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Preface

Quantization is an important topic in mathematics and physics. From the
physics point of view, methods of quantization are procedures for building models
for quantum mechanical systems from analogous and more intuitive classical me-
chanical systems, which provide strikingly precise experimental predictions. Much
of the development of theoretical physics in the 20th century may be regarded as
the process of refining quantization to give improved experimental predictions, and
the search for a unified field theory is an attempt to quantize general relativity
in a manner compatible with existing quantum theory. On the mathematics side,
problems related to quantization and quantum mechanics was a strong motivation
for the development of functional analysis, the representation theory of Lie groups,
and spectral geometry. More recent developments with much current activity in-
clude geometric quantization, deformation quantization, and quantum analogues of
various classical objects.

Geometric quantization seeks to give as natural as possible a procedure for as-
sociating a Hilbert space to each symplectic manifold satisfying an integrality con-
dition. Geometric quantization was developed by Kirillov, Kostant, and Souriau in
the 1960’s, and was energized by the attempt to prove the “quantization commutes
with reduction” conjecture of Guillemin and Sternberg in the 1980’s and 1990’s,
which was completed in part by work of Meinrenken, and is continued through the
study of its L?-analogues. Much work has been done on the semiclassical asymp-
totics of geometric quantization, such as the proof by Bordemann, Meinrenken, and
Schlichenmaier of a general asymptotic formula for Berezin—Toeplitz quantization
on compact Kahler manifolds. Semiclassical analysis has resulted in applications in
number theory, as in the work of Borthwick and Uribe on relative Poincare series.

The theory of deformation quantization seeks to deform the commutative alge-
bra of functions on a Poisson manifold into a noncommutative algebra in which the
semi-classical limit is given by the Poisson bracket of functions. Kontsevich’s proof
of his formality conjecture showed that every Poisson manifold has a star product
on the formal level, and this work was one of the key results which earned him the
Fields medal. This work was later reinterpreted by Tamarkin and related to path
integrals by Cattaneo and Felder. Ideas from deformation quantization also play
a central role in recent work of Costello giving a rigorous geometric construction
of the Witten genus. Deformation quantization is used by Etingof and Ginzburg
to give a better geometric understanding of the rational Cherednik algebra and its
representations, as well as for other associative algebras.

The papers in this volume are based on talks given at the Center for Mathemat-
ics at Notre Dame program on quantization, which was held from May 31 to June
10 of 2011. The program consisted of a summer school on quantization, followed by

ix
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X PREFACE

a conference titled “Mathematical aspects of quantization”. The papers by Berest—
Samuelson, Dolgushev—Rogers, Lerman, and Meinrenken are based on talks given
at the summer school. The paper by Berest and Samuelson begins with an elegant
proof of properties of the Dunkl operators using a deformation of the de Rham com-
plex, and continues to discuss the representation theory of the Cherednik algebra.
The paper by Dolgushev and Rogers is concerned with the graph complex, which
plays a key role in the Kontsevich formality conjecture, and results of Willwacher
which relate the cohomology of the graph complex to the cohomology of the Ger-
stenhaber operad. Dolgushev and Rogers give a detailed and complete discussion
of Willwacher’s proof and the necessary background. The paper by Lerman gives a
short introduction to geometric quantization, which we hope will make the subject
more accessible to graduate students. The paper by Meinrenken gives a survey of
the theory of group-valued moment maps and its applications to the moduli space
of flat bundles on a surface, which was developed by Meinrenken together with his
collaborators Alekseev, Malkin, and Woodward. The remaining papers are based
on talks at the conference. Barron discusses interactions between quantization and
automorphic forms. Berest, Chen, Eshmatov, and Ramadoss discuss derived ver-
sions of Poisson structures and their applications to Calabi—Yau algebras. Kar and
Rajeev give an elementary explanation of renormalization. Schlichenmaier’s paper
gives a survey of Berezin—Toeplitz quantization and star products in the Kéhler set-
ting. Sniatycki gives a survey of his results concerning commutation of geometric
quantization with algebraic reduction.

Jean-Marie Souriau, who was one of the pioneers in the theory of quantization,
passed away on March 15, 2012, as this volume was being prepared. Souriau’s
1966 paper, “Quantification géométrique,” in Communications on Mathematical
Physics was one of the seminal papers leading to the modern theory of geometric
quantization. Souriau also made important contributions to the study of moment
maps and coadjoint orbits, both of which are by now standard tools in the quan-
tization toolbox. Souriau spent most of his career as Professor of Mathematics at
the University of Provence in Marseille.

The Center for Mathematics at Notre Dame provided the resources to run the
program in quantization, and we would like to thank Gregory Crawford, Dean of
the College of Science at Notre Dame, for enabling us to establish this new center.
We would also like to thank our colleagues at Notre Dame for helping organize
the center, and especially thank Lisa Tranberg for her efficient organization of the
conference. Finally, we would like to thank all of the participants in our quantization
program for making the program such an interesting event.

Sam Evens
Michael Gekhtman
Brian C. Hall
Xiaobo Liu
Claudia Polini
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Dunkl operators and quasi-invariants of complex reflection
groups

Yuri Berest and Peter Samuelson

ABSTRACT. In these notes we give an introduction to representation theory
of rational Cherednik algebras associated to complex reflection groups. We
discuss applications of this theory in the study of finite-dimensional represen-
tations of the Hecke algebras and polynomial quasi-invariants of these groups.

1. Introduction

These are lecture notes of a minicourse given by the first author at the summer
school on Quantization at the University of Notre Dame in June 2011. The notes
were written up and expanded by the second author who took the liberty of adding
a few interesting results and proofs from the literature. In a broad sense, our goal
is to give an introduction to representation theory of rational Cherednik algebras
and some of its recent applications. More specifically, we focus on the two concepts
featuring in the title (Dunkl operators and quasi-invariants) and explain the relation
between them. The course was originally designed for graduate students and non-
experts in representation theory. In these notes, we tried to preserve an informal
style, even at the expense of making imprecise claims and sacrificing rigor.

The interested reader may find more details and proofs in the following ref-
erences. The original papers on representation theory of the rational Cherednik
algebras are [EG02b], [BEG03al, BEG03b], [DO03] and [GGORO03]|; surveys
of various aspects of this theory can be found in [Rou05], [Eti07], [Gor08] and
[Gor10]. The quasi-invariants of Coxeter (real reflection) groups first appeared in
the work of O. Chalykh and A. Veselov [CV90, [CV93] (see also [VSC93|); the
link to the rational Cherednik algebras associated to these groups was established
in [BEGO3a]|; various results and applications of Coxeter quasi-invariants can be
found in [EGO02a], [FV02], [GWO04], [GW06], [BMO8]; for a readable survey, we
refer to [ES03].

The notion of a quasi-invariant for a general complex reflection group was
introduced in [BC11]. This last paper extends the results of [BEGO03a], unifies
the proofs and gives new applications of quasi-invariants in representation theory
and noncommutative algebra. It is the main reference for the present lectures.

2010 Mathematics Subject Classification. Primary 16S38; Secondary 14A22; 17B45.
The first author was supported in part by NSF Grant DMS 09-01570.

©2012 American Mathematical Society
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2 YURI BEREST AND PETER SAMUELSON

2. Lecture 1

2.1. Historical remarks. The theory of rational Cherednik algebras was his-
torically motivated by developments in two different areas: integrable systems and
multivariable special functions. In each of these areas, the classical representa-
tion theory of semisimple complex Lie algebras played a prominent role. On the
integrable systems side, one should single out the work of M. Olshanetsky and
A. Perelomov [OP83] who found a remarkable generalization of the Calogero-Moser
integrable systems for an arbitrary semisimple Lie algebra. On the special functions
side, the story began with the fundamental discovery of Dunkl operators [Dun89]
that transformed much of the present day harmonic analysis. In 1991, G. Heckman
[Hec91] noticed a relationship between the two constructions which is naturally
explained by the theory of rational Cherednik algebras. The theory itself was de-
veloped by P. Etingof and V. Ginzburg in their seminal paper [EG02b]. In fact,
this last paper introduced a more general class of algebras (the so-called symplectic
reflection algebras) and studied the representation theory of these algebras at the
‘quasi-classical’ (t = 0) level]. At the ‘quantum’ (t = 1) level, the representation
theory of the rational Cherednik algebras was developed in [BEGO03al, BEGO03b],
[DO03] and [GGORO3], following the insightful suggestion by E. Opdam and
R. Rouquier to model this theory parallel to the theory of universal enveloping
algebras of semisimple complex Lie algebras.

In this first lecture, we briefly review the results of [OP83] and [Dun89] in
their original setting and explain the link between these two papers discovered in
[Hec91]. Then, after giving a necessary background on complex reflection groups,
we introduce the Dunkl operators and sketch the proof of their commutativity
following [DOO3|. In the next lecture, we define the rational Cherednik algebras
and show how Heckman’s observation can be reinterpreted in the language of these
algebras.

2.2. Calogero-Moser systems and the Dunkl operators.

2.2.1. The quantum Calogero-Moser system. Let h = C", and let h™8 denote
the complement (in §) of the union of hyperplanes z; —x; =0 for 1 <i # j < n.
Write C[h*®8] for the ring of regular functions on h™# (i.e., the rational functions
on C™ with poles along x; — z; = 0). Consider the following differential operator
acting on C[hg]

o\’ 1
no3 () s

; Ox; ; (@i — ;)2
where ¢ is a complex parameter. This operator is called the quantum Calogero-
Moser Hamiltonian: it can be viewed as the Schrédinger operator of the system of n
quantum particles on the line with pairwise interaction proportional to (z; — a:j)*Q.
It turns out that H is part of a family of n partial differential operators L; :
C[p*8] — C[h™ 8] of the form

n J
L;:= Z (3?%) + lower order terms ,
i=1

1As yet another precursor of the theory of Cherednik algebras, one should mention the
beautiful paper [Wil98| which examines the link between the classical Calogero-Moser systems
and solutions of the (infinite-dimensional) Kadomtsev-Petviashvili integrable system.
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DUNKL OPERATORS AND QUASI-INVARIANTS 3

satisfying the properties:

(1) L; is Sy-invariant (where S, is the n-th symmetric group acting on C"

by permutations of coordinates),

(2) L; is a homogeneous operator of degree (—j),

(3) Ly = H,

(4) [Lj, L] =0, i.e. the L;’s commute.
The last property (commutativity) means that {L;}1<;j<, form a quantum inte-
grable system which is called the (quantum) Calogero-Moser system.

2.2.2. A root system generalization. In [OP83], the authors constructed a fam-
ily of commuting differential operators for a Lie algebra g that specializes to the
Calogero-Moser system when g = sl,,(C). Precisely, let g be a finite-dimensional
complex semisimple Lie algebra, h C g a Cartan subalgebra of g, h* its dual
vector space, W the corresponding Weyl group, R C h* a system of roots of g,
and Ry C R a choice of positive roots (see, e.g., [HumT8| for definitions of these
standard terms). To each positive root o € R4 we assign a complex number (mul-
tiplicity) ¢, € C so that two roots in the same orbit of W in R have the same
multiplicities; in other words, we define a W-invariant function c¢: Ry — C, which
we write as a — ¢,. Now, let h™8 denote the complement (in h) of the union of
reflection hyperplanes of W. The operator H of the previous section generalizes to
the differential operator Hy : C[h**8] — C[h*8], which is defined by the formula

calta + 1) (o, @)
K Vi e
(XER+ ’

where Ay stands for the usual Laplacian on b.

THEOREM 2.1 (see [OP83]). For each P € C[h*|"', there is a differential
operator

Lp = P(0¢) + lower order terms
acting on C[h™8], with lower order terms depending on ¢, such that

(1) Lp is W-invariant with respect to the natural action of W on h*8
(2) Lp is homogeneous of degree — deg (P),

(3) Lz = Hg,

(4) [Lp,Lg] =0 for all P,Q € C[p*]".

The assignment P — Lp defines an injective algebra homomorphism
Clh]" = D)™,
where D(h*8)W is the ring of W -invariant differential operators on hree.

In general, finding nontrivial families of commuting differential operators is a
difficult problem, so it is natural to ask how to construct the operators Lp. An inge-
nious idea was proposed by G. Heckman [Hec91]. He observed that the operators
Lp can be obtained by restricting the composites of certain first order differential-
reflection operators which are deformations of the usual partial derivatives J¢; the
commutativity [Lp, Lg] = 0 is then an easy consequence of the commutativity of
these differential-reflection operators. The commuting differential-reflection opera-
tors were discovered earlier by Ch. Dunkl in his work on multivariable orthogonal
polynomials (see [Dun89]). We begin by briefly recalling the definition of Dunkl
operators.
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4 YURI BEREST AND PETER SAMUELSON

2.2.3. Heckman’s argument. For a positive root o € R, denote by 3, the
reflection operator acting on functions in the natural way:

8o+ C[b™8] = C[b™®],  f(x) = f(salz)) -

For a nonzero ¢ € b, the Dunkl operator V¢(c) : C[h**8] — C[h*#] is then defined
using the formula?

(2.1) Ve(e) =0+ Y ca

aER

)

(Oé, g) §a
(a,z)
where a — ¢, is the multiplicity function introduced in Section 2.2.2]

THEOREM 2.2 ([Dun89)). The operators V¢ and V,, commute for all §,m € b.

We will sketch the proof of Theorem (in the more general setting of complex
reflection groups) in the end of this lecture. Now, we show how the Dunkl operators
can be used to construct the commuting differential operators Lp.

First, observe that the operators (2] transform under the action of W in the
same way as the partial derivatives, i. e. W Ve = V ¢y for all w € W and § €
h. Hence, for any W-invariant polynomial P € C[h*]", the differential-reflection
operator P(V¢) : C[h8] — C[h™#] preserves the subspace C[h**8]" of W-invariant
functions. Moreover, it is easy to see that P(V,) acts on this subspace as a purely
differential operator. Indeed, using the obvious relations 3, ¢ = 0;_(¢) 5o and
30 f = 54(f) 84, one can move all nonlocal operators (reflections) in P(V¢) ‘to
the right’; then these nonlocal operators will act on invariant functions as the
identity. Thus, for P € C[h*]", the restriction of P(V¢) to C[h™e]W is a W-
invariant differential operator which we denote by Res" [P(V¢)] € D(h &)W, If
P(z) = |z|? is the quadratic invariant in C[h*]", an easy calculation shows that

1

Res" |Vel> = Ay — Z Calca + L)@ a) )gaﬂ) ;
(a,z)

aER

which is exactly the generalized Calogero-Moser operator Hy introduced in [OP83].
In general, if we set

Lp:=ResV[P(Ve)], VYPeCh]”,

then all properties of Theorem 2.1] are easily seen to be satisfied. In particular, the
key commutativity property [Lp, Lg] = 0 follows from the equations

Res" [P(Ve)] Res" [Q(Ve)] = Res" [P(Ve) Q(Ve)]
= Res"[Q(Ve) P(Ve)]
= Res"[Q(Ve)] Res" [P(Ve)] ,
where P(V¢) Q(Ve) = Q(Ve) P(V¢) is a direct consequence of Theorem 221 Thus,
the algebra homomorphism of Theorem 2] can be defined by the rule
CH )" = D)W, P Res" [P(Ve)] .

