalized complex structures can be transported
via T-duality as well as a generalized metric. In the last section we show that T-duality can be
seen in the light of reduction of Courant algebroids.

1. T-duality with NS-flux

In this section we review the definition of T-duality for principal circle bundles as expressed
by Bouwknegt, Evslin and Mathai [6] and some of their results regarding T-dual spaces.

Given a principal circle bundle E —— M, with an invariant closed integral 3-form H € Q3(E)
and a connection 6, we can always write H = F A0+ h, where F and h are basic forms. We
denote by F' = df the curvature of §. Bouwknegt et al define the T-dual space to be another
principal circle bundle E over M with a connection 6 whose curvature is the pushforward of H
to M, df = mH = F, (and this determines E) with associated 3-form H = F A 0 + h.

A

In this setting another space which is important is the correspondence space which is the fiber
product of the bundles E' and E. The correspondence space projects over each of the T-dual
spaces and has a natural 3-form on it: H — H = dA, where A = —0 A 0.

(E,H) E,H)

(4.1) (B s B,p*H - 5*T)
/ \

We rema{k that although the space E is well defined from the data (E,H, g), the same is not
true about [H], which is well defined up to an element in the ideal [F] A H'(E) C H3(E).

(E,H)

EXAMPLE 4.1. The Hopf fibration makes the 3-sphere, S2, a principal S' bundle over S2.
The curvature of this bundle is a volume form of S2, o. So S? equipped with the zero 3-form is
T-dual to (S? x S1,0 A #). On the other hand, still considering the Hopf fibration, the 3-sphere
endowed with the 3-form H = 6 A o is self T-dual.

EXAMPLE 4.2 (Lie Groups). Let (G, H) be a semi-simple Lie group with 3-form H(X,Y,Z) =
K([X,Y],Z), the Cartan form generating H>(G,Z), where K is the Killing form.

With a choice of an S' < G, we can think of G as a principal circle bundle. For X = 9/90 € g
tangent to S and of length —1 according to the Killing form, a natural connection on G is given
by —K(X,-). The curvature of this connection is given by

d(_K(X> ))(Y7 Z) = K(X7 D/a Z]) = H(X7Y> Z)a
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hence ¢ and ¢; are related by
o1 =H(X, )= X|H =é.
Which shows that semi-simple Lie groups with the Cartan 3-form are self T-dual.
If E and E are T-dual spaces, we can define a map of invariant forms 7 : QL (F) — Q% (E)
by 7(p) = p.e“p*p, where H — H = dA, or more explicitly

(4.2) (o) =5 [ e

:271'

If we decompose p = p = 0p1 + po, with p; pull back from M, then one can check that 7 is given
by

(4.3) 7(0p1 + po) = p1 — Opo.

It is clear from (4.3) and that if we T-dualize twice and choose 0 = § for the second T-duality,
we get (E, H) back and 72 = —Id.
The main theorem from [6] concerning us is:

THEOREM 4.3 (Bouwknegt, Evslin and Mathai [6]). The map
71 (4 (E), dy) — (U (E), —dy)

s an isomorphism of differential complezes.

PROOF. Given that 7 has an inverse, obtained by T-dualizing again, we only have to check
that 7 preserves the differentials, i.e., —d7z o7 = 7 o dy. To obtain this relation we use equation
(4.2):

1
- d - —06
2w S1 H(e
1 B . - B -
=5 (H-H)e Pp+e%dp+ He %)
S1
1

=5 . He*%p + e*(’wdp

= 7(dup)

—dgT(p) = P)

0

Remark: If one considers 7 as a map of the complexes of differential forms (no invariance re-
quired), it will not be invertible. Nonetheless, every dp-cohomology class has an invariant rep-
resentative, hence 7 is a quasi-isomorphism.

1.1. Principal torus bundles. The construction of the T-dual described above can also
be used to construct T-duals of principal torus bundles. What one has to do is just to split the
torus into a product of circles and use the previous construction with “a circle at a time” (see
[7]). However, this is only possible if

(4.4) H(X,Y,)=0 it X,Y are vertical.

Mathai and Rosenberg studied the case when (4.4) fails in [52]. There they propose that the
T-dual is a bundle of noncommutative tori.

Another important difference between the circle bundle case and the torus bundle case is
that in the former E is determined by E and [H] while in the latter this is not true [9]. One can
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see why this is the case if we recall that for circle bundles, even though E is well defined from

E and [H], the same is not true about [H]. So if one wants to T-dualize again, along a different
circle direction, the topology of the next T-dual, E, will depend on E and [ﬁ | and hence is not
well defined.

