DEFORMATION THEORY

MARKUS J. PFLAUM

1. INTRODUCTION AND HISTORICAL REMARKS

In mathematical deformation theory one studies how an object in a certain cat-
egory of spaces can be varied in dependence of the points of a parameter space. In
other words, deformation theory thus deals with the structure of families of objects
like varieties, singularities, vector bundles, coherent sheaves, algebras or differen-
tiable maps. Deformation problems appear in various areas of mathematics, in
particular in algebra, algebraic and analytic geometry, and mathematical physics.
According to DELIGNE, there is a common philosophy behind all deformation prob-
lems in characteristic zero. It is the goal of this survey to explain this point of view.
Moreover, we will provide several examples with relevance for mathematical physics.

Historically, modern deformation theory has its roots in the work of GROTHEN-
DIECK, M. ARTIN, QUILLEN, SCHLESSINGER, KODAIRA—SPENCER, KURANISHI,
DELIGNE, GRAUERT, GERSTENHABER, and ARNOL'D. The application of defor-
mation methods to quantization theory goes back to BAYEN—FLATO-FRONSDAL—
LICHNEROWICZ—STERNHEIMER, and has lead to the concept of a star product on
symplectic and Poisson manifolds. The existence of such star products has been
proved by DEWILDE-LECOMTE and FEDOSOV for symplectic and by KONTSEVICH
for Poisson manifolds.

Recently, FUkKAYA and KONTSEVICH have found a far reaching connection be-
tween general deformation theory, the theory of moduli and mirror symmetry. Thus,
deformation theory comes back to its origins, which lie in the desire to construct
moduli spaces. Briefly, a moduli problem can be described as the attempt to collect
all isomorphism classes of spaces of a certain type into one single object, the moduli
space, and then to study its geometric and analytic properties. The observations
by FUKAYA and KONTSEVICH have lead to new insight into the algebraic geometry
of mirror varieties and their application to string theory.

2. BASIC DEFINITIONS AND EXAMPLES

Deformation theory is based on the notion of a ringed space, so we briefly recall
its definition.

Definition 2.1. Let k be a field. By a k-ringed space one understands a topological
space X together with a sheaf A of unital k-algebras on X. The sheaf A will be
called structure sheaf of the ringed space. In case each of the stalks A,, z € X, is a
local algebra, i.e. has a unique maximal ideal m, one calls (X, .A) a locally k-ringed
space. Likewise, one defines a commutative k-ringed space as a ringed space such
that the stalks of the structure sheaf are all commutative.
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Given two k-ringed spaces (X,.A) and (Y, B), a morphism from (X, A) to (Y, B)
is a pair (f,¢), where f : X — Y is a continuous mapping and ¢ : f71B — A
a morphism of sheaves of algebras. This means in particular that for every point
x € X there is a homomorphism of algebras ¢, : Bf(,) — A induced by . Under
the assumption that both ringed spaces are local, (f, ) is called a morphism of
locally ringed spaces, if each ¢, is a homomorphism of local k-algebras, i.e. maps
the maximal ideal of B(,) to the one of A,.

Clearly, k-ringed spaces (resp. locally or commutative k-ringed spaces) together
with their morphisms form a category. The following is a list of examples of ringed
spaces, in particular of those which will be needed later.

Example 2.2. (1) Denote by C* the sheaf of smooth functions on R™, by C*
the sheaf of real analytic functions, and let O be the sheaf of holomorphic
functions on C™. Then (R™,C*), (R™,C¥) and (C", O) are ringed spaces
over R resp. C.

(2) A differentiable manifold of dimension n can be understood as a locally
R-ringed space (M, C57) which locally is isomorphic to (R™,C*). Likewise,
a real analytic manifold is a ringed space (M,C%;) which locally can be
modelled by (R™,C%¥), and a complex manifold is an (M, Op;) which locally
looks like (C™, O).

(3) Let D be a domain in C", and J an ideal sheaf in Op of finite type which
means that J is locally finitely generated over Op. Let Y be the support
of the quotient sheaf Op/J. The pair (Y,Oy), where Oy denotes the
restriction of Op/J to Y, then is a ringed space, called a complex model
space. A complex space now is a ringed space (X, Ox) which locally looks
like a complex model space (cf. GRAUERT-REMMERT [6]).

(4) Let k be an algebraically closed field, and A™ the affine space over k of
dimension n. Then A" together with the sheaf of regular functions is a
ringed space.