Despite its apparent simplicity this argument looks puzzling. What kind of an al-
gebraic structure is hidden behind this calculation? This was one of the questions
that led to the theory of rational Cherednik algebras developed in [EG02b]. In

2Strictly speaking, Dunkl introduced his operators in a slightly different form that is equiv-
alent to (1) up to conjugation.
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DUNKL OPERATORS AND QUASI-INVARIANTS 5

the next lecture, we will introduce these algebras in greater generality: for an ar-
bitrary complex (i.e., not necessarily Coxeter) reflection group. The representation
theory of rational Cherednik algebras is remarkably analogous to the classical rep-
resentation theory of semisimple Lie algebras, and we will discuss this analogy in
the subsequent lectures. We will also emphasize another less evident analogy that
occurs only for integral multiplicity values. It turns out that for such values, the
rational Cherednik algebras are closely related to the rings of (twisted) differen-
tial operators on certain singular algebraic varieties with ‘good’ singularities (cf.

Proposition BI0]).

2.3. Finite reflection groups. The family of rational Cherednik algebras is
associated to a finite reflection group. We begin by recalling the definition of such
groups and basic facts from their invariant theory. The standard reference for this
material is N. Bourbaki’s book [Bou68].

Let V be a finite-dimensional vector space over a field k. We define two distin-
guished classes of linear automorphisms of V.

(1) s € GLg(V) is called a pseudoreflection if it has finite order > 1 and there
is a hyperplane H, C V that is pointwise fixed by s. (If s is diagonalizable,
this is the same as saying that all but one of the eigenvalues are equal to
1.)

(2) A pseudoreflection is a reflection if it is diagonalizable and has order 2.
(In this case, the remaining eigenvalue is equal to —1.)

A finite reflection group on V is a finite subgroup W C GLg(V) generated
by pseudoreflections. Note that if W; is a finite reflection group on V; and Wy
is a finite reflection group on V5, then W = W7 x W5 is a finite reflection group
on Vi @ V,. We say that W is indecomposable if it does not admit such a direct
decomposition.

If £ = R, then all pseudoreflections are reflections. The classification of fi-
nite groups generated by reflections was obtained in this case by H. S. M. Cox-
eter [Cox34]. There are 4 infinite families of indecomposable Coxeter groups
(A, By, D, and I(m)) and 6 exceptional groups (Fs, F7, Es, Fy, Hs, Hy). Over
the complex numbers k = C, the situation is much more complicated. A complete
list of indecomposable complex reflection groups was given by G. C. Shephard and
J. A. Todd in 1954: it includes 1 infinite family G(m,p,n) depending on 3 positive
integer parameters (with p dividing m), and 34 exceptional groups (see [ST54]).
A. Clark and J. Ewing used the Shephard-Todd results to classify the groups gen-
erated by pseudoreflections over an arbitrary field of characteristic coprime to the
group order (see [CE74]).

There is a nice invariant-theoretic characterization of finite reflection groups.
Namely, the invariants of a finite group W C GLg (V') form a polynomial algebra if
and only if W is generated by pseudoreflections. More precisely, we have

THEOREM 2.3. Let V be a finite-dimensional faithful representation of a finite
group W over a field k. Assume that either char(k) = 0 or char(k) is coprime to
|W|. Then the following properties are equivalent:

(1) W is generated by pseudoreflections,
(2) k[V] is a free module over k[V]W,
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6 YURI BEREST AND PETER SAMUELSON

(3) k[VIW =kl[f1, ..., fa] is a free polynomial algebrcﬁ.

Over the complex numbers, this theorem was originally proved by Shephard and
Todd [ST'54] using their classification of pseudoreflection groups. Later Chevalley
[Che55] gave a proof in the real case without using the classification, and Serre
extended Chevalley’s argument to the complex case. Below, we will give a homolog-
ical proof of the (most interesting) implication (1) = (2), which is due to L. Smith
[Smi85]; it works in general in coprime characteristic.

First, we recall the following well-known result from commutative algebra.

LEMMA 24. Let A = @,y Ai be a non-negatively graded commutative k-
algebra with Ay = k, and let M be a non-negatively graded A-module. Then the
following are equivalent:

(1) M is free,

(2) M is projective,

(3) M is flat,

(4) Tor{(k, M) =0, where k= AJ/A, .

Note that the only nontrivial implication in the above lemma is: (4) = (1).
Its proof is standard homological algebra (see, e.g., [Ser00], Lemma 3, p. 92).

ProOOF OF THEOREM 23] (1) = (2). In view of Lemma [24] it suffices to
prove that

Tor! ™™ (k, k[V]) = 0.
Note that the non-negative grading and W-action on k[V] induce a non-negative
w
grading and W-action on Tor]f[v] (k,k[V]). There are two steps in the proof.

First, we show that the nonzero elements in Tor]f[v}w(k, E[V]) of minimal degree
must be W-invariant, and then we show that W-invariant elements must be 0.

Given a pseudoreflection s € W, choose a linear form oy € V* C k[V] such
that Ker(as) = Hy, and define the following operator

1
As = —(1 — S) S Endk[v]w(k[V]) .
To see that this operator is well defined on k[V], expand a polynomial f € k[V] as
a Taylor series in a;; and note that the constant term of (1 —s) - f is 0. To see that
Ay is a k[V]W-linear endomorphism, check the identity

As(fg) = Bs(f)g +5()Aslg) , Vi gek[V],

and note that, for f € k[V]W, this identity becomes A(fg) = fAs(g). It is clear

w
that Ag has degree —1. Now, since Tor’f[v] (k,—) is a functor on the category of

k[V]" -modules, we can apply it to the endomorphism A, :

(Ag), : Tor ™ (e, k[V]) = Tor ™" (e, k[V]) .
If €€ Tor]f[vlw(k,k‘[V]) has minimal degree, then (A;).& =0 (since (A;). must
decrease degree by one). This implies that s(§) = £, which proves the claim that
v

the nonzero elements of Tor’f VIT (k, k[V]) of minimal degree are W-invariant.

3The polynomials f; € k[V] generating k[V]" are not unique; however, their degrees d; =

deg (f;) depend only on W: they are called the fundamental degrees of W.
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DUNKL OPERATORS AND QUASI-INVARIANTS 7

Now, consider the averaging (Reynolds) operatmﬁ

= ﬁ > g k[V] = k[V]Y.
geEW

If we write ¢« : k[V]W < k[V] for the natural inclusion, then ¢ o w(f) = f for all
f € k[V]". The identity 7(7(f)g) = 7(f)n(g) shows that 7 is a map of k[V]"-

modules. Applying then the functor Tor]f[v]w(k;, —) to the composition ¢ o, we
get,
Tor™ ™" (k, k[V]) 2= Tor® ™" (&, k[V]7) £ Tor®™" (1, k[V])

which is the zero map since Tor]f[v]w(k, E[VI") = 0. On the other hand, if

€€ Tor]f[V]W(k;,k[V])W is W-invariant, we have £ = (tom), & = (te o) € = 0.
w
Hence Tor]f[v] (k, k[V])" = 0 finishing the proof. O

2.4. Dunkl operators. From now on, we assume that £ = C. We fix a finite-
dimensional complex vector space V and a finite reflection group W acting on V
and introduce notation for the following objects:

(1) A is the set of hyperplanes fixed by the generating reflections of W,

(2) Wy is the (pointwise) stabilizer of a reflection hyperplane H € A; it is a
cyclic subgroup of W of order ng > 2,

(3) (+,+): VxV — Cis a positive definite Hermitian form on V, linear in
the second factor and antilinear in the first,

(4) x* := (z, -) € V* which gives an antilinear isomorphism V — V*

(5) for H € A, fix vy € V with (vg,x) =0 for all z € H, and ag € V* such
that H = Ker(ag),

(6) 6 :=[lgeaan € C[V] and 6* := [ 4 va € C[V7],

(7) emi:= -+ > wew, dety (w)fw e CWy CCW, i=0,1,...,ng — 1.

nu
Some explanations are in order. The elements ey ; are idempotents which are
generalizations of the primitive idempotents (1 — s)/2 and (1 + s)/2 for a real
reflection s. The orders ng = |Wg| depend only on the orbit of H in A. Under the
action of W, ¢* transforms as the determinant character dety : GL(V) — C and
¢ transforms as the inverse determinant. Finally, to simplify notation for sums, we
introduce the convention of conflating W-invariant functions on A with functions
on A/W, and we write indices cyclicly identifying the index sets {0,1,...,ng — 1}

The rational Cherednik algebras associated to W will depend on complex pa-
rameters kg = {kqi}?jo_l, where C runs over the set of orbits A/W; these pa-
rameters play the role of multiplicities ¢, in the complex case. We will assume that
kco =0 for all C € A/W. We will need to extend the ring of differential operators
D = D(Vieg) 00 Vieg :=V \ (UpgecaH) by allowing group-valued coefficients. The
group W acts naturally on D, so we simply let DW := D x W be the crossed

4Note that this operator is well defined since the characteristic of k is coprime to |WW]|.
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8 YURI BEREST AND PETER SAMUELSON

productﬁ. Then, for each £ € V', we define the operator T¢(k) € DW by

ng—1

(%
Tg(k) = 85 — Z % Z nHkHyieHvi
=0

HeA

It is an exercise in decoding the notation to check that in the case when W is a
Coxeter group, the operator T¢ (k) agrees with the operator defined in (Z1I), up to
conjugation by the function [];c 4 a];f’ .

The following result was originally proved by Dunkl [Dun89] in the Coxeter
case and in [DOO03] in general. We end this lecture by outlining the proof given in

[DO03).

LEMMA 2.5. The operators T¢ (k) satisfy the following properties:

(1) [Te(k), T, (k)] =0, i.e. the operators commute
(2) wTe(k) = Toe (F)w

Note that one consequence of this lemma is that the linear map § — Te(k)
yields an algebra embedding C[V*] — DW.

We think of the operators T¢ (k) as deformations of the directional derivatives
0O¢. One strategy for proving commutativity is to find the equations 9¢0, — 0,0 = 0
“in nature,” and then see if the situation in which they appear can be deformed.
A natural place these equations appear is in the de Rham differential: d2f =
> i<j(0i0; — 0;0;) fdxi Adxj. In this case, commutativity of the partial derivatives
is equivalent to the fact that the de Rham differential squares to zero.

We now proceed to deform the de Rham differential, with the eventual goal
of showing that the deformed map is actually a differential. It turns out that in
addition to deforming the de Rham differential, it is also convenient to deform the
Euler derivation. First, for each H € A, define

ng—1

aH(k:) = Z nHkH,ieH,i c (CWH
=0

Let K* = C[V] ® A*V* be the polynomial de Rham complex on V, and define
Q(k) € End(C[V]) ® K! by

Qk) = Z am(k)ay day
HecA

The term aj;'dag is the logarithmic differential of az, and Q(k) is W-equivariant
with respect to the diagonal action on K*. Next we define d(k) : C[V] — K* via

d(k)(p) = dp + Q(k)(p)

(where d(0) is the standard de Rham differential). We extend it to d(k) : K* —
K**1in the usual way - if p®@w € C[V]® A*V*, then d(k)(p @ w) := d(k)(p) A w.
Next, we define the standard Koszul differential 9 : K! — K'~! using

l
p®d$1/\~-~/\dxl»—>Z(—1)T+1acrp®dx1/\---/\di:T/\---/\dxl
r=1

5As a reminder, if W is a finite group acting on an algebra A by algebra automorphisms,
then the crossed product A x W is defined to be the vector space A ® CW with multiplication
(a®@w)- (b®v)=aw() @wv.
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DUNKL OPERATORS AND QUASI-INVARIANTS 9

Finally, we define the (deformed) Euler vector field

E(k):=E0)+ > an(k)
HeA
where E(0) is the usual Euler derivation (i.e. the infinitesimal generator of the
diagonal C* action on K*). The space K*® has a bigrading given by K*® = @mQB?;‘g v
ClV]m @ A'V*, and if we let K, be one of the graded pieces and let w € K}, then

E(O)w=(I+mw, dkweKL?, oweK 7}

m

The deformations E(k) and d(k) are compatible in the following sense:
E(k) = 0d(k) + d(k)0

The following important lemma is used to determine conditions on & which are
sufficient to show F(k) has a small kernel.

LeEMMA 2.6 ([DOO03|, Lemma 2.5). Let z(k) = 3, 4 au(k) € CW. Then

(1) The element z(k) is central in CW.

(2) For an irreducible representation T of CW | let ¢ (k) denote the (unique)
eigenvalue for z(k) on 7. Then ¢, (k) is a linear function of k with non-
negative integer coefficients.

The following theorem is the main step in the proof of commutativity of the
Dunkl operators.

THEOREM 2.7 ([DO03], Theorem 2.9). Assume that k is a parameter such
that —c.(k) € N for all irreducible 7. Then there exists a unique W -invariant
linear isomorphism S(k) : K® — K* satisfying the properties

(1) S(k)(KL,) C KL,
(2) The restriction of S(k) to K9 is the identity,
(3) S(h)(p©w) = (S*)(p) © w,

(4) d(k)S(k) = S(k)d(0).

The intertwining operator S(k) is constructed by induction on m and . It is not
too difficult to show that the enumerated conditions imply that S(k) is unique and
invertible. The main point is to show the existence of S(k). The proof of existence
is essentially linear algebra using the fact that the assumption on the parameter k
implies (via the previous lemma) that the kernel of E(k) is exactly K{.

COROLLARY 2.8. The map d(k) is a differential on K*.

PrOOF. If we assume —c, (k) ¢ N for all irreducible 7, then this corollary
follows immediately from the existence of the intertwining operator (and the fact
that d(0) is a differential). However, the condition d?(k) = 0 is a closed condition
(either in Zariski or classical topology), so it must hold on a closed subset of the
space of all parameters k. Since the theorem holds on an open dense set in this
space, it implies the corollary for all parameter values. O

As mentioned above, the commutativity of Dunkl operators (Lemma 2.5]) fol-
lows directly from this corollary. Indeed, let e; € V and x; € V* be dual bases, and
write T; = T¢, (k). A straightforward computation shows that for all f € C[V],

d(k)*f = Z(TiTj - T,;T)f ®dz; Ndz; .
i<j

A different proof of commutativity can be found in [EG02b], Section 4.
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10 YURI BEREST AND PETER SAMUELSON

REMARK 2.9. At first glance, the definition of the Dunkl operators may seem
to be quite general. Indeed, at least in the real case, the formulas defining T¢ (k)
make sense for an arbitrary finite hyperplane arrangement A (with prescribed mul-
tiplicities). However, the operators T¢ thus defined will commute if and only if the
hyperplane arrangement A comes from a finite reflection group (cf. [Ves94]).