EXAMPLE 4.4. A simple example to illustrate this fact is given by a 2-torus bundle with
nonvanishing Chern classes but with [H] = 0. Taking the 3-form H = 0 as a representative, a
T-dual will be a flat torus bundle. Taking H = d(61 A 02) = c102 — c20; as a representative of
the zero cohomology class, a T-dual will be the torus bundle with (nonzero) Chern classes [c1]
and [—ca).

This fact leads us to define T-duality as a relation.

DEFINITION 4.5. Let (E, H) and (E, H) be principal n-torus bundles over a base M. We say
that F and E are T-dual if on the correspondence space F Xy E we have H — H = dA, where
(Al 7 = > 03 A € HA(T™ x Tn)/HA(T™) x H*(T™)

Clearly Theorem 4.3 still hods in this case with the same proof.

2. T-duality as a map of Courant algebroids

In this section we state our main result for T-dual circle bundles. The case of torus bundles
can be dealt with similar techniques. We have seen that given two T-dual circle bundles we have
a map of differential algebras 7 which is an isomorphism of the invariant differential exterior
algebras. Now we introduce a map on invariant sections of generalized tangent spaces:

0: T E@THE — TaE@TLHE.
Any invariant section of TE@® T E* can be written as X + f0/00+ &+ g0, where X is a horizontal
vector and ¢ is pull-back from the base. We define ¢ by:
0
90
The relevance of this map comes from our main result.

(4.5) go(X—l—f(%—i—ﬁ—i—g@):—X—g £ — f6.

THEOREM 4.6 (Cavalcanti and Gualtieri [20]). The map ¢ defined in (4.5) is an orthogonal
isomorphism of Courant algebroids and relates to T acting on invariant forms via

(4.6) T(V-p) = (V) -7(p).

PROOF. It is obvious from equation (4.5) that ¢ is orthogonal with respect to the natural
pairing. To prove equation (4.6) we split an invariant form p = 6p; + po and V = X + f0/00 +
€+ gf. Then a direct computation using equation (4.3) gives:

(V- p) =7(0(=X[p1 — €p1 + gpo) + X |po + fp1 +Epo)
= —X|p1—&p1+ gpo + 0(—X [po — fp1 — Epo).-
While
o(V)-7(p) = (—X — g0/90 — & — £6)(p1 — Opo)
= —X|p1 —&p1 + gpo + (=X |po — Epo — fpr)-

Finally, we have established that under the isomorphisms ¢ of Clifford algebras and 7 of
Clifford modules, dp corresponds to —dg, hence the induced brackets (according to equation
1.9) are the same. U
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Remark: As E is the total space of a circle bundle, its invariant tangent bundle sits in the Atiyah
sequence:
0—1="78"—TgE —TM —0

or, taking duals,
0—T"M —THE — T7S' = 1" — 0.
The choice of a connection on F induces a splitting of the sequences above and an isomorphism
TaEoTHE=2TMoT"M 1617,
The argument also applies to E:
ToESTHEXTM o T*M e 16 1%

The map ¢ can be seen in this light as the permutation of the terms 1 and 1*. This is Ben-
Bassat’s starting point for the study of mirror symmetry and generalized complex structures in

[4].

Since the Courant algebroids (T's1 E @ T, E, [, ] ) and (T E @ T E.[,];) are isomorphic,
according to Theorem 4.6, we see that any invariant structure on (TE & T*E, [, ]x) defined in
terms of the Courant bracket and natural pairing correspond to a similar structure on (TE &

T*E,[,17)-
THEOREM 4.7 (Cavalcanti and Gualtieri [20]). Any invariant Dirac, generalized complez,
generalized Kihler on (TE @ T*E, [,] ) is transformed into a similar one via ¢.

EXERCISE 4.8. What happens with the generalized Kéahler structure on Lie groups described
in Example 2.10 under T-duality?

The decomposition of A*TEM into subbundles U k¥ is also preserved from T-duality.

COROLLARY 4.9. If two generalized complex manifolds (E,J1) and (E,J2) correspond via
T-duality, then T(UY) = Z/l% and also

T(0p) = —0g7(V) T(OpY) = —057(¢).