(5) Given a ring A, its spectrum Spec A together with the sheaf of regular func-
tions O4 forms a ringed space (cf. [10, Sec. I1.2]). One calls (Spec A, O4)
an affine scheme. More generally, a scheme is a ringed space (X, Ox) which
locally can be modelled by affine schemes.

(6) Finally, if A is a local k-algebra, the pair (x, A) can be understood as a
locally ringed space. With A the algebra of formal power series k[[t]] over
one variable ¢, this example plays an important role in the theory of formal
deformations of algebras.

Definition 2.3. A morphism (f,¢) : (Y,B) — (P,S) of ringed spaces is called
fibered, if the following conditions are fulfilled:

(1) (P,S) is a commutative locally ringed space.
(2) f:Y — P is surjective.
(3) @y : Sf(y) — By maps Sy(,) into the center of B, for each y € Y.

The fiber of (f, ) over a point p € P then is the ringed space (Y, B,) defined by
Yo =F710), By =Bj14)/mp Bip-1p),
where m;, is the maximal ideal of S, which acts on B -1, via ¢.

A fibered morphism of ringed spaces can be pictured in the following way:
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v P

Additionally to this intuitive picture, conditions (1) to (3) imply that the stalks B,
are central extensions of B, /m ¢, By by Sg(y)-

Definition 2.4. Let (P,S) be a commutative locally ringed space over a field
k with P connected, let * be a fixed point in P, and (X,.A) a k-ringed space.
A deformation of (X,.A) over the parameter space (P,S) with distinguished point
* then is a fibered morphism (f,¢) : (Y,B) — (P,S) over k together with an
isomorphism (i,¢) : (X, A) — (Y., B.) such that for all p € P and y € f~!(p) the
homomorphism ¢, : S, — By is flat.

The condition of flatness in the definition of a deformation serves as a substitute
for “local triviality” and works also in the presence of singularities. See PALAMODOV
[14, Sec. 3] for a discussion of this point.

In the remainder of this section we now provide a list of some of the most impor-
tant deformation problems in mathematics, and show how these can be formulated
within the language from above.

2.1. Products of k-ringed spaces. Let (X, .A) be any k-ringed space and (P, S)
a k-scheme. For any closed point * € P the product (X x P,B) = (X, A) xi (P,S)
then is a flat deformation of (X,.A) with distinguished point %. This can be seen
easily from the fact that B, ,) = A, @k Sp for every x € X and p € P.

2.2. Families of matrices as deformations. Let (P,Op) be a complex space
with distinguished point * and Ap : P — Mat(n x n,C) a holomorphic family
of complex n x m-matrices over P. By the following construction, Ap can be
understood as a deformation, more precisely as a deformation of the matrix A :=
Ap(x). Let Y be the graph of Ap in the product space P x Mat(n x n,C) and
f:Y — P be the restriction of the projection onto the first coordiante. Define the
sheaf B as the inverse image sheaf f~'S, and let ¢ be the sheaf morphism which
for every y € Y is induced be the identity map ¢, : S,y — By = Sp(y). It is
then immediately clear that (f,¢) is a deformation of the fiber f~1(x) and that
this fiber coincides with the matrix A.

Now let A be an arbitrary complex n x n-matrix, and choose a GL(n, C)-slice
through A, i.e. a submanifold P containing A which is transversal to the GL(n, C)-
orbit through A. Hereby, it is assumed that GL(n,C) acts by the adjoint action on
Mat(nxn,C). The family Ap given by the canonical embedding P — Mat(nxn, C)
now is a deformation of A. The germ of this deformation at x is versal in the sense
defined in the next section.
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2.3. Deformation of a scheme a la GROTHENDIECK. Assume that (P,S) is a
connected scheme over k. A deformation of a scheme (X, A) then is a deformation
(fyp) : (Y,B) — (P,S) in the sense defined above together with the requirement
that f : Y — P is a proper map, i.e. f~1(K) is compact for every compact K C P.
As a particular example consider the k-scheme Y = Speck[x, y,t]/(zy — t]. It gives
rise to a fibration Y — Speck]t], whose fibers Y, with a € k are hyperbola zy = a,
when a # 0, and consist of the two axes = 0 and y =0, when a = 0. For k =R
this deformation can be illustrated by the following picture.

y

a=0.5 X

For further information on this and similar examples see HARTSHORNE [10], in
particular Example 3.3.2.