3. Lecture 2

In this lecture, we introduce the rational Cherednik algebras and discuss their
basic properties. We also define category O, which is a category of modules over the
Cherednik algebra subject to certain finiteness restrictions. This is a close analogue
of the eponymous category of g-modules defined by J. Bernstein, I. Gelfand, and
S. Gelfand for a semi-simple Lie algebra g (see [HumO8]).

3.1. Rational Cherednik algebras. In this section, we will use the notation
introduced in Section 2.4l We begin with the main definition.

DEFINITION 3.1 (¢f. [DOO03]|). The rational Cherednik algebra Hy (W) is the
subalgebra of DW generated by C[V], C[V*] and CW. (The subalgebras C[V] and
CW are embedded in DW in the natural way and are independent of k. On the
other hand, the embedding of C[V*] in DW is defined via the Dunkl operators
T¢ (k) which certainly depend on k.)

It is also possible to give an ‘abstract’ definition of Cherednik algebras in terms
of generators and relations. From this point of view, the previous definition is
called the Dunkl representation. The key point is that the Dunkl representation is
faithful. The algebra Hy (W) is generated by the elements of V', V* and W subject
to the following relations

[z, 2] =0, [£¢&]=0, wrw '=w), wéw '=w(),
_ (o, &) (zyvp) ‘ ‘
€, 2] = (&, =) + % (am,om) Zo H(kyi —kpiv1)en -

where z,2’ € V* and £, € V and w € W.

EXAMPLE 3.2. In the case W = Zo, the above relations are actually very simple.
Specifically, Hy(Z2) is generated by z, & and s satisfying

s2=1, sr=-as, st=—(s, [6x]=1—2ks.
The Dunkl operator corresponding to £ is given by = (1 s) which acts naturally
on Vieg = Clz, 271], preserving Clz| C Clz,z~1].

3.2. Basic properties of Hy(W). First, note that if ¥ = 0, then Hy =
D(V)xW C D(Vieg) X W, so we can view the Cherednik algebra as a deformation
of the crossed product of a Weyl algebra D(V') with the group W. The next theorem
collects several key properties of Hy(WW).

THEOREM 3.3 (see [EGO2b]). Let H = H(W) be the family of Cherednik
algebras associated to a complex reflection group W.

(1) Universality: {Hy} is the universal deformation of Hy.
(2) PBW property: the linear map C[V] @ CW @ C[V*] — H} induced by
multiplication in Hy, is a C[V]-module isomorphism.
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(3) Let Hyeg = Hy[671] denote the localization of Hy, at the Ore subset {6* }ren.
Then the induced map Hyeg — DW is an isomorphism of algebras.

REMARK 3.4. Each statement deserves a comment:

(1) In general, universal deformations can rarely be realized algebraically, so
the family of Cherednik algebras is somewhat exceptional.

(2) The name ‘PBW property’ comes from the Poincare-Birkhoff-Witt Theo-
rem in Lie theory, which has a very similar statement. It is a fundamental
property for many reasons. In particular, it is not obvious a priori that
the generators and relations listed above give a nonzero algebra, so in
some sense the important part of this statement is the “lower bound” on
the size of Hy. (The “upper bound” is easy to see from the relations.)

(3) This justifies the notation Hyeg := Hy[0 '], since it shows that the local-
ization is independent of the parameters k.

There are two filtrations on DW which are commonly used. The first is the
standard filtration, where degx = 1 = deg& and degw = 0. The second is the
differential filtration, where degx = 0 = degw, and deg& = 1. Through the Dunkl
embedding Hy — DW, these filtrations induce filtrations on Hy, (with the same
names), and for both filtrations we have gr(Hy) 2 C[V @& V*] x W.

3.3. The spherical subalgebra. Each Hy contains a distinguished (nonuni-
tal) subalgebra Uy, = Uy (W) called the spherical subalgebra. We set e := \Wll Y wew W E
DW and define

Ui := eHye
(The additive and multiplicative structure of eHye are induced from Hy, but the
unit of eHye is e, not 1 € Hy.)

The spherical subalgebra Uy is closely related to Hj, however the exact rela-
tionship depends crucially on values of the parameter k. For each k, there is an
algebra isomorphism Uy = Endy, (eHy), and although eHy is a f. g. projective
module over Hy, this does not imply that U, and Hj are Morita equivalent). The
problem is that for certain special values of k, the module eH}, is not a generator
in the category of right Hi-modules. Such special values are called singular, and
it is an interesting (and still open) question to precisely determine these values of
k for a given W. For generic k, one can prove that Hj is a simple algebra (see
Theorem 5] below), so in that case, the algebras Hy and Uy are Morita equivalent.

For k = 0, we know that Hy = D(V) x W. Since D(V) is isomorphic to a
Weyl algebra, it is simple, which implies that D(V) x W is simple. This implies,
in turn, that Hy is Morita equivalent to Uy. We also remark that Uy = e(D(V') x
W)e = D(V)W via the identification ede <+ d. This allows a theorem analogous to

Theorem B3():
THEOREM 3.5. The family {Uy} is a universal deformation of D(V)W. Also,
we have gr(Uy,) = C[V @ V*|W.

In general, the algebra map Hjy — DW restricts to a map Uy = eHiye —
e(DW)e which is an injective homomorphism of unital algebras. Heckman’s re-
striction operation now becomes

(3.1) Res)) : Uy = eHpe < e(DW)e = D(Vieg)"

6We recall that two rings are Morita equivalent if their categories of left (or right) modules
are equivalent. We refer to [MRO1], Section 3.5, for basic Morita theory.
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Ulg) =Um_) @U(H) @U(ny)

H,(W)=C[V]® CW @ C[V*]

Weights for U(g) are irreducible
U(h)-modules, i.e. p € bh*

‘Weights’ for Hy are irreducible
W-modules

central character of M

the parameter k

the BGG category O

category O,

blocks O, of O

blocks O ()

TABLE 1. Analogies between U(g) and Hy,

where the second map is an isomorphism given by eDe — D. We call Reskw :
U, — D(Vreg)w the spherical Dunkl representation of Uy. Note that Res,‘év is a
deformation of the canonical embedding D(V)" < D(Vieg)" in the same way as
the Dunkl embedding Hy, — DW is a deformation of the canonical map D(V') x
W — DW.

3.4. Category O. In this section we discuss a subcategory of Hp-modules
that shares many properties with the Berstein-Gelfand-Gelfand category O in Lie
theory. (The BGG category O is a subcategory of representations of the universal
enveloping algebra U(g) which are subject to certain finiteness conditions. A good
exposition of this theory can be found in [HumO8)|.) Some analogies between U(g)
and Hy (W) are listed in Table [

DEFINITION 3.6. We introduce the following subcategories of the category
mod(Hy) of finitely generated Hi-modules:
O, = {M € mod(Hy) | dimc(C[V*]-m) < oo}
Or(N) = {McO, | (P-XP)YN -m=0, N> 0}
Op = {McO, ¥ -m=0, N>0}=00)

In these definitions, A € V*/W, (ie. A : C[V]" — C), and the conditions are
to hold for arbitrary elements m, P, and ¢ (where m € M and P € C[V*]" and
EeVy:

From now on, we mainly discuss Oy, which is called the principal block of
category ;.. The following lemma is standard and closely mirrors the Lie situation.

LEMMA 3.7. The objects of O, and Oy, have the following properties:

(1) Each M € Oy, (resp. M € Oy) is finitely generated over C[V] C Hy,.

(2) Oy, (resp. Ok) is a stable Serre subcategory of mod(Hy) (i.e. is it an
abelian subcategory closed under taking subobjects, quotients, and exten-
sions).

(3) O} (resp. Oy) is Artinian.

Just as in the Lie case, the most important objects in O are obtained by
inducing modules from subalgebras of Hy. In particular, fix an irreducible repre-
sentation 7 of W, and give it a C[V*] module structure using P - x = P(0)x for
P € C[V*] and « € 7. Since this action is W-invariant, it gives 7 the structure of
a C[V*] x W-module. We then define the standard module associated to T by

M(r) := Indgﬁ/*}xw(ﬂ = Hj, ® T
Cl[V*]xW
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These standard modules are analogues of Verma modules in Lie theory. (Of course,
we can also induce other modules of C[V*] x W, but since we are working with
the principal block Oy, this definition is sufficient for our purposes.) The PBW
property for Hy, shows that M (7) = C[V]® 7 as a C[V]-module. Also, the relations
in Hy make it clear that M (7) € Oy.

THEOREM 3.8. As in the Lie case, the following properties hold.

(1) The set {M(T)}rerr(w) is a complete list of pairwise non-isomorphic in-
decomposable objects in O.

(2) Each M(7) has a unique simple quotient L(7), and the L(T) are a com-
plete list of simple objects in Oy

(3) The Jordan-Hdélder property: Each M € Oy has a finite filtration whose
associated graded module is isomorphic to a sum of the L(T) and is inde-
pendent of the filtration.

(4) O is a highest weight category (in the sense of [CPS88]).

For the proof of this theorem, we refer to [DOQ3|], Proposition 2.27, and
[GGORO3|, Proposition 2.11 and Corollary 2.16.

4. Lecture 3

The category O defined at the end of the last lecture is related to the category
of finite-dimensional representations of the Iwahori-Hecke algebra associated to W.
The relation is given by a certain additive functor (called the KZ functor) which
plays a fundamental role in representation theory of Hy. In this lecture, we will
introduce this functor and discuss some of its applications. In particular, we define
certain operations (KZ twists) on the set of isomorphism classes of irreducible W-
modules depending on the (integral) parameter k and discuss interesting relations
between these operations (conjectured by E. Opdam [Opd95}, [Opd00] and proved
in [BC11]).

If A is an algebra, we write Mod(A) (respectively, mod(A)) for the category of
left (respectively, finitely generated left) A-modules.

4.1. The Knizhnik-Zamolodchikov (KZ) functor. The KZ functor is de-
fined as a composition of several functors, and we describe each one in turn. The
key property that allows this construction is the well-known fact that a Dx-module
on a smooth algebraic variety X which is coherent as an Ox-module is the same
thing as a vector bundle with a flat connection on X.

The Dunkl embedding provides a natural functor Mod(Hy) — Mod(DW) given
by M — DW ®p, M. We denote the output of this functor by M,e,. Next, we
note that Mod(DW) is naturally equivalent to the category of W-equivariant D-
modules on Vies. Since W acts freely on Ve, this gives an equivalence Mod(DW') =
Mod(D(Vieg/W)). The category Mod(D(Vieg/W)) contains a full subcategory of O-
coherent D-modules (which are automatically O-locally-free). There is an interpre-
tation functor Modo (D (Vieg/W)) = Vect! (Vieg /W) which interprets an O-locally-
free D-module as a vector bundle with a flat connection. Finally, the Riemann-
Hilbert correspondence gives an equivalence of categories Vect! (Vieg/W) 22 mod(Bw ),
where By := 1 (Vieg/W, %) is the Artin braid group.

DEFINITION 4.1. The KZ functor is defined by the composition of functors
KZj, : O — mod(DW) 2 mod(D(Vieg/W)) = Vect! (Vieg/W) = mod(CByy)
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14 YURI BEREST AND PETER SAMUELSON

For the standard modules M (7) this composition of functors can be made
quite explicit. Since M (1) = C[V]® 7 as a C[V]-module, it is free of rank dimc(7),
and its localization M (7 )yeg is isomorphic to C[V;eg] ® 7 as a C[Vieg]-module. This
identification allows one to interpret M (7),es as (sections of) a trivial vector bundle
of rank dimc 7. The D-module structure on M (7),eg is given by

Oe(f @v) = (0ef) ®@v+ f @ (Oev)

By definition, in M we have §-v = 0, and since { — T¢ under the Dunkl embedding,
we know T¢(v) = 0. Rewriting this, we see

nH 1
(41) 8511 - Z Z nHkH ZeHl ) =0
HeA
Combining these formulas, we obtain
nH 1
(4.2) Oe(f ®w) = )® v+ Z an (8 Z nukmf ® epn,i(v)
HeA =0

The right hand side is an explicit formula for the KZ connection, which is the
regular flat connection on M,e; = C[V] ® 7 given by the KZ functor. (Note the
change in sign between the formula for the connection and for the Dunkl operator.)
Horizontal sections y : Vieg — 7T satisfy the KZ equations

nH 1

(4.3) e (y) + Z Z ngkeiemi(y) =0
HeA
REMARK 4.2. The formulas (£1I) and (@3) look very similar (other than the
sign), but there is an important distinction. In the KZ connection (@Il group
elements act on the arguments of the functions involved, while in the KZ equation
[@3) they act on their values.

4.2. The Hecke algebra of W. It is natural to ask what the image of the KZ
functor is. The answer is that for generic k, its image is the subcategory of CByy-
modules that factor through a natural quotient of By, called the Hecke algebra of
W. We first record two facts about complex reflection groups the proofs of which
can be found in [BMRIS8]:

(1) For all H € A, there is a unique sy € Wy such that det(spy) = e2™/m#.
(2) The braid group By is generated by the elements oy which are mon-
odromy operators (around the H € A) corresponding to the sg.

Following [BMR98]|, we define the Hecke algebra of W by

’ﬂH—l

Hi(W) := CBy / I (cu — (et sg)7e?™#ms) = 0

=0 HeA

If ks € Z, then the relations simplify to o = 1, which shows that there is a
canonical isomorphism #Hy (W) = CW. In particular, dim¢ Hi(W) = |W|. Fur-
thermore, if k is generic, then H (W) is semi-simple, and by rigidity of semisimple
algebras , Hy (W) is generically isomorphic to CW. However, it seems to be the
case that the equality dim¢ Hyi (W) = |W] is still conjectural for a few exceptional
W. (The equality is known for all Coxeter groups and for all but finitely many W.)
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THEOREM 4.3 (see [BEGO03al, [GGORO03|, [DOO03|). For each k, the functor
KZj : O — mod(Bw) is an exact functor with image contained in mod(Hg) —
mod(Bw ) (where the inclusion is induced by restriction of scalars).

It is natural to ask whether this can be an equivalance. One obvious obstruction
to a positive answer is the fact that the localization Hp — DW can kill some
modules. It turns out that this is the only obstruction. More precisely, if we let
Op°r := {M € Oy, | Myeg = 0}, then we have the following theorem.