PROOF. The T-dual generalized complex structure in E is determined by L = ¢(L), where

L is the +i-eigenspace of the generalized complex structure on E. Since ¢ is real, L = ¢(L), and
hence _
Ut = Q4(I) 7o) = QH(T) - p) = TUh).
Finally, if a € U*, then
0p7(a) — 5@7(04) =dg7(a) = —1(dga) = —7(0pa) + T(0pQ).
Since 7(U*) = I/I'“E, we obtain the identities for the operators 9z and 0. O

EXAMPLE 4.10 (Change of type of generalized complex structures). As even and odd forms
get swapped with T-duality along a circle, the type of a generalized complex structure is not
preserved. However, it can only change, at a point, by £1. Indeed, if p = B+ is an invariant
form determining a generalized complex structure there are two possibilities: If 2 is a pull back
from the base, the type will increase by 1, otherwise will decrease by 1.

For a principal n-torus bundle, the rule is not so simple. If we let 7™ be the fiber, p = ef+«Q)
be a local trivialization of the canonical bundle and define

| = max{i: ATT - Q # 0}
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and
r = rankw|y, where V.= Ann(Q)NTT,

then the type, t of the T-dual structure relates to the type, ¢, of the original structure by
(4.7) t=t+n-—20—r

The following table sumarizes different ways the type changes for generalized complex struc-
tures in E?" induced by complex and symplectic structures if the fibers are n-tori of some special

types:

Struture on E | Fibers of E Structure on E | Fibers of E
Complex Complex Complex Complex
Complex Real (TT NJ(TT)={0}) | Symplectic Lagrangian
Symplectic Symplectic Symplectic Symplectic
Symplectic Lagrangian Complex Real

Table 1: Change of type of generalized complex structures under T-duality according to the type of fiber.

EXAMPLE 4.11 (Hopf surfaces). Given two complex numbers a1 and ag, with |ai|, |az| > 1,
the quotient of C? by the action (z1,22) +— (a121,a222) is a primary Hopf surface (with the
induced complex structure). Of all primary Hopf surfaces, these are the only ones admiting a
T? action preserving the complex structure (see [3]). If a; = ag, the orbits of the 2-torus action
are elliptic surfaces and hence, according to Example 4.10, the T-dual will still be a complex
manifold. If a; # as, then the orbits of the torus action are real except for the orbits passing
through (1,0) and (0, 1), which are elliptic. In this case, the T-dual will be generically symplectic
except for the two special fibers corresponding to the elliptic curves, where there is type change.
This example also shows that even if the initial structure on E has constant type, the same does
not need to be true in the T-dual.

EXAMPLE 4.12 (Mirror symmetry of Betti numbers). Consider the case of the mirror of
a Calabi-Yau manifold along a special Lagrangian fibration. We have seen that the bundles
Uf7 s induced by both the complex and symplectic structure are preserved by T-duality. Hence
UP = USNUY is also preserved, but, UP? will be associated in the mirror to U §0Ug, as complex
and symplectic structure get swaped. Finally, as remarked Chapter 2, example 2.2, we have an
isomorphism between QP9 and U™ P~2P79. Making these identifications, we have

OP9(E) = Y PP I(E) Z:["—p_qvp—q(E) o Qn—p,Q(E)'
Which, in cohomology, gives the usual ‘mirror symmetry’ of the Hodge diamond.

2.1. The metric and the Buscher rules. Another geometric structure that can be trans-
ported via T-duality is the generalized metric. Assume that a principal circle bundle E is endowed
with an invariant generalized metric G. Then, since ¢ is orthogonal, Q = goggo_l is a generalized
metric on F and with these metrics ¢ is an isometry between TE & T*E and TE & T*E.

Since a generalized metric in a split Courant algebroid is defined by a metric and a 2-form,
g is equivalent to an invariant metric g and an invariant 2-form b which we can write as

g=gd ©0+4+ g1 ©0+ g2
b="b N0+ bs.

If one wants to determine the corresponding metric g and 2-form b on E we just have to recall
that the 1-eigenspace of G, C; = ¢(C), is the graph of g + b. One can check that Cy is the



2. T-DUALITY AS A MAP OF COURANT ALGEBROIDS 51

graph of:
. 1~ ~ b ~ by ©b1 —g1 ©
G=—000— L2 00+g+ 2SN
(48) 90 390 90
' ~ ~ Ab
b= T NG+ by + L
go 90

Of course, in the generalized Kéahler case, this is how the ¢ and b induced by the structure
transform. These equations, however, are not new. They had been encountered before by the
physicists [12, 13], independently of generalized complex geometry and are called Buscher rules!