2.4. Deformation of a complex space. According to GROTHENDIECK one un-
derstands by a deformation of a complex space (X,.4) a morphism of complex
spaces (f,¢) : (Y,B) — (P,S) which is both a proper flat morphism of complex
spaces and a deformation of (X, A) as a ringed space. In case (X, A) and (P,S) are
complex manifolds and if P is connected, each of the fibers Y, is a compact com-
plex manifold. Moreover, the family (Y},),ep then is a family of compact complex
manifolds in the sense of KODAIRA—SPENCER (cf. PALAMODOV [14]).

2.5. Deformation of singularities. Let p be a point of some C". Two complex
spaces (X,0x) C (C",0) and (X',0x/) C (C",0) with z € X N X’ are then
called germ-equivalent at x, if there exists an open neighborhood U € C" of x such
that X NU = X’ NU. Obviously, germ-equivalence at x is an equivalence relation
indeed. We denote the equivalence class of X by [X],. Clearly, if [X], = [X'].,
then one has Ox , = Ox , for the stalks at z. By a singularity one understands
a pair ([X]gz, Ox z). In the literature such a singularity is often denoted by (X, x).
The singularity (X, z) is called non-singular or regular, if Ox , is isomorphic to
an algebra of convergent power series C{z1,---,z4}. A deformation of a com-
plex singularity (X, ) over a complex germ (P, *) is a morphism of ringed spaces
(Y12, Oy,z) — ([Pls, Op,) which is induced by a holomorphic map and which is
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a deformation of ([X],,Ox ) as a ringed space. See ARTIN [1] and the overview
article by GREUEL [9] for further details and a variety of examples.

2.6. First order deformation of algebras. Consider a k-algebra A and the
truncated polynomial algebra S = kle]/e?k[e]. Furthermore let o : A x A — A be
a Hochschild 2-cocycle of A, in other words assume that the relation

ay a(az,a3) — a(ajaz, a3) + alay, azas) — ala,a2)az = 0 (2.1)

holds for all ay,as,a3 € A. Then one can define a new k-algebra B, whose un-
derlying linear structure is isomorphic to A Qg S and whose product is given by
the following construction: Any element b € B can be written uniquely in the
form b = ag + a1 € with ag,a; € A. Then the product of b = ag + a1 € B and
b =aj + a} e € B is given by

b-V =apay+ [a(ag,al) + apa) + arap) €. (2.2)

By condition (2.1), this product is associative. One thus obtains a flat deformation
A : S — B of the algebra A and calls it the first order or infinitesimal deformation
of A along the Hochschild cocycle a.. For further information on this and the con-
nection between deformation theory and Hochschild cohomology see the overview
article [7] by GERSTENHABER—SCHACK.

2.7. Formal deformation of an algebra. Let us generalize the preceeding ex-
ample and explain the concept of a formal deformation of an algebra by GERSTEN-
HABER. Assume again A to be an arbitrary k-algebra and choose bilinear maps
an: Ax A — A for n € N such that aq is the product on A and «; is a Hochschild
cocycle. Furthermore let S be the algebra k[[t]] of formal power series in one vari-
able over k. Then define on the linear space B = A[[t]] of formal power series in
one variable with coefficients in A the following bilinear map:

*x:Bx B — B, (Z ant", > by t”) =Y am(ar b))t (2.3)

neN neN neN k,l,meN

k4+l4+m=n

If B together with * becomes a k-algebra or in other words if x is associative, one
can easily see that it gives a flat deformation of A over S = k[[¢t]]. In that case one
says that B is a formal deformation of A by the family (), cy. Contrarily to the
preceeding example there might not exist for every Hochschild cocycle o on A a
formal deformation B of A defined by a family (), such that a; = . In case it
exists, we will say the deformation B of A is in direction of . If the third Hochschild
cohomology group H? (A, A) vanishes, there exists for every Hochschild cocycle a
on A a deformation B of A in direction of a. See again GERSTENHABER—SCHACK
[7] for further information.

2.8. Formal deformation on symplectic and Poisson manifolds. Let us con-
sider the last two examples for the case, where A is the algebra C>°(M) of smooth
functions on a symplectic or Poisson manifold M. Then the Poisson bracket {, }
gives a Hochschild cocycle on C°(M). There exists a first order deformation of
C>(M) along {, } and, even though HH?(A, A) might not always vanish, a
deformation quantization of M, that means a formal deformation of C>°(M) in di-
rection of the Poisson bracket %{ , }. For the symplectic case, this fact has been
proven first by DEWILDE-LECOMTE using methods from Hochschild cohomology
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theory. A more geometric and intuitive proof has been given by FEDOSOV. The
Poisson case has been settled in the work of KONTSEVICH (see also Sec. 5.4).