THEOREM 4.4 (see [GGORO03]). Assume that dimHy = |W|. Then

(1) The KZj, functor induces an equivalence KZj, : O /O — mod(Hy).
(2) There is a ‘big projective’ P € Ob(Oy) and Q € Ob(mod(Hy)) such that
Hi =2 Endo, (P) and O = mod(Endy, (Q)).

One can interpret this theorem as showing that the structure of the category Oy
is controlled by Hj, for all k. The following result shows that the algebra structure
of Hy also depends crucially on Hy.

THEOREM 4.5. Assume that dim¢ Hy, = |W|. Then the following are equivalent:
(1) Hy is a semisimple algebra,
(2) O is a semisimple category,
(3) Hy, is a simple algebra.
If one of these conditions hold, then Of°* = 0 and Oy = mod(Hy). Furthermore,
in this case the M(7) are simple, i.e. M (1) = L(7) for all T € Irr(W).

For a detailed proof of Theorem 5, we refer to [BC11], Theorem 6.6, which
combines the earlier results of [BEGO03a|, [GGORO03|, [DO03] and is based on
R. Vale’s Ph.D. thesis (2006).

COROLLARY 4.6. If the conditions of Theorem hold, then Hy is Morita
equivalent to its spherical subalgebra Uy,.

PROOF. Since Hj is simple, the two-sided ideal HyeH) must be Hj, which
implies that eHy, is a generator in mod(Hy). Since Uy = Endpy, (eHy) and eHy, is
projective, Uy and Hj are Morita equivalent. O

When the corollary applies the mutual equivalences can be written explicitly.
The functor mod(Hy) — mod(Uy) is given by M — eM := eH) @y, M, and the
functor mod(Uy) — mod(Hy) is given by N — Hie ®y, N.

4.3. Shift functors and KZ twists. The goal of this section is to relate the
categories Oy for different values of k. There are several constructions of ‘shift
functors,” i.e. functors between different Oy, the first of which was introduced in
[BEGO03a]. In this lecture we will focus on the functor introduced in [BC11]. The
main idea is that the Dunkl embeddings all have the same target, and we can ‘push
forward’ a module along one embedding and ‘pull back’ along another. This is
analogous to the so-called Enright completion in Lie theory (see [Jos82]).

The first step is to enlarge Oy by defining O!" C Mod(Hy) to be all H-
modules on which the £ € V act locally nilpotently. Then ¢ : Op < O is
the natural inclusion whose image is the finitely generated modules. The inclusion
O — Mod(Hy,) has a right adjoint tj, : Mod(H}) — O which outputs the largest
submodule in Ofc". In other words,

t, (M) :={me M| &m=0,Y €V, d> 0}
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16 YURI BEREST AND PETER SAMUELSON

Recall DW = D(V,eg) X W, and that the Dunkl embedding gives us an identification
Hy[671] = DW. Write 6y, : H;, — DW for the localization map (which is just the
Dunkl embedding). Also, write 6} : Mod(H}) — Mod(DW) for extension of scalars
and (0x)« : Mod(DW) — Mod(Hy},) for the restriction of scalars.

DEFINITION 4.7. For k, k' two parameter values, define T_x : Mod(Hy) —
MOd(Hk/)
Tk = i (Orr )05

PROPOSITION 4.8. Ti_p restricts to a functor O — Ok .

PROOF. Given M € O, let N := (0 )«(0)*M € Mod(Hy). To prove the
claim we need only to show that vy (V) is a finitely generated module over Hy:.
Assuming the contrary, we may construct an infinite strictly increasing chain of
submodules Ny C Ny C No C ... C g/ (N) C Myeg, with N; € Ops. Localizing this
chain, we get an infinite chain of H,eg-submodules of M;ee. Since M, is finite over
C[Vieg) and C[V,eg] is Noetherian, this localized chain stabilizes at some i. Thus,
omitting finitely many terms, we may assume that (N;)reg = (No)reg for all i. In
that case all the inclusions N; C N;;1 are essential extensions, and since each
N; € Oy, the above chain of submodules can be embedded into an injective hull
of Ny in Oy, and hence stabilizes for ¢ > 0. (The injective hulls in Oy exist and
have finite length, since Oy is a highest weight category, see [GGORO03|, Theorem
2.19.) This contradicts the assumption that the inclusions are strict. Thus, we
conclude that v/ (N) is finitely generated. O

As one may expect, the properties of the shift functor depend on the parameters
k and k’. We call a parameter k regular if H;, is semisimple, and we write Reg(W)
for the set of regular parameters. It is proved in [BC11], Lemma 6.9, that Reg(W)
is a connected set. We list some basic properties of the shift functor:

LEMMA 4.9. Let k, k', k" be arbitrary complex multiplicites, and let M € Oy.
(1) If k € Reg(W), then Tp—r(M) = M.
(2) If k, k' € Reg(W) and M s simple, then Ty (M) is either 0 or simple.
(3) If k, k‘/, k" e Reg(W), then (77€/_)k//) o (77@_”@/) &~ Tk

COROLLARY 4.10. If k,/ k € Reg(W), then the following are equivalent:

(1) Tt [Mi(7)] = My (7');
(2) Mi(T)reg = My (7') as Hyeg-modules.

4.4. KZ twists. In this section we assume that the parameter k is integral.
Summarizing what we have said before, in this case we know that there is a canonical
isomorphism H; = CW, that the functor KZ : O — mod(W) is an equivalence,
and that the standard modules M (1) are all simple.

DEFINITION 4.11. The KZ twist kzj : Irr(W) — Irr(W) is the map induced
by the KZ functor, i.e. [7] — KZy[M(7)].

This map was defined by Opdam in [Opd95] without the use of the Cherednik
algebras (which hadn’t been defined at the time). He showed that the maps satisfied
the additivity property kzj o kzys = kzpyi and conjectured that each kz, was a
permutation. This conjecture was proved as a corollary of the following theorem.

THEOREM 4.12 (see [BC11], Theorem 7.11). Let k and k' be complex multi-
plicities such that k}l,i —ku,i € Z for all H and i. Then
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DUNKL OPERATORS AND QUASI-INVARIANTS 17

(1) Temw (M) #0 for each standard module M = M (1) € Oy;
(2) if k, k' € Reg(W), then Tp—p [M(7)] = My (7") with 7/ = kag—p/ (7).

The theorem is first proved for integral k, k¥’ and is then extended to all parame-
ters using a deformation argument (and the fact that the integers are Zariski-dense
in C). The following is essentially a direct corollary of the second statement of the
theorem and Lemma

COROLLARY 4.13 (|[BC11]). The map k — kzy is a homomorphism from the
additive group of integral multiplicities to the permutation group of {Irr(W)}.

This result was conjectured by E. Opdam (see [Opd95] and [Opd00]).

5. Lecture 4

The notion of a quasi-invariant polynomial for a finite Coxeter group was in-
troduced by O. Chalykh and A. Veselov in [CV90]. Although quasi-invariants are
a natural generalization of invariants, they first appeared in a slightly disguised
form (as symbols of commuting differential operators). More recently, the algebras
of quasi-invariants and associated varieties have been studied in [FV02), [EG02al,
BEGO03a| by means of representation theory and have found applications in other
areas. In this lecture, we define quasi-invariants for an arbitrary complex reflection
group and give new applications. This material is borrowed from [BC11].

5.1. Quasi-invariants for complex reflection groups. We will introduce
a family of submodules of C[V] depending on the parameter k that interpolate
between C[V]" and C[V]. These submodules are defined for integral values of k and
can be interpreted as torsion-free coherent sheaves on certain (singular) algebraic
varieties. The ring of invariant differential operators on such a variety turns out
to be isomorphic to a spherical subalgebra Uy, and the modules of quasi-invariants
become (via this isomorphism) objects of (the spherical analogue of) category Ok.
This explains the comment at the end of Section

We first recall the definition of quasi-invariants for Coxeter groups from [CV90].
Let W be a Coxeter group with H a reflection hyperplane, and recall that sy is
the unique element of Wy (the pointwise stabilizer of H in W) with determinant
—1. Then f € C[V]W if and only if s (f) = f for all H € A. Let k : A/W — Z=9.

DEFINITION 5.1. The quasi-invariants (for W a Coxeter group) of parameter
k are defined as Qi(W) := {f € C[V] | su(f) = f mod{ap)?*#}.

Note that for extreme parameter values, Qo(W) = C[V] and Q..[W] = C[V]V.

We now return to the generality of complex reflection groups. Recall the idem-
potents ey ; = % > wewy, (detw)rw for i =0,1,...,ng — 1.

DEFINITION 5.2. For an arbitrary complex reflection group W, the quasi-
invariants Qi C C[V] are defined by

QW) :={f €C[V] | en—i(f) = 0mod{ay)"#*mi V0 <i<nyg—1, He A}

Note that in the Coxeter case, sy (f) = f is equivalent to (1+det(sg)sy)(f) =
0, so the two definitions agree in this case. Also, the condition holds automatically
for i = 0, as we assumed that kg o =0 for all H € A.
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18 YURI BEREST AND PETER SAMUELSON

EXAMPLE 5.3. If W = Z/nZ and V = C, then s(z) = ¢*/"z, the parameter
kis k= {]f() = O,kl,...,knfl}, and

n—1
(5.1) Qr(Z/nZ) = @m"’““@[w"]
=0

In the Coxeter case, Q(W) is a subring of C[V], but as the above example
shows, this is not always true in the general case. However, there is a natural
subring of C[V] associated to Qx (W), namely:

(5.2) Ap(W) :={P € C[V] | pQx(W) C Qr(W)}
We write X, = Spec[Ax(W)].

LEMMA 5.4. We list some properties of A and Qy:

(1) Ax(W) = Qp (W) for some parameter k'. In particular, both Ay and Qy
contain C[VIW and are stable under the action of W.

(2) Ay is a finitely generated graded subalgebra of C[V], and Qy is a finitely
generated graded module over Ay of rank one.

(3) The field of fractions of Ay is C(V), and the integral closure of Ay in
C(V) s C[V].

(4) Xy is an irreducible affine variety, and the normalization of X} is C™.

(5) The normalization map  : C* — Xy, is bijectivdd.

(6) The preimage of the singular locus of Xy, under my is the divisor (A, k).

5.1.1. CW-valued quasi-invariants. Our goal now is to show that Qr C C[V]
is preserved by the action of the spherical subalgebra Uy. However, this would be
impossible to show by direct calculation, since for some complex reflection groups
the minimial order of a non-constant W-invariant polynomial is 60. We therefore
give a definition of quasi-invariants at the level of the Cherednik algebra itself,
and then show that symmetrizing the CWW-valued quasi-invariants produces the
quasi-invariants defined in the previous section.

The algebra DW can be viewed as a ring of W-equivariant differential operators
on Vg, and as such it acts naturally on the space of CWW-valued functions. More
precisely, using the canonical inclusion C[Vieg] ® CW — DW, we can identify
C[Vieg) ® CW with the cyclic DW-module DW/J, where J is the left ideal of DW
generated by 0 € DW, £ € V. Explicitly, in terms of generators, DW acts on
ClVieg] ® CW by

g(feu)=gf@u, g€C[Vig],
(5.3) Oe(fOu)=0:f@u, eV,
wifou)=f"Quu, weW.

Now, the restriction of scalars via the Dunkl representation Hy(W) — DW
makes C[V;eg| @CW an Hy,(W)-module. We will call the corresponding action of Hy,
the differential action. It turns out that, in the case of integral k’s, the differential
action of Hy, is intimately related to quasi-invariants Q. = Qx(W).

Besides the diagonal action (5.3)), we will use another action of W on C[Veg| ®
CW, which is trivial on the first factor: i. e., f® s — f ® ws, where w € W and
f®s € C[Veg] ® CWW. We denote this action by 1 ®@ w.

7"The normalization map is bijective as a map of sets, but it is not an isomorphism of schemes.
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DUNKL OPERATORS AND QUASI-INVARIANTS 19

Now, we define Qy, to be the subspace of C[V,eq] @ CW spanned by the elements
o satisfying
(5.4) (1®eni)p=0mod (ag) " @ CW ,
forall H € A and i =0,1,...,ng — 1. Here, as in Definition B2l (ay) stands
for the ideal of C[V] generated by ag.

THEOREM 5.5. If k is integral, then C[Vieg] ® CW contains a unique Hj-
submodule Q}, = QL. (W), such that Q) is finite over C[V] C Hy, and
(5.5) eQ,=e(Qr®1) in C[Vig ® CW .
In fact, we have the equality Qi = QJ,.

As a simple consequence of the theorem, we get the following corollary.

COROLLARY 5.6. Q) is stable under the action of Uy on C[Vieg] via the Dunkl
representation BI). Thus Qy is a Ug-module, with Uy acting on Q by invariant
differential operators.

PRrROOF. Theorem implies that eHre(eQr) C eQg. Recall that for every
element eLe € eHie we have eLe = eRes L, by the definition of the map (BI]).
As a result,

e(ResL|Qr]®1) =eResL[Qr®1]=(eLe)Qr] CeQr=e(Qr®1).
It follows that (ResL)[Qx] € Qk, since e(f ® 1) = 0 in C[V;eg] ® CW forces
f=0. 0

EXAMPLE 5.7. We illustrate Theorem in the one-dimensional case. Let
W =Z/nZ and k = (ko,...,kn,—1) be as in Example Then

n—1
. 1 i
(5.6) Q=P Clal@er, e=— 3 (detw) w.
=0 weWw
Clearly, Qy is stable under the action of W and C[z]. On the other hand, if k; € Z,
a short calculation shows that the Dunkl operator T := 0, — z ! 2?2—01 nk;e;
annihilates the elements 2™ ® e;, and hence preserves Qy, as well. Now, acting on

Qi by e = eg and using (B.1]), we get

n—1 n—1
57 eQr=EP 2" Ch"ve; =P e@" T Ch"®1) =e(Qr®1),
i=0 =0

which agrees with Theorem

5.1.2. Differential operators on quasi-invariants. We briefly recall the defini-
tion of differential operators in the algebro-geometric setting (see [MRO1], Chap. 15).

Let A be a commutative algebra over C, and let M be an A-module. The
filtered ring of (linear) differential operators on M is defined by

Da(M) := | D4(M) C Ende(M),
n>0

where DY (M) := Enda(M) and D% (M), with n > 1, are given inductively:
DY(M) :={D € Endc(M) | [D, a] € D} (M) for all a € A} .
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20 YURI BEREST AND PETER SAMUELSON

The elements of D (M) \ D4~ (M) are called differential operators of order n on
M. Note that the commutator of two operators in D% (M) of orders n and m
has order at most n + m — 1. Hence the associated graded ring grD(M) :=
@D,,~0 D4 (M) /D% (M) is a commutative algebra.