2.2. The bihermitian structure. The choice of a generalized metric (g,b) gives us two
orthogonal spaces
Cy={X+bX,)+tg9(X,): X e TM},
and the projections 7+ : C1 —— TM are isomorphisms. Hence, any endomorphism A €

End(TM) induces endomorphisms Ay on Cy. Using the map ¢ we can transport this structure
to a T-dual:

Ay € End(Cy) —2—— A, € End(Cy)
T4 Ty
A€ End(TE) Ay € End(TE)
T T
@

A_ € End(C_) ————— A_ € End(C-)

As we are using the generalized metric to transport A and the maps 7+ and ¢ are orthogonal,
the properties shared by A and A4 will be metric related ones, e.g., self-adjointness, skew-
adjointness and orthogonality. In the generalized Kahler case, it is clear that if we transport
J1 via Cy we obtain the corresponding complex structures of the induced generalized Kéhler

structure in the dual:
1

Jy = 7~[':|:<,07T£1J:|:(7~T:|:(pﬂ':_t1)7 )
In the case of a metric connexion, § = g(%, )/ g(%, %), we can give a very concrete descrip-

tion of Jy. We start describing the maps 7romyt. If V is orthogonal do 8/06, then g;(V) =0
and

Fromi (V) =7so(V +b1(V)0 + ba(V) £ g2(V, ) = 7 (V + bl(V)aé;~ +ba(V) £ g2(V;+))

d
=V +b(V)—=.
(V)55
And for 9/00 we have
. . 1 1 _ 10
Frpnit(8/00) = 7r@(d/00 + by + (—0 + g1)) = 72 (—0/80 +0)) = +——.
90 90 g0 00

Remark: The T-dual connection is not the metric connection for the T-dual metric. This is
particularly clear in this case, as the vector 71omi (V) = V +b1(V)d/88, although not horizontal

for the T-dual connection, is perpendicular to 8/89 according to the dual metric. This means
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that if we use the metric connections of both sides, the map ﬁigmrf is the identity from the
orthogonal complement of 9/96 to the orthogonal complement of 9/06.

Now, if we let Vi be the orthogonal complement to span{d/98, .J+d/00} we can describe Jo
by

Jrw, if we Vy
(49) Jj:’w = ig%Jia/aQ ifw= %
T itw=Ju

Therefore, if we identify 9/06 with 9/ 96 and their orthogonal complements with each other via
TM, J+ is essentially the same as J, but stretched in the directions of 9/9¢ and .J1.0/96 by go,
while J_ is J_ conjugated and stretched in those directions. In particular, J4+ and J+ determine
the same orientation while J_ and J_ determine reverse orientations.

3. Reduction and T-duality

Now, let (E, H) and (E JH ) be T-dual spaces and consider the correpondence space E X E
with the 3-form p*H:

(E XM Evp*H)
/ \
E E

There are two circle actions on this space with associated Lie algebra maps ¢; : R —

C>®(TM), ¥1(1) = % and Yo(1) = % Since H is basic with respect to the action of 6~, we

can lift the action induced by 2 and form the corresponding reduced algebroid over F = M /SY
which is just (TE+T*E, [,]#x,(,))-

On the other hand, H has an equivariantly closed extension w1th respect to the action of
839, since ZaeH = df, so we can lift the action of 2 55 as p1(1) = 80 — 6. As in Example 3.12,
the connection 6 allows us to choose a natural splitting for the reduced algebroid over E, which
according to (3.11) has curvarture H = H — d(6 A 0) = (df) A 6 + h, hence we have the following

(E XM Evp*H)

(E,H) (E,H)

Observe that for the first reduction we had K; = {9/ 90} and for the second reduction we had
Ky = {0/00+ 0} and the natural pairing gives a nondegenerate pairing between these two spaces.

THEOREM 4.13 (Cavalcanti and Gualtieri [20], Hu [39]). If two principal torus bundles over
a common base (E, H) and (E, H) are T-dual to each other then they can be obtained as reduced
spaces from a common space (M, H) by two torus actions.

If K1 and Ks are the vector bundles generated by the lifts of each of these actions to the
Courant algebroid (TM + T*M,[,]n,(,)), then K1 and Ks are isotropic and the natural pairing
1s nondegenerate in K1 X Ko — R.
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Finally, we observe that reducing (TM + T*M, [, ], (,)) by the full T?" action renders a
Courant algebroid over the common base M. The rank of this Courant algebroid is the same as
the rank of the reduced algebroids over either E or E and it can be geometrically interpreted in
two different ways: invariant sections of TE + T*E or invariant sections TE + T*E. Of course
the algebroid itself does not depend on the particular interpretation, hence (T'E + T*E)r» and
(TE~ + T*E)Tn are isomorphic as Courant algebroids over M, which is precisely the result of
Theorem 4.6
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