2.9. Quantized universal enveloping algebras according to DRINFELD. A
quantized universal enveloping algebra for a complex Lie algebra g is a Hopf algebra
A over C[[t]] such that A is a topologically free C|[[t]]-module (i.e. A = (A/tA)[[t]] as
left C[[t]]-module) and A/tA is the universal enveloping algebra Ug of g. Because A
is a topologically free C[[t]]-module, A is a flat C[[t]]-module and thus a deformation
of Ug over C[[t]]. See DRINFEL'D [4] and the monograph [11] by KASSEL for further
details and examples of quantized universal enveloping algebras.

2.10. Quantum plane. Consider the tensor algebra 7' = P, oy (R2)®n of the 2-
dimensional real vector space R?, and let (z,y) be the canonical basis of R?. Then
form the tensor product sheaf 7c« = T ®g Oc¢+ and let Zg+ be the ideal sheaf in
Tc+ generated by the relation

rT®y—zy®z = 0, (2.4)

where z : C* — C is the identity function. The quotient sheaf B = Be« = T« /Zc-
then is a sheaf of C-algebras and an Oc«-module. Using Eq. (2.4) now move all
occurances of  in an element of Bc« to the right of all y’s. Since % is an element
of O(C*), one can thus show that Be- is a free Oc«-module. Hence B~ is flat over
Oc-. Further it is easy to see that for every ¢ € C* the C-algebra A, = B,/m,B,

is freely generated by elements z,y with relations
TR®Yy—qy®x = 0. (2.5)

We call A, the ¢-deformed quantum plane and B = B(C*) the over C* universally
deformed quantum plane. Altogether one can interpret B as a deformation of A,
over C*, in particular as a deformation of A1 = T ®g C = Clz,y], the algebra of
complex polynomials in two generators.

In the same way one can deform function algebras on higher dimensional vector
spaces as well as function algebras on certain Lie groups. This way one obtains
the quantum group SU,(2) as a deformation of a Hopf algebra of functions on
SU(2). See for example the work of FADDEEV—RESHETIKHIN-TAKHTAJAN, MANIN
and WESS—ZUMINO for more information on g-deformations of vector spaces, Lie
groups, differential calculi and all that.

3. VERSAL DEFORMATIONS

In this section and the following ones we consider only germs of deformations,
i.e. deformations over parameter spaces of the form (x,.S). This means in particular
that the structure sheaf only consists of its stalk S at %, a commutative local k-
algebra. Let us now suppose that the sheaf morphism ¢ : (Y,B) — (*,5) (over
the canonical map Y — ) is a deformation of the ringed space (X,.4) and that
7 : T — S is a homomorphism of commutative local k-algebras. Then the sheaf
morphism 7™¢ : B®s T — T with (t%¢),(t) = 1@t fory € YV andt € T
is a deformation of (X,.4) over the parameter space (*,7). One says that the
deformation 7 is induced by the homomorphism 7.

Definition 3.1. A deformation ¢ : (Y,B) — S of (X, .A) is called versal, if every
(germ of a) deformation of (X, .A) is isomorphic to a deformation germ induced by
a homomorphism of k-algebras 7 : T — 5. A versal deformation is called universal,
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if the inducing homomorphism 7 : T' — S is unique, and miniversal, if S is of
minimal dimension.

Example 3.2. (1) In Sec. 2.2, the construction of a versal deformation of a
complex matrix A has been sketched.

(2) According to KURANISHI, every compact complex manifold has a versal
deformation by an analytic germ. See [13] for a detailed exposition and
Sec. 5.3 for a description of the principal ideas.

(3) GRAUERT has shown that for isolated singularities there exists a versal
analytic deformation.

(4) By the work of DOUADY—VERDIER, GRAUERT and PALAMODOV one knows
that for every compact complex space there exists a miniversal analytic
deformation. One of the essential methods in the existence proof hereby is
Palamodov’s construction of the cotangent complex (see [14]).

(5) BINGENER [3] has further established PALOMODOV’s approach and thus
could provide a unified and quite general method for constructing versal
deformations in analytic geometry.

(6) F1aALOowsKI-FUCHS have constructed miniversal deformations of Lie alge-
bras.