If X is an affine variety with coordinate ring A = O(X), we denote D4(A) by
D(X) and call it the ring of differential operators on X. If X is irreducible, then
each differential operator on X has a unique extension to a differential operator
on K := C(X), the field of rational functions of X, and thus we can identify (see
[MRO1], Theorem 15.5.5):

D(X)={DeDX)|D(f)e O(X) forall fe O(X)}.
Slightly more generally, we have
LEMMA 5.8. Suppose that M C K is a (nonzero) A-submodule of K. Then
DaM)={DeDK) | D(f)e M forall fe M} .

We apply these concepts for A = Ay and M = Qj , writing D(Qy) instead of
D4(M) in this case. By Lemma [5.4(3), X = Spec(Ay) is an irreducible variety
with K = C(V), so, by Lemma [5.8 we have
(5.8) D(Qr)={D e DK)|D(f) CQy for all feQr}.

Note that the differential filtration on D(Qy) is induced from the differential filtra-
tion on D(K). Thus (E8) yields a canonical inclusion grD(Qx) C grD(K), with
D(Qr) = Ag, see (52). In particular, if k& = {0}, then Qx = C[V] and (E.8)
becomes the standard realization of D(V) as a subring of D(K).

Apart from Qj, we may also apply Lemma [5.8 to C[V;eg], which is naturally a
subalgebra of K = C(V'). This gives the identification

(5.9) D(Vieg) = {D € D(K) | D(f) C C[Vieg] for all f € Cl[Vieg] } -
LEMMA 5.9. With identifications (5.8)) and ([E9), we have
(i) D(Qk) € D(Vieg) and (i) grD(Qx) C gr D(V) .

5.1.3. Invariant differential operators. Recall that, by Lemmal5.4l @, is stable
under the action of W on C[V;¢s]. Hence W acts naturally on D(Q%), and this
action is compatible with the inclusion of Lemma [5.9(i). It follows that D(Q)" C
D(Vieg)W . Now, we recall the algebra embedding (B.I), which defines the Dunkl
representation for the spherical subalgebra of Hy.

PROPOSITION 5.10. The image of Res : Uy, = D(Vyeg)" coincides with D(Qy)" .
Thus, the Dunkl representation of Uy, yields an algebra isomorphism Uy, = D(Q)" .

Proposition [B.10] explains the remark at the end of Section

COROLLARY 5.11. grD(V) is a finite module over grD(Qy). Consequently
grD(Qy) is a finitely generated (and hence, Noetherian) commutative C-algebra.

We are now in a position to state some of the main results of [BC11]. The first
theorem can be viewed as a generalization of the Chevalley-Serre-Shephard-Todd
Theorem (c¢f. Theorem 23] (1) = (2)).

THEOREM 5.12 ([BC11], Theorem 1.1). Qj is a free module over C[V]W of
rank |W]|.
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It would be nice to have a direct proof of this theorem generalizing the homolog-
ical arguments presented in Section Unfortunately, we are not aware of such a
generalization. Instead, Theorem is deduced as a consequence of the following
much deeper result on the algebra of differential operators on quasi-invariants.

THEOREM 5.13 ([BC11], Theorem 1.2). D(Qy) is a simple ring, Morita equiv-
alent to D(V).

This result is surprising since, as explained above, D(Qy) is isomorphic to the
ring of (twisted) differential operators on a singular algebraic variety, and such
rings usually do not have good properties. Combined with standard Morita theory
Theorem [B.13] implies that P := {D € D(K) : D(f) € Q forall f € C[V]} is
a projective right ideal of D(V). This gives one of the only families of examples
of non-free projective modules over higher Weyl algebras. In the Coxeter case,
the Morita equivalence between the algebras D(Qy) for integral k’s was originally
proved in [BEGO03al.

Theorem [B.13] and Proposition have another interesting consequence es-
tablished in [BC11] using K-theoretic arguments.

THEOREM 5.14 (|[BC11], Corollary 4.6). D(Qy) is a non-free projective module
over D(Qr)W.

This result can be viewed as a noncommutative counterpart of Theorem [(.12]

References

[BC11] Yuri Berest and Oleg Chalykh, Quasi-invariants of complez reflection groups, Compos.
Math. 147 (2011), no. 3, 965-1002. MR2801407

[BEGO03a] Yuri Berest, Pavel Etingof, and Victor Ginzburg, Cherednik algebras and differential
operators on quasi-invariants, Duke Math. J. 118 (2003), no. 2, 279-337. MR1980996
(2004f:16039)

, Finite-dimensional representations of rational cherednik algebras, Int. Math.
Res. Not. (2003), no. 19, 1053-1088. MR1961261/(2004h:16027)

[BMOS] Jason Bandlow and Gregg Musiker, A new characterization for the m-quasitnvariants
of Sn and explicit basis for two row hook shapes, J. Combin. Theory Ser. A 115
(2008), no. 8, 1333-1357. MR2455582(2009m:05194)

[BMR98] Michel Broué, Gunter Malle, and Raphaél Rouquier, Complex reflection groups, braid
groups, Hecke algebras, J. Reine Angew. Math. 500 (1998), 127-190. MR1637497
(99m:20088)

[Bou68] N. Bourbaki, Eléments de mathématique. Fasc. XXXIV. Groupes et algébres de Lie.
Chapitre IV: Groupes de Cozeter et systéemes de Tits. Chapitre V: Groupes engendrés
par des réflexions. Chapitre VI: systémes de racines, Actualités Scientifiques et In-
dustrielles, No. 1337, Hermann, Paris, 1968. MR0240238//(39:1590)

[CET4] Allan Clark and John Ewing, The realization of polynomial algebras as cohomology
rings, Pacific J. Math. 50 (1974), 425-434. MR0367979)/(51:4221)

[Cheb5] Claude Chevalley, Invariants of finite groups generated by reflections, Amer. J. Math.
77 (1955), 778-782. MRO0072877)|(17:345d)

[Cox34] H. S. M. Coxeter, Discrete groups generated by reflections, Ann. of Math. (2) 35
(1934), no. 3, 583-621. MR1503182

[CPS88] E. Cline, B. Parshall, and L. Scott, Finite-dimensional algebras and highest weight
categories, J. Reine Angew. Math. 391 (1988), 85-99. MR961165|(90d:18005)

[CV9I0] O. A. Chalykh and A. P. Veselov, Commutative rings of partial differential opera-
tors and Lie algebras, Comm. Math. Phys. 126 (1990), no. 3, 597-611. MR1032875
(91g:58106)

[CV93] Oleg A. Chalykh and Alexander P. Veselov, Integrability in the theory of Schrédinger
operator and harmonic analysis, Comm. Math. Phys. 152 (1993), no. 1, 29-40.
MR1207668)/(94a:58160)

[BEGO3b]

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms


http://www.ams.org/mathscinet-getitem?mr=2801407
http://www.ams.org/mathscinet-getitem?mr=1980996
http://www.ams.org/mathscinet-getitem?mr=1980996
http://www.ams.org/mathscinet-getitem?mr=1961261
http://www.ams.org/mathscinet-getitem?mr=1961261
http://www.ams.org/mathscinet-getitem?mr=2455582
http://www.ams.org/mathscinet-getitem?mr=2455582
http://www.ams.org/mathscinet-getitem?mr=1637497
http://www.ams.org/mathscinet-getitem?mr=1637497
http://www.ams.org/mathscinet-getitem?mr=0240238
http://www.ams.org/mathscinet-getitem?mr=0240238
http://www.ams.org/mathscinet-getitem?mr=0367979
http://www.ams.org/mathscinet-getitem?mr=0367979
http://www.ams.org/mathscinet-getitem?mr=0072877
http://www.ams.org/mathscinet-getitem?mr=0072877
http://www.ams.org/mathscinet-getitem?mr=1503182
http://www.ams.org/mathscinet-getitem?mr=961165
http://www.ams.org/mathscinet-getitem?mr=961165
http://www.ams.org/mathscinet-getitem?mr=1032875
http://www.ams.org/mathscinet-getitem?mr=1032875
http://www.ams.org/mathscinet-getitem?mr=1207668
http://www.ams.org/mathscinet-getitem?mr=1207668

22

[DO03]
[Dung9]

[EG02a]

[EG02b]

[ES03]

[Bti07]

[FV02]

[GGORO3]

[Gor08]

[Gorl10]

[GW04)

[GW06)

[Hec91]

[Hum?78]

[HumO8]

[Jos82]

[MRO1]

[OP83]
[Opd95]

[Opd00]

[Rou05]

YURI BEREST AND PETER SAMUELSON

C. F. Dunkl and E. M. Opdam, Dunkl operators for complex reflection groups, Proc.
London Math. Soc. (3) 86 (2003), no. 1, 70-108. MR 1971464 |(2004d:20040)

Charles F. Dunkl, Differential-difference operators associated to reflection groups,
Trans. Amer. Math. Soc. 311 (1989), no. 1, 167-183. MR951883 (90k:33027)

Pavel Etingof and Victor Ginzburg, On m-quasi-invariants of a Cozeter group, Mosc.
Math. J. 2 (2002), no. 3, 555-566, Dedicated to Yuri I. Manin on the occasion of his
65th birthday. MR1988972(2004¢:20052)

, Symplectic reflection algebras, Calogero-Moser space, and deformed Harish-
Chandra homomorphism, Invent. Math. 147 (2002), no. 2, 243-348. MR1881922
(2003b:16021)

Pavel Etingof and Elisabetta Strickland, Lectures on quasi-invariants of Coxeter
groups and the Cherednik algebra, Enseign. Math. (2) 49 (2003), no. 1-2, 35-65.
MR1998882//(2004h:20052)

Pavel Etingof, Calogero-Moser systems and representation theory, Zurich Lectures
in Advanced Mathematics, European Mathematical Society (EMS), Zirich, 2007.
MR 2296754/ (2009k:53217)

M. Feigin and A. P. Veselov, Quasi-invariants of Coxzeter groups and m-harmonic
polynomials, Int. Math. Res. Not. (2002), no. 10, 521-545. MR1883902(2003j:20067)
Victor Ginzburg, Nicolas Guay, Eric Opdam, and Raphaél Rouquier, On the cate-
gory O for rational Cherednik algebras, Invent. Math. 154 (2003), no. 3, 617-651.
MR2018786//(2005f:20010)

Tain G. Gordon, Symplectic reflection alegebras, Trends in representation theory of
algebras and related topics, EMS Ser. Congr. Rep., Eur. Math. Soc., Ziirich, 2008,
pp. 285-347. MR2484729|(2009m:16058)

, Rational Cherednik algebras, Proceedings of the International Congress of
Mathematicians. Volume III (New Delhi), Hindustan Book Agency, 2010, pp. 1209—
1225. MR2827838

A. M. Garsia and N. R. Wallach, Some new applications of orbit harmonics,
Sém. Lothar. Combin. 50 (2003/04), Art. B50j, 47 pp. (electronic). MR2118048
(2005k:13010)

A. M. Garsia and N. Wallach, The non-degeneracy of the bilinear form of m-quasi-
invariants, Adv. in Appl. Math. 37 (2006), no. 3, 309-359. MR2261177|(2007k:20081)
Gerrit J. Heckman, A remark on the Dunkl differential-difference operators, Har-
monic analysis on reductive groups (Brunswick, ME, 1989), Progr. Math., vol. 101,
Birkh&user Boston, Boston, MA, 1991, pp. 181-191. MR1168482//(94c:20075)

James E. Humphreys, Introduction to Lie algebras and representation theory, Gradu-
ate Texts in Mathematics, vol. 9, Springer-Verlag, New York, 1978, Second printing,
revised. MR499562|(81b:17007)

, Representations of semisimple Lie algebras in the BGG category O, Graduate
Studies in Mathematics, vol. 94, American Mathematical Society, Providence, RI,
2008. MR2428237|/(2009£:17013)

A. Joseph, The Enright functor on the Bernstein-Gelfand-Gelfand category O, Invent.
Math. 67 (1982), no. 3, 423—445. MR664114(84j:17005)

J. C. McConnell and J. C. Robson, Noncommutative Noetherian rings, revised ed.,
Graduate Studies in Mathematics, vol. 30, American Mathematical Society, Provi-
dence, RI, 2001, With the cooperation of L. W. Small. MR1811901//(20011:16039)

M. A. Olshanetsky and A. M. Perelomov, Quantum integrable systems related to Lie
algebras, Phys. Rep. 94 (1983), no. 6, 313-404. MR708017| (84k:81007)

, A remark on the irreducible characters and fake degrees of finite real reflection
groups, Invent. Math. 120 (1995), no. 3, 447-454. MR1334480 (96e:20011)

Eric M. Opdam, Lecture notes on Dunkl operators for real and complex reflection
groups, MSJ Memoirs, vol. 8, Mathematical Society of Japan, Tokyo, 2000, With a
preface by Toshio Oshima. MR1805058/(2003¢:33001)

Raphaél Rouquier, Representations of rational Cherednik algebras, Infinite-
dimensional aspects of representation theory and applications, Contemp. Math., vol.
392, Amer. Math. Soc., Providence, RI, 2005, pp. 103-131. MR2189874(2007d:20006)

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms


http://www.ams.org/mathscinet-getitem?mr=1971464
http://www.ams.org/mathscinet-getitem?mr=1971464
http://www.ams.org/mathscinet-getitem?mr=951883
http://www.ams.org/mathscinet-getitem?mr=951883
http://www.ams.org/mathscinet-getitem?mr=1988972
http://www.ams.org/mathscinet-getitem?mr=1988972
http://www.ams.org/mathscinet-getitem?mr=1881922
http://www.ams.org/mathscinet-getitem?mr=1881922
http://www.ams.org/mathscinet-getitem?mr=1998882
http://www.ams.org/mathscinet-getitem?mr=1998882
http://www.ams.org/mathscinet-getitem?mr=2296754
http://www.ams.org/mathscinet-getitem?mr=2296754
http://www.ams.org/mathscinet-getitem?mr=1883902
http://www.ams.org/mathscinet-getitem?mr=1883902
http://www.ams.org/mathscinet-getitem?mr=2018786
http://www.ams.org/mathscinet-getitem?mr=2018786
http://www.ams.org/mathscinet-getitem?mr=2484729
http://www.ams.org/mathscinet-getitem?mr=2484729
http://www.ams.org/mathscinet-getitem?mr=2827838
http://www.ams.org/mathscinet-getitem?mr=2118048
http://www.ams.org/mathscinet-getitem?mr=2118048
http://www.ams.org/mathscinet-getitem?mr=2261177
http://www.ams.org/mathscinet-getitem?mr=2261177
http://www.ams.org/mathscinet-getitem?mr=1168482
http://www.ams.org/mathscinet-getitem?mr=1168482
http://www.ams.org/mathscinet-getitem?mr=499562
http://www.ams.org/mathscinet-getitem?mr=499562
http://www.ams.org/mathscinet-getitem?mr=2428237
http://www.ams.org/mathscinet-getitem?mr=2428237
http://www.ams.org/mathscinet-getitem?mr=664114
http://www.ams.org/mathscinet-getitem?mr=664114
http://www.ams.org/mathscinet-getitem?mr=1811901
http://www.ams.org/mathscinet-getitem?mr=1811901
http://www.ams.org/mathscinet-getitem?mr=708017
http://www.ams.org/mathscinet-getitem?mr=708017
http://www.ams.org/mathscinet-getitem?mr=1334480
http://www.ams.org/mathscinet-getitem?mr=1334480
http://www.ams.org/mathscinet-getitem?mr=1805058
http://www.ams.org/mathscinet-getitem?mr=1805058
http://www.ams.org/mathscinet-getitem?mr=2189874
http://www.ams.org/mathscinet-getitem?mr=2189874

DUNKL OPERATORS AND QUASI-INVARIANTS 23

er ean-Pierre Serre, Local algebra, Springer Monographs in Mathematics, Springer-
Ser00 J Pi S Local algebra, Spri M hs in Math ics, Spri
Verlag, Berlin, 2000, Translated from the French by CheeWhye Chin and revised
by the author. MR1771925(2001b:13001)
mi arry Smith, On the invariant theory of finite pseudoreflection groups, Arch. Math.
Smi85 L Smith, On the i jant th f finit doreflecti Arch. Math
(Basel) 44 (1985), no. 3, 225-228. MR784089(87b:20018)

[ST54] G. C. Shephard and J. A. Todd, Finite unitary reflection groups, Canadian J. Math.
6 (1954), 274-304. MR0059914(15,600b)
[Ves94] A. P. Veselov, Calogero quantum problem, Knizhnik-Zamolodchikov equation and Huy-

gens principle, Teoret. Mat. Fiz. 98 (1994), no. 3, 524-535. MR 1304748 |(96¢:58135)
[VSC93] A. P. Veselov, K. L. Styrkas, and O. A. Chalykh, Algebraic integrability for the
Schrédinger equation, and groups generated by reflections, Teoret. Mat. Fiz. 94 (1993),
no. 2, 253-275. MR1221735/(94j:35151)
[Wil98] George Wilson, Collisions of Calogero-Moser particles and an adelic Grassmannian,
Invent. Math. 133 (1998), no. 1, 1-41, With an appendix by I. G. Macdonald.
MR1626461/(99£:58107)

DEPARTMENT OF MATHEMATICS, CORNELL UNIVERSITY, ITHACA, NEW YORK 14853-4201
E-mail address: berest@math.cornell.edu

DEPARTMENT OF MATHEMATICS, CORNELL UNIVERSITY, ITHACA, NEW YORK 14853-4201
E-mail address: psamuelson@math.cornell.edu

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms


http://www.ams.org/mathscinet-getitem?mr=1771925
http://www.ams.org/mathscinet-getitem?mr=1771925
http://www.ams.org/mathscinet-getitem?mr=784089
http://www.ams.org/mathscinet-getitem?mr=784089
http://www.ams.org/mathscinet-getitem?mr=0059914
http://www.ams.org/mathscinet-getitem?mr=0059914
http://www.ams.org/mathscinet-getitem?mr=1304748
http://www.ams.org/mathscinet-getitem?mr=1304748
http://www.ams.org/mathscinet-getitem?mr=1221735
http://www.ams.org/mathscinet-getitem?mr=1221735
http://www.ams.org/mathscinet-getitem?mr=1626461
http://www.ams.org/mathscinet-getitem?mr=1626461

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



Contemporary Mathematics
Volume 583, 2012
http://dx.doi.org/10.1090/conm/583/11584

Notes on algebraic operads, graph complexes, and
Willwacher’s construction

Vasily A. Dolgushev and Christopher L. Rogers
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ABSTRACT. We give a detailed proof of T. Willwacher’s theorem (T. Willwacher,
arXiv:1009.1654) which links the cohomology of the full graph complex fGC
to the cohomology of the deformation complex of the operad Ger, governing
Gerstenhaber algebras. We also present various prerequisites required for un-
derstanding the material of T. Willwacher (arXiv:1009.1654). In particular,
we review operads, cooperads, and the cobar construction. We give a detailed
exposition of the convolution Lie algebra and its properties. We prove a useful
lifting property for maps from a dg operad obtained via the cobar construction.
We describe in detail Willwacher’s twisting construction, and then use it to
work with various operads assembled from graphs, in particular, the full graph
complex and its subcomplexes. These notes are loosely based on lectures given
by the first author at the Graduate and Postdoc Summer School at the Center
for Mathematics at Notre Dame (May 31 - June 4, 2011).
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1. Introduction

In his seminal paper [22], M. Kontsevich constructed an L., quasi-isomorphism
from the graded Lie algebra PV, of polyvector fields on the affine space R? to the
differential graded (dg) Lie algebra of Hochschild cochains

(1.1) C*(A) = é Hom(A®™, A)

m=0

for the polynomial algebra A = R[z!,22,...,2%]. Among other things, this result
implies that formal associative deformations of the algebra A can be described in
terms of formal Poisson structures on R%.

According to [23], there exist many homotopy inequivalent L., quasi-isomor-
phisms

(1.2) PV, ~ C*(A)

from PV4 to C*(A). More precisely, the full graph complex fGC (see Section [])
maps to the Chevalley-Eilenberg complex of PV, and, using this map, one can
define an action of the Lie algebra H°(fGC) on the homotopy classes of L., quasi-
isomorphisms (L.2]).

In 1998, D. Tamarkin [20], [87] proposed a completely different approach to
constructing Lo, quasi-isomorphisms ([2)). His approach works for an arbitrary
field K of characteristic zero and it is based on several deep results such as a proof
of Deligne’s conjecture on Hochschild complex [6], [25], [33], the formality for the
operad of little discs [38], and the existence of a Drinfeld associator [§].

The main idea of Tamarkin’s approach to Kontsevich’s formality theorem is
to use the existence of a Gery-structure on the Hochschild complex C*(A) (I,
whose structure maps are expressed in terms of the cup product and insertions of
cochains into a cochain. Showing the existence of such a Gery,-structure is the most
difficult and the most interesting part of the proof. The construction of this Ger.-
structure involves the choice of a Drinfeld associator. Furthermore, it is known
[39] that different choices of Drinfeld associators result in homotopy inequivalent
Gerg-structures.

According to [8], the set of Drinfeld associators forms a torsor (i.e. principle
homogeneous space) for an infinite dimensional algebraic group GRT, which is called
the Grothendieck-Teichmueller grou. This group is related to moduli of curves,
to the absolute Galois group of the field of rationals, and to the theory of motives
[11].

In preprint [42], T. Willwacher established remarkable linkd] between three
objects: the group GRT, the full graph complex fGC and the deformation complex

IFollowing [1I] we denote by GRT the unipotent radical of the group introduced by Drinfeld.
2We believe that the same link between the group GRT and the deformation complex of the
operad Ger was established via different methods in paper [10] by B. Fresse.
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of the operad Ger governing Gerstenhaber algebras. Using these links one can
connect the above seemingly unrelated stories:

e Tamarkin’s approach to Kontsevich’s formality theorem based on the use
of Drinfeld associators, and
e the action of the full graph complex fGC on L., quasi-isomorphisms (2]).

We refer the reader to [4], [5], and [41] for more details.

It is already clear that Willwacher’s results have important consequences for
deformation quantization, and they will certainly play a very influential role in
future research. The details presented in [42], however, are technically subtle and
difficult to access — even for experts. Many intermediate steps in the proofs are
either left for the reader, or embedded in remarks and comments throughout the
text. Moreover, several key statements are proved for a particular case, and then
used in their full generality.

The goal of these notes is to give a detailed proof of T. Willwacher’s theorem
(See Theorem [I3.2)) which links the cohomology of the full graph complex fGC to
the cohomology of the deformation complex of the operad Ger.

In addition, we also present here various prerequisites required for understand-
ing the material of [42]. Thus, in Section[3] we review operads, cooperads, and the
cobar construction. This construction assigns to a coaugmented cooperad C a free
operad Cobar(C) with the differential defined in terms of the cooperad structure on
C . In Section [l we give a detailed exposition of the convolution Lie algebra and its
properties. In Section [ we discuss homotopies of maps from Cobar(C) and prove
a useful lifting property for such maps.

In Section Bl we describe in detail Willwacher’s twisting construction Tw which
assigns to a dg operad O and a magf] (of dg operads)

(1.3) Alie,c = O

another dg operad TwO . We refer to TwO as the twisted version of the (dg) operad
0.

Algebras over Tw(Q (satisfying minor technical conditions) can be identified
with O-algebras equipped with a chosen Maurer-Cartan element for the ALiey,-
structure induced by the map ([L3)). It is the twisting construction which gives us
a convenient framework for working with various operads assembled from graphs,
in particular, the full graph complex and its subcomplexes.

In Section [7, we introduce the operad Gra and define an embedding from the
operad Ger to Gra.

In Section [8 we introduce the full graph complex fGC and its “connected part”
fGCeonn C fGC. We also present a link between fGC and its subcomplex fGCeopy, -
This link allows us to reduce the question of computing cohomology of fGC to the
question of computing cohomology of fGCcopp -

Section [ is devoted to a thorough analysis of the dg operad TwGra and its
various suboperads. Several useful statements about suboperads of TwGra and the
operad Ger are assembled in the commutative diagram (@.75]) at the end of Section
8]

3The dg operad Alies, differs from the dg operad Lies, governing Loo.-algebras by a degree
shift. Namely, Aliess-structures on a cochain complex V' are in bijection with Lies-structures on
-1
s V.
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In Section [0 we use the results of the previous section to deduce deeper state-
ments about the full graph complex fGC. In particular, we prove the decomposition
theorem for the graph cohomology (see Theorem [[0.4]).

In Section [l we introduce the deformation complex (IT-2) of the operad Ger
and prove a technical statement about this complex.

In Section [[2] we consider the convolution Lie algebra Conv(Ger",Gra) with
the differential coming from a natural composition Cobar(Ger") — Ger — Gra. We
prove that the cohomology of Conv(Ger’,Gra) is spanned by the class of a single
given vector. In particular, Conv(Ger’,Gra) does not have non-zero cohomology
classes “coming from arities > 3”. This statement is a version of Tamarkin’s rigidity
theorem for the Gerstenhaber algebra PV of polyvector fields on K¢, which is one
of the corner stones of Tamarkin’s proof of Kontsevich’s formality theorem.

Section is the culmination of our notes. In this section, we give a proof
of Theorem which links the cohomology of the “connected part” of the full
graph complex fGC to the cohomology of the “connected part” of the deformation
complex of the operad Ger. The cohomology of the full graph complex and the
cohomology of the deformation complex of the operad Ger can be easily expressed
in terms of the cohomology of their “connected parts”.

The proof of Theorem is assembled from several building blocks. First,
this proof relies on Corollary which links the operad Ger to a suboperad of the
dg operad TwGra. Second, it relies on technical Theorem which is given in
Subsection This theorem states that the (extended) deformation complex of
the operad Ger is quasi-isomorphic to a certain subcomplex. Finally, the proof of
Theorem relies on a version of Tamarkin’s rigidity (see Corollary I2.2)).

We should remark that the proof of Theorem given here is not different
from the one outlined in Willwacher’s preprint [42]. We only make the logic “more
linear” and fill in many omitted details.

Appendices [A] [Bl [ contain proofs of three useful statements: a lemma on a
quasi-isomorphism between filtered complexes, the theorem on the Harrison homol-
ogy of the cofree cocommutative coalgebra, and a version of the Goldman-Millson
theorem [19]. Although all these statements are well known, it is hard to find in
the literature proofs which are formulated in the desired generality.

Many minor steps in proofs are left as exercises, which are formulated in the
body of the text. Appendix [Dl at the end of the paper contains solutions to some
of these exercises.

Theorem [[3:2] accounts for only 30% of results of T. Willwacher’s preprint [42].
So we hope to write a separate paper, in which we will give a detailed proof of
Willwacher’s theorem which links the full graph complex to the Lie algebra grt of
the Grothendieck-Teichmueller group GRT.

In our exposition, we tried to follow (or rather not to follow) Serre’s suggestions
from his famous lecture [36]. We hope that this text will be useful both for special-
ists working on operads and deformation quantization, and for graduate students
interested in this subject.

Acknowledgment. We would like to thank Thomas Willwacher for numerous
illuminating discussions. We are also thankful to Thomas for his patience with
explaining to us various unwritten but implied claims in his paper [42]. These
notes are loosely based on lectures given by V.A.D. at the Graduate and Postdoc
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Summer School at the Center for Mathematics at Notre Dame (May 31 - June 4,
2011). We would like to thank Samuel Evens and Michael Gekhtman for organizing
such a wonderful summer school. We are thankful to our previous institution, the
UC Riverside, in which we started discussing topics related to this paper. V.A.D.
would like to thank Ezra Getzler for his kind offer to use his office during V.A.D.’s
visit of Northwestern University in May of 2011. V.A.D. is also thankful to Brian
Paljug for his remarks about early versions of the draft.

1.1. Notation and Conventions. The base field K has characteristic zero.
For a set X we denote by K(X) the K-vector space of finite linear combinations of
elements in X .

The underlying symmetric monoidal category € is often the category Chg of
unbounded cochain complexes of K-vector spaces or the category grVecty of Z-
graded K-vector spaces. We will frequently use the ubiquitous combination “dg”
(differential graded) to refer to algebraic objects in Chg . For a homogeneous vector
v in a cochain complex (or a graded vector space), |v| denotes the degree of v. We
denote by s (resp. s~!) the operation of suspension (resp. desuspension). Namely,
for a cochain complex (or a graded vector space) V, we have

(sV)"' =yt (s7Hy)t =t

The notation 1 is reserved for the unit of the underlying symmetric monoidal cat-
egory €

By a commutative algebra we always mean commutative and associative alge-
bra. The notation Lie (resp. Com, Ger) is reserved for the operad governing Lie
algebras (resp. commutative algebras without unit, Gerstenhaber algebras without
unit). Dually, the notation coLie (resp. coCom) is reserved for the cooperad govern-
ing Lie coalgebras (resp. cocommutative coalgebras without counit). The notation
CH(z,y) is reserved for the Campbell-Hausdorff series in « and y.