4. SCHLESSINGER’S THEOREM

According to GROTHENDIECK, spaces in Algebraic Geometry are represented by
functors from a category of commutative rings to the category of sets. In this pic-
ture, an affine algebraic variety X over the base field k and with coordinate ring
A is equivalently described by the functor Hom, (A, —) defined on the category of
commutative k-algebras. As will be shown by examples in the next section, versal
deformations are often encoded by functors representing spaces. More precisely,
a deformation problem leads to a so-called functor of Artin rings, which means a
covariant functor F' from the category of (local) Artinian k-algebras to the category
of sets such that the set F'(k) has exactly one element. The question now arises, un-
der which conditions the functor F' is representable, i.e. there exists a commutative
k-algebra A such that F' = Hom,,(A,—). In the work of SCHLESSINGER [15], the
structure of functors of Artin rings has been studied in detail. Moreover, criteria
have been established, when such a functor is pro-prepresentable, that means can
be represented by a complete local algebra /i, where “completeness” is understood
with respect to the m-adic topology. Beacuse of its importance for deformation
theory, we will state Schlessinger’s theorem in this section. Before we come to its
details let us recall some notation.

Definition 4.1. By an Artinian k-algebra over a field k one understands a com-
mutative k-algebra R which satisfies the following descending chain condition:

(Dec) Every descending chain Iy D -+ D Iy D Iy41 D --- of ideals in R becomes
stationary.

Among other, an Artinian algebra R has the following properties:

(1) R is noetherian, i.e. satisfies the ascending chain condition.

(2) Every prime ideal in R is maximal.

(3) (Chinese Remainder Theorem) R is isomorphic to a finite product II" | R;,
where each R; is a local Artinian algebra.
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(4) Every maximal ideal m of R is nilpotent, i.e. m¥ = 0 for some k € N.
(5) Every quotient R/m* with m maximal is finite dimensional.

Definition 4.2. Assume that f : B — A is a surjective homomorphism in the
category k-Alg, ,, of local Artinian k-algebras. Then f is called a small extension,
if ker f is a nonzero principal ideal (b) in B such that mb = (0), where m is the
maximal ideal of B.

Theorem 4.3. (SCHLESSINGER [15, Thm. 2.11]) Let F be a functor of Artin rings
(over the base field k). Assume that A’ — A and A” — A are morphisms in
k-Alg, A, and consider the map

F(A/ XA A”) — F(AI) XF(A) F(A”). (41)

Then F is pro-representable, if and only if F' has the following properties (H1) to
(H4).

(H1) The map (4.1) is a surjection, whenever A" — A is a small extension.
(H2) The map (4.1) is a bijection, when A =k and A" =Kk[e].

(H3) One has dimg(tp) < oo for the tangent space tp = F(k[e]).

(H4) For every small extension A’ — A, the map

F(AI X A A/) — F(A/) XF(A) F(A/)
s an tsomorphism.

Suppose that the functor F satisfies conditions (H1) to (H4), and let A be
an arbitrary complete local k-algebra. By Yoneda’s lemma, every element { =

projlimé&, € A= proj lim /i/ m™A induces a natural transformation
neN neN

Hom, (A, —) = F,  (u:A— R)— F(u,) (&), (4.2)
where n € N is chosen large enough such that the homomorphism w : A — R factors
through some u,, : A/m™ — R. This is possible indeed, since R is Artinian. In the
course of the proof of Schlessinger’s theorem, A and the element £ € A are now
constructed in such a way that (4.2) is an isomorphism.

5. DIFFERENTIAL GRADED LIE ALGEBRAS AND DEFORMATION PROBLEMS

According to a philosophy going back to DELIGNE “every deformation problem
in characteristic 0 is controlled by a differential graded Lie algebra, with quasi-
isomorphic differential graded Lie algebras giving the same deformation theory”
(cf. GOLDMAN-MILLSON [8, p. 48]). In the following we will explain the main idea
of this concept and apply it it to two particular examples.

5.1. Differential graded Lie algebras.

Definition 5.1. By a graded algebra over a field k one understands a graded k-
vector space A* = P, AF together with a bilinear map

p:A®x A* — A®, (a,b) — a-b=p(a,b)
such that A¥. Al ¢ A+ for all k,1 € Z. The graded algebra A® is called associative,
if (ab)c = a(be) for all a,b,c € A®.
A graded subalgebra of A® is a graded subspace B* = @, ., B* C A* which is

closed under u, a graded ideal is a graded subalgebra I®* C A® such that 1°-A® C I*®
and A®-I®* C I°.
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A homomorphism between graded algebras A® and B*® is a homogeneous map
f: A® — B® of degree 0 such that f(a-b) = f(a)- f(b) for all a,b € A°.

From now on assume that k has characteristic # 2,3. A graded Lie algebra then
is a graded k-vector space g* = @, g¥ together with a bilinear map

[]:e®xg" =g (a,0) = a,b]
such that the following axioms hold true:
(1) [g*, ¢'] C g"*! for all k,l € Z,
(2) [&,¢) = (=DM [¢,¢] for all € € g*, ¢ € g.