The notation .S, is reserved for the symmetric group on n letters and Shy,, .. .,
denotes the subset of (p1,...,px)-shuffles in S,,, i.e. Sh,, ., consists of elements
0 € Sy, n=p1 +p2+ -+ pg such that

o) <o(2)<---<a(pr),

opr+1)<olpr+2) < <a(p1 +p2),

on—pr+1)<on—pr+2)<---<on).
For ¢ < j < n we denote by ; ; the following cycle in S,

(1.4) oo i L= 1g) i<y,

‘ YT id =g

It is clear that

(1.5) 1o JiLe ik i) i<y,
' T id ifi=g.

For example, the set {¢; » }1<i<n is exactly the set Sh,_1,1 of (n — 1, 1)-shuffles and
{Ciil}lgign is the set Shy ,,—1 of (1,n — 1)-shuffles.
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For a group G and a G-module W, the notation W& (resp. Wg) is reserved
for the subspace of G-invariants (resp. the quotient space of G-coinvariants).

For an operad O (resp. a cooperad C) and a cochain complex V', the notation
O(V) (resp. C(V)) is reserved for the free O-algebra (resp. cofree C-coalgebra).
Namely,

(1.6) o) =P ((’)(n) ® v®n) ,

n>0 Sn

(1.7) cv)=6&p (C(n) ® V®")S" :

n>0

For an augmented operad O (in Chgk) we denote by O, the kernel of the aug-
mentation. Dually, for a coaugmented cooperad C (in Chg) we denote by C, the
cokernel of the coaugmentation. (We refer the reader to Subsections B3I and B5.1]
for more details.)

For a groupoid G the notation m(G) is reserved for the set of its isomorphism
classes.

A directed graph (resp. graph) I' is a pair (V(T"), E(T")), where V(T) is a finite
non-empty set and E(I") is a set of ordered (resp. unordered) pairs of elements of
V(T'). Elements of V(I') are called vertices and elements of E(I") are called edges.
We say that a directed graph (resp. graph) I' is labeled if it is equipped with a
bijection between the set V(I') and the set of numbers {1,2,...,|V(T)|}. We allow
a graph with the empty set of edges.

V2 V2 2
[ ]
V4 V4 4
[ ] [ J [ ]
L]
VU3 VU3 3
Fic. Fic. Fic.
1. A 2. A 3. A
graph I' directed labeled
graph graph
1“/ 1“//

For example, the graph T" on figure [I] has
V(T) = {v1,v9,v3,v4} and ET) = {{v1,v1}, {va,v1},{v1,v3}}.

For the directed graph I' on figure 2] we have
V(I) = {v1,v2,v3, 04 } and ET) = {(vi,v1), (v1,v2), (v1,v3)} .

Finally, figure B gives us an example of a labeled graph.

A valency of a vertex v in a (directed) graph T' is the total number of its
appearances in the pairs E(I"). For example, vertex vy in the graph on figure 2 has
valency 4.
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2. Trees

A connected graph without cycles is called a tree. In this paper all trees are
planted, i.e. each tree has a marked vertex (called the root) and this marked vertex
has valency 1. (In particular, each tree has at least one edge.) The edge adjacent
to the root vertex is called the root edge. Non-root vertices of valency 1 are called
leaves. A vertex is called internal if it is neither a root nor a leaf. We always orient
trees in the direction towards the root. Thus every internal vertex has at least 1
incoming edge and exactly 1 outgoing edge. An edge adjacent to a leaf is called
external. We allow a degenerate tree, that is a tree with exactly two vertices (the
root vertex and a leaf) connected by a single edge. A tree t is called planar if, for
every internal vertex v of t, the set of edges terminating at v carries a total order.

Let us recall that for every planar tree t the set V(t) of all its vertices is
equipped with a natural total order. To define this total order on V' (t) we introduce
the function

(2.1) N:V(t) = V(t).

To a non-root vertex v the function A assigns the next vertex along the (unique)
path connecting v to the root vertex. Furthermore N sends the root vertex to the
root vertex.

Let v, v2 be two distinct vertices of t. If vy lies on the path which connects vo
to the root vertex then we declare that

v < V2.

Similarly, if vy lies on the path which connects v; to the root vertex then we declare
that
Vo < U7 .

If neither of the above options realize then there exist numbers k1 and ks such that
(2.2) NE (01) = N*2(v2)

but

NE=H 1) # NP7 ()

Since the tree t is planar the set of N'"}(N*1(vy)) is equipped with a total or-
der. Furthermore, since both vertices N*1~1(v;) and N*2=1(vy) belong to the set

N=YH(N*1(v)), we may compare them with respect to this order.
We declare that, if N*1~1(v;) < N*271(vy), then

v < Vy.

Otherwise we set vy < v7 .

It is not hard to see that the resulting relation < on V(t) is indeed a total
order.

The total order on V(t) can be defined graphically. Indeed, draw a planar tree
t on the plane. Then choose a small tubular neighborhood of t on the plane and
walk along its boundary starting from a vicinity of the root vertex in the clockwise
direction. On our way, we will meet each vertex of t at least once. So we declare
that v; < wvs if the first occurrence of vy precedes the first occurrence of vs.

For example, consider the planar tree depicted on figure [ Following the path
drawn around this tree we get

r<v <v2<v3<vg<vy<Vg.
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Ve > N />\ - ’)\
" us N v NS vs )

§ U3 | 4\ [/ Vs

Fic. 4. We start walking around the planar tree from the gray circle

Keeping this order in mind, we can say things like “the first vertex”, “the
second vertex”, and “the i-th vertex” of a planar tree t. In fact, the first vertex of
a tree is always its root vertex.

We have an obvious bijection between the set of edges E(t) of a tree t and the
subset of vertices:

(2.3) V(t) \ {root vertex}.

This bijection assigns to a vertex v in (Z3)) its outgoing edge.

Thus the canonical total order on the set ([23]) gives us a natural total order
on the set of edges E(t).

For our purposes we also extend the total orders on the sets V (t)\ {root vertex}
and E(t) to the disjoint union

(2.4) V(t) \ {root vertex} Ll E(t)

by declaring that a vertex is bigger than its outgoing edge. For example, the root
edge is the minimal element in the set (2.4]).

2.1. Groupoid of labeled planar trees. Let n be a non-negative integer.
An n-labeled planar tree t is a planar tree equipped with an injective map

(2.5) (:{1,2,....n} — L(t)

from the set {1,2,...,n} to the set L(t) of leaves of t. Although the set L(t) has
a natural total order we do not require that the map (2.3 is monotonous.

The set L(t) of leaves of an n-labeled planar tree t splits into the disjoint union
of the image I({1,2,...,n}) and its complement. We call leaves in the image of [
labeled.

A vertex x of an n-labeled planar tree t is called nodal if it is neither a root
vertex, nor a labeled leaf. We denote by V,,q(t) the set of all nodal vertices of t.
Keeping in mind the canonical total order on the set of all vertices of t we can say
things like “the first nodal vertex”, “the second nodal vertex”, and “the i-th nodal
vertex”.

EXAMPLE 2.1. An example of a 4-labeled planar tree is depicted on figure [l
On figures we use small white circles for nodal vertices and small black circles for
labeled leaves and the root vertex.
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Fi1G. 5. A 4-labeled planar tree

For our purposes we need to upgrade the set of n-labeled planar trees to the
groupoid Tree(n). Objects of Tree(n) are n-labeled planar trees and morphisms
are non-planar isomorphisms of the corresponding (non-planar) trees compatible
with labeling. The groupoid Tree(n) is equipped with an obvious left action of the
symmetric group S, .

As far as we know the groupoid Tree(n) was originally introduced by E. Getzler
and M. Kapranov in [I7]. However, here we do not exactly follow the notation from
1.

The notation Treez(n) is reserved for the full sub-category of Tree(n) whose
objects are n-labeled planar trees with exactly 2 nodal vertices. It is not hard to
see that every object in Treea(n) has at most n + 1 leaves. Due to Exercise 2.2]
isomorphism classes of Trees(n) are in bijection with the union

(2.6) || Shpnp-
0<p<n

EXERCISE 2.2. Let us assign to a shuffle 7 € Shy ,,_, the n-labeled planar tree
depicted on figure [l Prove that this assignment gives us a bijection between the

F1Gg. 6. Here 7 is a (p,n — p)-shuffle

set (2:6) and the set of isomorphism classes in Treea(n).

REMARK 2.3. The groupoid Treey(0) has exactly one object (see figure []) and
hence exactly one isomorphism class. The groupoid Treez(1) has three objects and
two isomorphisms classes. Representatives of isomorphism classes in Trees(1) are
depicted on figures [§ and

2.2. Insertions of trees. Let t be an n-labeled planar tree with a non-empty
set of nodal vertices. If the i-th nodal vertex of t has m; incoming edges then for
every m;-labeled planar tree t we can define the insertion e; of the tree t into the
i-th nodal vertex of t. The resulting planar tree te;t is also n-labeled.

If m; = 0 then te;t is obtained via identifying the root edge of t with edge
originating at the i-th nodal vertex.

If m; > 0 then the tree te;t is built following these steps:
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1
Y
Fic. 7. The Fic. Fic.
unique object in 8. A 9. A
Trees(0) tree in tree in
Treeq(1) Treeo(1)

e First, we denote by E;(t) the set of edges terminating at the i-th nodal
vertex of t. Since t is planar, the set E; (E) comes with a total order;

e second, we erase the i-th nodal vertex of t;

e third, we identify the root edge of t with the edge of t which originates
at the i-th nodal vertex;

e finally, we identify the edges of t adjacent to labeled leaves with the edges

in the set E;(t) following this rule: the external edge with label j gets

identified with the j-th edge in the set E;(t). In doing this, we keep the
same planar structure on t, so, in general, branches of t move around.

EXAMPLE 2.4. Let t be the 4-labeled planar tree depicted on figure [l and t
be the 3-labeled planar tree depicted on figure [0l Then the insertion tert of t
into the first nodal vertex of t is shown on figure [l Figure illustrates the
construction algorithm of tert step by step.

4 3
2 3 1 2
1
Fi1c. 10. A Fic. 11. The 4-
3-labeled planar labeled planar tree
tree t te, t

3. Operads, pseudo-operads, and their dual versions

3.1. Collections. By a collection we mean the sequence {P(n)},>o of objects
of the underlying symmetric monoidal category € such that for each n, the object
P(n) is equipped with a left action of the symmetric group .S, .

Given a collection P we form covariant functors for n > 0

P, :Tree(n) — €.

To an n-labelled planar tree t the functor P,, assigns the object

(3.1) P,(t)= @ Plm()),

2E€Vhoa(t)
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<
-
=

2 3
\K{l
—
F1G. 12. Algorithm for constructing t e; t

where Vi0a(t) is the set of all nodal vertices of t, the notation m(x) is reserved for
the number of edges terminating at the vertex z, and the order of the factors in the
right hand side of the equation agrees with the natural order on the set V;,,4(t).

To define the functor P,, on the level of morphisms we use the actions of the
symmetric groups and the structure of the symmetric monoidal category € in the
obvious way.

EXAMPLE 3.1. Let t; (resp. t2) be a 2-labeled planar tree depicted on figure
I3 (resp. figure [[d]). There is a unique morphism A from t; to t2 in Tree(2). For

1 2 2 1
Fic. 13. A 2- Fia. 14. A 2-
labeled planar tree labeled planar tree
t1 t2

these trees we have

and the morphism
Py(\): P(2)® P(3) ® P(0) ® P(0) » P(2) ® P(0)® P(3) ® P(0)
is the composition

Py(N)=(1®p)o(012®@013®@1®1),
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where 012 (resp. o13) is the corresponding transposition in Sy (resp. in Ss) and g
is the braiding

B:(P(3)® P(0)) ® P(0) — P(0)® (P(3) @ P(0)) .

3.2. Pseudo-operads. We now recall that a pseudo-operad is a collection
{P(n)}n>0 equipped with multiplication maps

(3.2) e s P,y (8) = P(n)

for all n-labeled trees t and for all n > 0. These multiplications should satisfy the
axioms which we list below.
First, we require that for the standard corolla q, (see figures [I5] [I6]) the mul-

1 2 n

| e

Fic. 15. The corolla qo F1G. 16. The corolla
q, forn >1

tiplication map fiq, is the identity morphism on P(n)
(3.3) Sy, = idp(n) -
Second, we require that the operations ([B:2) are S,-equivariant
(3.4) Po(t) = 0O [t Vo €Sy, teTree(n).
Third, for every morphism A : t — t’ in Tree(n) we have
(3.5) i 0 P (N) = .

Finally, we need to formulate the associativity axiom for multiplications (B2)).
For this purpose we consider the following quadruple (E, i,m;,t) where tis an n-
labeled planar tree with k nodal vertices, 1 < i < k, m; is the number of edges
terminating at the i-th nodal vertex of t, and t is an m;-labeled planar tree.