(3) (=1)FFa[[er, &, &3] + (—1)FM[[&2, &8], &1] + (—1)7F2 (€5, £1],&2] = 0
for all & € gF with i = 1,2, 3.

By axiom (1) it is clear that a graded Lie algebra is in particular a graded algebra.
So the above defined notions of a graded ideal, homomorphism, etc. apply as well
to graded Lie algebras.

Example 5.2. Let A* = @, , AF be a graded associative algebra. Then A®
becomes a graded Lie algebra with the bracket

[a,b] = ab— (—1)*ba for a € A* and b € A"
The space A® regarded as a graded Lie algebra is often denoted by [ie®(A®).

Definition 5.3. A linear map D : A* — A® defined on a graded algebra A® is
called a derivation of degree [, if

D(ab) = (Da)b+ (—1)*a(Db) for all a € A¥ and b € A®.

A graded (Lie) algebra A® together with a derivation d of degree 1 is called
a differential graded (Lie) algebra if d od = 0. Then (A®,d) becomes a cochain
complex. Since kerd is a graded subalgebra of A® and imd a graded ideal in ker d,
the cohomology space

H*(A®,d) = kerd/imd
inherits the structure of a graded (Lie) algebra from A®.

Let f : A* — B*® be a homomorphism of differential graded (Lie) algebras (A®, d)
and (B*®,0). Assume further that f is a cochain map, i.e. that fod = do f. Then
one calls f a quasi-isomorphism or says that the differential graded (Lie) algebras
A*® and B*® are quasi-isomorphic, if the induced homomorphism on the cohomology
level f: H®(A® d) — H*(B*,0) is an isomorphism. Finally, a differential graded
(Lie) algebra (A®,d) is called formal, if it is quasi-isomorphic to its cohomology
(H*(A*,d),0).

5.2. Maurer—Cartan equation. Assume that (g°,[-,-],d) is a differential graded
Lie algebra over C. Define the space MC(g®) of solutions of the Maurer—Cartan
equation by

1
MC(g*) ={weg"|dv— i[w,w] =0}. (5.1)
In case the differential graded Lie algebra g® is nilpotent, this space naturally
possesses a groupoid structure, or in other words a set of arrows which are all

invertible. The reason for this is that under the assumption of nilpotency, the
space g° is equipped with the Campbell-Hausdorff multiplication

g”x g’ —> g% (X,Y) s log(expX,expY),
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and the group g° acts on g! by the exponential function. More precisely, in this
situation one can define for two objects «a, 3 € MC(g®) the space of arrows a — 3
as the set of all A € g° such that exp - a = 3.

We have now the means to define for every complex differential graded Lie algebra
g° its deformation functor Defge. This functor maps the category of local Artinian
C-algebras to the category of groupoids and is defined on objects as follows:

Defge (R) := MC(g® @ m). (5.2)

Hereby, R is a complex local Artinian algebra, and m its maximal ideal. Note that
since R is Artinian, g®* ® m is a nilpotent differential graded Lie algebra, hence
Defge (R) carries a groupoid structure as constructed above. Clearly, Defge is also
a functor of Artin rings as defined in the previous section.

With appropriate choices of the differential graded Lie algebra g°®, essentially all
deformation problems from Section 2 can be recovered via a functor of the form
Defge. Below, we will show in some detail how this works for two examples, namely
the deformation theory of complex manifolds and the deformation quantization of
Poisson manifolds. But before we come to this, let us state a result which shows
how the deformation functor behaves under quasi-isomorphisms of the underlying
differential graded Lie algebra. This result is crucial in a sense that it allows
to equivalently describe a deformation problem with controlling g® by any other
differential graded Lie algebra within the quasi-isomorphism class of g*. So in
particular in the case, where the differential graded Lie algebra is formal, one often
obtains a direct solution of the deformation problem.

Theorem 5.4. (DELIGNE, GOLDMAN-MILLSON) Assume that f : g* — §® is a
quasi-isomorphism of differential graded Lie algebras. For every local Artinian C-
algebra R the induced functor f, : Defge (R) — Defye (R) then is an equivalence of
groupoids.

5.3. The Kodaira—Spencer algebra controlling deformations of compact
complex manifolds. Let M be a compact complex n-dimensional manifold. Re-
call that then the complexified tangent bundle Tc M has a decomposition into a
holomorphic tangent bundle T1:°M and an antiholomorphic tangent bundle 7% M.
This leads to a decomposition of the space of complex n-forms into the spaces QP9 M
of forms on M of type (p,q). More generally, a smooth subbundle J%! C TeM
which induces a decomposition of the form TeM = J0 @ JO!, where J10 := JO.1,
is called an almost complex structure on M. Clearly, the decomposition of T M
into the holomorphic and antiholomorphic part is an almost complex structure, and
an almost complex structure which is induced by a complex structure is called inte-
grable. Assume that an almost complex structure J%! is given on M and that it has
finite distance to the complex structure on M. The latter means that the restriction
0%" of the projection g : TcM — T%'M along T"°M to the subbundle J! is an
isomorphism. Denote by (3 the inverse of ¢, and let w € Q%' (M, T'OM) be the
composition —p o 3. One checks immediately that every almost complex structure
with finite distance to the complex structure on M is uniquely characterized by a
section w € Q01 (M, T1OM) and that every element of Q%1 (M, T1OM) comes from
an almost complex structure on M.
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As a consequence of the Newlander—Nirenberg theorem one can now show that
the almost complex structure J%! resp. w is integrable, if and only if the equation

= 1
ow — i[w,w] =0 (5.3)

is fulfilled. But this is nothing else than the Maurer—-Cartan equation in the
Kodaira—Spencer differential graded Lie algebra

(E.,g, [ ]) = (@ QOW(M’ TLOM)aE’ [ ])
peEN

Hereby, Q0P(M, T1OM) denotes the T°M-valued differential forms on M of type
(0,p), @ : QOP(M, TOM) — QOP+L (M, TOM) the Dolbeault operator, and [-, -]
is induced by the Lie bracket of holomorphic vector fields. As a consequence of
these considerations, deformations of the complex manifold M can equivalently be
described by families (wp)pep C £! which satisfy Eq. (5.3) and w, = 0. Thus it
remains to determine the associated deformation functor Def ge.

According to Schlessinger’s theorem, the functor Defge is pro-representable.
Hence there exists a local C-algebra Rge complete with respect to the m-adic topol-
ogy such that

Defga (R) = HOmalg(Rg- s R) (54)
for every local Artinian C-algebra R. Moreover, by the theorem of M. Artin, there
exists a “convergent” solution of the Maurer—-Cartan equation, i.e. Rge can be
replaced in Eq. (5.4) by a ring Ree representing an analytic germ.

Theorem 5.5. (KODAIRA-SPENCER, KURANISHI) The ringed space (Rgs, (0)) is
a miniversal deformation of the complex structure on M.

5.4. Deformation quantization of Poisson manifolds. Let A be an associative
k-algebra with chark = 0. Put for every integer £ > —1

g" = Homy (A®*+D | 4).

Then g® becomes a graded vector space. Let us impose a differential and a bracket
on g*. The differential is the usual Hochschild coboundary b : gF — gFt1,

bf(ao ®...Q ak+1) = ap f(a1 ®R...Q ak+1)+

+Z D flag® ... ® aiai1 @ ... @ agy1) + (=) flao @ ... @ ax) aprs.

The bracket is the Gerstenhaber bracket
[l gh xghe — gt [f o] = fio fo— (1) R fy0 fr,
where fi10 fo(ap ® ... ® ag14k,) :=

_Z lszl a0® ®ai—1®f2(ai®...®ai+k2)®ai+k2+1®...®akl+k2).

The trlple (g%,b,[,-]) then is a differential graded Lie algebra.
Consider the Maurer—Cartan equation by — %[7,7] = 0 in g'. Obviously, it is
equivalent to the equality
agy (a1, az) — v(aoar, az) + y(ao, araz) — y(ao, a1)az =

5.5
:’y(’y(ao,al),QQ) 77(04057(0415042)) for ap, a1, a2 S A. ( )
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If one defines now for some v € g! the bilinear map m : A x A — A by m(a,b) =
ab + ~(a,b), then (5.5) implies that m is associative, if and only if 7 satisfies the
Maurer—Cartan equation.

Let us apply these observations to the case, where A is the algebra C*(M)[[t]]
of formal power series in one variable with coefficients in the space of smooth
functions on a Poisson manifold M. By (a variant of) the theorem of Hochschild—
Kostant—Rosenberg and Connes one knows that in this case the cohomology of
(g°,b) is given by formal power series with coefficients in the space I'*°(A*T M) of
antisymmetric vector fields. Now, I'*°(A*T M) carries a natural Lie algebra bracket
as well, namely the Schouten bracket. Thus, one obtains a second differential
graded Lie algebra (I'°(A*TM)I[[t]],0,[,:]). Unfortunately, the projection onto
cohomology (g®,b) — I'*°(A*T M)[[t]] does not preserve the natural brackets, hence
is not a quasi-isomorphism in the category of differential graded Lie algebras. It has
been the fundamental observation by KONTSEVICH that this defect can be cured
as follows.

Theorem 5.6. (KONTSEVICH [12]) For every Poisson manifold M the differen-
tial graded Lie algebra (g®,b,[-,+]) is formal in the sense that there exists a quasi-
isomorphism (g°,b,[-,:]) — (T (A*TM)[[t]],0,[-,]) in the category of L*°-algebras.

Note that the theorem only claims the existence of a quasi-isomorphism in the
category of L*-algebras or in other words in the category of homotopy Lie alge-
bras. This is a notion somewhat weaker than a differential graded Lie algebra, but
Thm. 5.4 also holds in the context of L>°-algebras.

Since the solutions of the Maurer-Cartan equation in (I'*°(A*TM)[[t]],0, [, ])
are exactly the formal paths of Poisson bivector fields on M, Kontsevich’s formality
theorem entails

Corollary 5.1. Every Poisson manifold has a formal deformation quantization.

REFERENCES

[1] ARTIN, M.: Lectures on Deformations of Singularities, Lectures on Mathematics and Physics
54, Bombay: Tata Institute of Fundamental Research. II (1976).

[2] BAYEN, F., M. FrLATO, C. FRONSDAL, A. LICHNEROWICZ, and D. STERNHEIMER: Deformation
theory and quantization, I and II, Ann. Phys. 111 (1978), 61-151.

[3] BINGENER, J.: Lokale Modulrdume in der analytischen Geometrie, Band 1 und 2, Aspekte der
Mathematik, Braunschweig/Wiesbaden, Friedr. Vieweg & Sohn, (1987).

[4] DRINFEL'D, V.G.: Quantum groups, Proc. of the ICM, 1986, pp. 798-820.

[5] FEDOSOV, B.: Deformation Quantization and Index Theory, Akademie-Verlag, Berlin, 1996.
[6] GRAUERT, H. and R. REMMERT: Coherent analytic sheaves, Grundlehren der Mathematischen
Wissenschaften, 265, Berlin etc., Springer-Verlag (1984).

[7] GERSTENHABER, M. and S. SCHACK: Algebraic cohomology and deformation theory, Deforma-
tion Theory of Algebras and Structures and Applications, Kluwer Academic Publishers, 1988,
pp. 11-264.

[8] GoLpMAN, W.M. and J.J. MILLSON: The deformation theory of representations of funda-
mental groups of compact Kdhler manifolds, Publ. Math., Inst. Hautes Etud. Sci. 67, 43-96
(1988).

[9] GREUEL, G.-M.: Deformation und Klassifikation von Singularititen und Moduln, Jahres-
bericht der DMV, Jubildumstag., 100 Jahre DMV, Bremen/Dtschl. 1990, 177-238 (1992).

[10] HARTSHORNE, R.: Algebraic Geometry, Graduate Texts in Mathematics, vol. 52, Springer-
Verlag, Berlin, Heidelberg, New York, 1977.

[11] KasseL, CH.: Quantum Groups, Graduate Texts in Mathematics, vol. 155, Springer-Verlag,
1995.



DEFORMATION THEORY 13

[12] KONTSEVICH, M.: Deformation quantization of Poisson manifolds, Lett. Math. Phys. 66,
No.3, 157-216 (2003).

[13] KURANISHI, M.: Deformations of compact complex manifolds, Seminaire de Mathématiques
Superieures. Ete 1969. Montreal: Les Presses de I'Université de Montreal. (1971).

[14] ParLamopov, V.P.: Deformation of Complex Spaces, in S. G. Gindikin and G. M. Khenkin
(Eds.), Several Complex Variables IV, Encyclopaedia of Mathematical Sciences, vol. 10, Springer-
Verlag, Berlin, Heidelberg, New York, 1990.

[15] SCHLESSINGER, M.: Functors of Artin rings, Trans. Am. Math. Soc. 130, 208-222 (1968).

FACHBEREICH MATHEMATIK, JOHANN WOLFGANG GOETHE-UNIVERSITAT,
S1TZ: ROBERT-MAYER STR. 8-10, 60054 FRANKFURT/MAIN, GERMANY
email: pflaum@math.uni-frankfurt.de