The associativity axioms states that for each such quadruple (t,i,m;,t) we
have

(3.6) pro([d®- - ®id® p ®de--@id)o B, =,
~~~ e ¢
i-th spot

where t o; t is the n-labeled planar tree obtained by inserting t into the i-th nodal
vertex of t and ﬁﬂi,mi ¢ is the isomorphism in € which is responsible for “putting
tensor factors in the correct order”.

To define the isomorphism Bf,i,mi,t we observe that the source of the map pg, ¢
is
(3.7) &) Pim(x))

2E€Vod(te;t)

where m(z) denotes the number of edges of t o; t terminating at the nodal vertex

x and the order of factors agrees with the total order on the set Vjoq(t ®; t). The
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source of the map
(3.8) ppo(d® - ®ide  p ®de---®id)
~—
i—th spot

is also the product (B with a possibly different order of tensor factors. The map
B%.im, i [B0) is the isomorphism in € which connects the source of ug, ¢ to the

source of ([B.8]).

Given integers n > 1, k > 0, 1 <4 < n and a permutation o € S, ,_1 we can
form the (n + k — 1)-labeled planar tree ™% shown on figure [[7l

o(1) U(’L +k—-1)

(1) 0(2).” ) o(i+k) ...U(TL‘FIC*].)

FiG. 17. The (n + k — 1)-labeled planar tree t7-*-

In the case when € = Chg or € = grVecty, it is convenient to use a slightly
different notation for values of the multiplication map Pgnik.i corresponding to the
tree t™"". More precisely, for a vector v € P(n) and w € P(k) of a pseudo-operad
P we set
(3.9)
v(o(1),...0(i—1),w(o(i),...,o(i+k=1)),0(i+k),...,o(n+k-1)) := Pgni (U, W) -

Recall that, for 0 = id € S, 1x_1, the multiplication
[t Pn)® P(k) > P(n+k—1)

is called the elementary insertion and often denoted by o;. Namely, for v € P(n)
and w € P(k) we havﬁ

(3.10) VO W = fUynki (VW)
id

It is not hard to see that a pseudo-operad structure on a collection P (in Chg or
grVecty) is uniquely determined by elementary insertions (3I0). All the remaining
multiplications (2] can be expressed in terms of (BI0) using the axioms of a
pseudo-operad.

Thus, it is not hard to see that, the following definition of a pseudo-operad is
equivalent to ours.

DEFINITION 3.2 (Definition 17, [32]). A pseudo-operad in Chyk (resp. grVecty)
is a collection P in Chyg (resp. grVecty) equipped with maps

(3.11) o, : Pln)®@ P(k) » P(n+k—1), 1<i<n

4Numbers n and k are suppressed from the notation.
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satisfying the associativity axiom and equivariance axioms. The associativity axiom
states that for all homogeneous vectors a,b,c in P(n,), P(ny), and P(n.), respec-
tively and for all 1 <i<mn, and 1 <j<ng+np—1

(—D)Plel(@o; ¢) om,_1 b if j<i,
(3.12) (@ojb)ojc=<¢ao; (boj_it1c) ifi<j<i4+mn,-—1,

(—)Plel(aoj_p,p1c)oib  if =it

The equivariance axioms state that forall 1 <p<ny—1land 1<k <n,—1we

have

(3.13) @i (0p (p1)b) = T(pti-1) (p+i) (@ ©i b)
opeiny(aoib)  if k4+1<i
Si—1,itny—1(aoj_1b) ifk+1=4

(3.14) (Ok (k1)@) 0i b=

§ifi1+nb (aojp1 D) ifk+1=31

O (k4ny—1) (k_mb)(a oF} b) if k>i.
Here oy, ;, denotes the transposition (i,42) and ¢;, 4, is the cycle defined in (4.

In [32] a pseudo-operad is called non-unital Markl’s operad.

3.3. Operads. An operad is a pseudo-operad P with unit, that is a map
(3.15) u:1l— P(1)

for which the compositions

Pn)=Pn)®1 28 Pn)®P(1) 25 P(n)

(3.16) _
Pn)~1®P(n) "2 P1)®P(n) 2 P(n)

coincide with the identity map on P(n).
Morphisms of pseudo-operads and operads are defined in the obvious way.

EXAMPLE 3.3. For an object V of € we denote by Endy, the following collectiorl]
(3.17) Endy(n) = Hom(V®™, V).

This collection is equipped with the obvious structure of an operad. Namely, the
elementary insertions

o;: Endy(n) ® Endy(m) — Endy(n+m — 1)
are defined by the equation
foig:=fo(id® " Vagrid® )
and the unit
u:1l— Hom(V,V)

corresponds to the isomorphism 1®V = V. We call Endy, the endomorphism operad
of V.

5We tacitly assume that the symmetric monoidal category € has inner Hom.
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This example plays an important role because it is used in the definition of an
algebra over an operad. Namely, an algebra over an operad P (in €) is an object V
of € together with an operad map

P — Endy .

It is not hard to see that an object V in € is an algebra over an operad P if
and only if V is equipped with a collection of multiplication maps

(3.18) py: Pn)@V®" =V n>0,

satisfying the associativity axiom, the equivariance axiom and the unitality axiom
formulated, for instance, in [32] Proposition 24] .

EXERCISE 3.4. Let € = grVecti . Consider the collections

(3.19) Comy(n) =K,
and
K ifn>1
(3.20) Com(n) = '1 e
0 ifn=0.

with the trivial S,-action on Com(n) (resp. Com,(n)). The collections Com and
Com,, are equipped with the obvious operad structures. For Com, we have

o; =id : Comy(n) ® Comy(k) KK — Com,(n+k—1) 2K,
u=id : K - Com,(1) ®K,
and for Com we have
o, =id : Com(n)® Com(k) *K®K — Com(n+k—1) =K,

if £ # 0, and

u=id : K - Com(1l)=®K.
Show that Com,-algebras (resp. Com-algebras) are exactly unital (resp. non-unital)
commutative algebras.

EXERCISE 3.5. Let P and O be operads (resp. pseudo-operad) in €. Show
that the collection P ® O with

P2 0O(n)=Pn)®0O(n)

is naturally an operad (resp. pseudo-operad). For this exercise it may be more
convenient to use Markl’s definition [32] Definition 17].

EXERCISE 3.6 (The operad A). Let € = grVectg or € = Chg. Consider the
collection A

(3.21) A(n) = 0 0

{slnsgnn ifn>1
with sgn,, being the sign representation of S, . Let
o; : An)@Ak) > An+k—1)
be the operations defined by
(3.22) lnojlp = (=)A= o,
where 1,, denotes the generator s'=™1 € s'~™sgn,, . Prove that ([3.22) together

m

with the obvious unit map u = id : K — A(1) = K equip the collection A with a
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structure of an operad. Show that A-algebra structures on V are in bijection with
Com-algebra structure on s~V

EXERCISE 3.7. For an operad O in the category Chg (resp. grVecty) we denote
by AO the operad

(3.23) AO=A®O0.

Show that AO-algebra structures on a cochain complex (resp. graded vector space)
V are in bijection with O-algebra structures on s~ ! V.

ExaMPLE 3.8. Let Lie be the operad which governs Lie algebras. An algebra
over ALie in grVecty is a graded vector space V equipped with the binary operation:

{,}: VY=V
of degree —1 satisfying the identities:

{v1, 02} = (=) 12l {y 0y}

{{v1,v2}, 03} + (_1)\”1|(\U2\+\U3D{{02’ vs}, v} + (_1)\vs|(\v1\+\vz\){{v37 v}, v} =0,
where vy, v2,v3 are homogeneous vectors in V.

EXERCISE 3.9 (Free algebra over an operad O). Let O be an operad in the
category Chyg (resp. grVecty). Show that for every cochain complex (resp. graded
vector space) V the direct sum

oo

(3.24) ow) = (O(n) ® V®") .

n=0 "

carries a natural structure of an algebra over O. Prove that the O-algebra O(V) is
free. In other words, the assignment

V- O0W)

upgrades to a functor which is left adjoint to the forgetful functor from the category
of O-algebras to the category Chyk (resp. grVectg).

3.3.1. Augmented operads. In this subsection € is either Chg or grVecty .
Let us observe that the collection

(3.25) +(n) = {K ifn=1

0 otherwise

is equipped with the unique structure of an operad. In fact, * is the initial object
in the category of operads (in €).
An augmentation of an operad O is an operad morphism

e: 0 — %.

Given a pseudo-operad P in € we can always form an operad by formally
adjoining a unit. The resulting operad is naturally augmented.

Furthermore, the kernel of the augmentation for any augmented operad is nat-
urally a pseudo-operad. According to [32, Proposition 21], these two constructions
give us an equivalence between the category of augmented operads and the category
pseudo-operads.

For an augmented operad O we denote by O, the kernel of its augmentation.
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EXERCISE 3.10. Show that the operads Com and Lie have natural augmenta-
tions. Prove that the operad Com,, (from Exercise 84 does not admit an augmen-
tation.

3.3.2. Ezxample: the operad Ger. Let us recall that a Gerstenhaber algebra is
a graded vector space V equipped with a commutative (and associative) product
(without identity) and a degree —1 binary operation {, } which satisfies the follow-
ing relations:

(3.26) {v1,v3} = (=D)L, 0},
(3.27) {v, 0102} = {v, 01}y 4 (1)l L o)
(3.28)

{1, 02}, 03} + (=1)loallvallval £, ) 0y} + (=1)lesllvalHlv2D £ 000 41} 0} = 0.

In particular, (V,{, }) is a ALie-algebra.

To define spaces of the operad Ger governing Gerstenhaber algebras we intro-
duce the free Gerstenhaber algebra Ger, in n dummy variables ai,as,...,a, of
degree 0. Next we set Ger(0) = 0 and Ger(1) = K. Then we declare that, for
n > 2, Ger(n) is spanned by monomials of Ger,, in which each dummy variable a;
appears exactly once.

The symmetric group S, acts on Ger(n) by permuting the dummy variables
and the elementary insertions are defined in the obvious way.

ExAMPLE 3.11. Let us consider the monomials u = {ag, ag}ai{aq, a5} € Ger(5)
and w = {a1,a2} € Ger(2) and compute the insertions u os w, u o4 w and w o7 u.
We get

wogw = —{{az,as},as}ar1{as,as}, wog w = {as,astar{{as,as},a6},
w oy u={{as,as}ar{aq,as},as} =
= {ag, {az,as}ar{as, as}} = {ae, {az, az}}a1{as, as}
—{as,a3}{ag, a1 }{aq, a5} — {az,az}ai{as, {as,as5}} .
(Note that the insertions obey the usual Koszul rule for signs.)

Tt is easy to see that the operad Ger is generated by the monomials ajas, {a1, a2} €
Ger(2) and algebras over the operad Ger are Gerstenhaber algebras. It is also easy
to see that the monomial {a1, a2} generates a suboperad of Ger isomorphic to ALie.
The operad Ger carries the obvious augmentation.

We would like to remark that the space Ger(n) is spanned by monomials v €
Ger(n) of the form

(3.29)
v = vl(aiu’ailza ey ai1p1 ) U2(ai21vai22, sy a‘i2p2) s vt(aitlvaitzv ey a'itpt) )
where v, v9,...,vs are ALie-words in pq, po, ..., p; variables, respectively, without

repetitions and
{i11 012, oo sdap, f U {d21, 922, ooy dop, f U - - U {dgn, 902, - o5 dep, }

is a partition of the set of indices {1,2,...,n}. So, from now on, by a monomial
in Ger(n) we mean a monomial of the form (329 .
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EXERCISE 3.12. Consider the ordered partitions of the set {1,2,...,n}

(330) {illa 112, - - - 7i1p1} U {igl,igg, ey igpz} .- {itl,itg, - 7itpt}
satisfying the following properties:

e for each 1 < 8 <1 the index ig,, is the biggest among ig1,...,i5(p;-1)
o i1y, < ilgp, < --- < iy, (in particular, iy, = n).

Prove that the monomials

(3'31) {ain’ R {ai1(p171) » @iy, }} s {aitw SRR {ait(pt—l) » iy, }}

corresponding to all ordered partitions ([B.30) satisfying the above properties form
a basis of Ger(n). Use this fact to show that

dim(Ger(n)) =n!.

3.4. Pseudo-cooperads. Reversing the arrows in the definition of a pseudo-
operad we get the definition of a pseudo-cooperad. More precisely, a pseudo-
cooperad is a collection ) equipped with comultiplication maps

(3.32) Ag:Q(n) = Q (t),

which satisfy a similar list of axioms.
Just as for pseudo-operads, we have

(3.33) Ag, =idom) ,
where q,, is the standard corolla (see figures [I5] [T6]).
We also require that the operations [32) are S,-equivariant
(3.34) Ay 00 = Ay, Voe€S,, teTree(n).
For every morphism A : t — t’ in Tree(n) we have
(3.35) Av=Q (N oA;.

Finally, to formulate the coassociativity axiom for (3.32)), we consider the follow-
ing quadruple (E, i,m;,t) where t is an n-labeled planar tree with k£ nodal vertices,
1 <i <k, m; is the number of edges terminating at the i-th nodal vertex of E, and
t is an m;-labeled planar tree.

The coassociativity axioms states that for each such quadruple (E, i,m;,t) we
have

(3.36) ([d®---®id® Ay QQd---®id) oAy =1, ¢°Diet

i-th spot
where Zoz; t is the n-labeled planar tree obtained by inserting t into the i-th nodal
vertex of t and S, ¢ is the isomorphism in € which is responsible for “putting
tensor factors in the correct order”.

Just as for pseudo-operads, a pseudo-cooperad structure on a collection @ is
uniquely determined by the comultiplications:

(337) A; = Dti’rs,k,i : Q(n + k- 1) — Q(TL) ® Q(k) s

where {tg”‘*i}aesn“fl is the family of labeled planar trees depicted on figure 7}
The comultiplications ([B:37)) are called elementary co-insertions.
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3.5. Cooperads. We recall that a cooperad is a pseudo-cooperad ) with
counit, that is a map

(3.38) u Q1) =1

for which the compositions

*

Ay

Qn) 25 Q) ® Q1) ™S Q) ©12Q(n)

Q(n) 25 Q) ®Q(n) ¥ 10Q(n) =Q(n)

coincide with the identity map on Q(n).
Morphisms of pseudo-cooperads and cooperads are defined in the obvious way.
Unfortunately there is no natural notion of “endomorphism cooperad”. So a
coalgebra over a cooperad @ is defined as an object V in € equipped with a collection
of comultiplication maps

(3.40) Ay V= Q) V" n>0,

(3.39)

o

satisfying axioms which are dual to the associativity axiom, the equivariance axiom
and the unitality axiom from [32] Proposition 24].

3.5.1. Coaugmented cooperads. In this subsection € is either Chg or grVecty .

It is not hard to see that the collection * ([B2H) is equipped with the unique
cooperad structure. Furthermore, * is the terminal object in the category of coop-
erads.

We say that a cooperad C is coaugmented if we have a cooperad morphism

(3.41) gix—=C.

Given a pseudo-cooperad C we can always form a cooperad by formally adjoin-
ing a counit. The resulting cooperad is naturally coaugmented.

Furthermore, the cokernel of the coaugmentation for any coaugmented coop-
erad is naturally a pseudo-cooperad. Dualizing the line of arguments in [32] Propo-
sition 21] we see that these two constructions give an equivalence between the cat-
egory of coaugmented cooperads and the category of pseudo-cooperads.

For a coaugmented cooperad C we will denote by C, the cokernel of the coaug-
mentation.

Just as for operads (see Exercise B, the tensor product of two cooperads is
naturally a cooperad. Furthermore, the collection A [B21]) introduced in Exercise
carries a cooperad structure with the following elementary co-insertions:

(3.42) Ai(lpip_1) = (—=1)IPE=D1 @1y,

where 1,, denotes the generator s'=™1 € s!~"sgn, .

For a cooperad C in the category Chg or grVecty we denote by AC the cooperad
(3.43) AC:=A®C.

Just as for operads (see Exercise B.7)), it is easy to see that AC-coalgebra structures
on a cochain complex (or a graded vector space) V are in bijection with C-coalgebra
structures on s~1V.

EXERCISE 3.13 (Cofree coalgebra over a cooperad C). Let C be a cooperad
in the category Chg (resp. grVecty). Show that for every cochain complex (resp.
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graded vector space) V the direct sum

oo

(3.44) cv) =P (C(n) ® v®”)s”

n=0

carries a natural structure of a coalgebra over C. Prove that the C-coalgebra C(V)
is cofredd. In other words, the assignment

V= C(V)

upgrades to a functor which is right adjoint to the forgetful functor from the cate-
gory of C-coalgebras to the category Chg (resp. grVecty).

3.6. Free operad. In this section € = Chg or grVecty .
Let Q be a collection. Following [2} Section 5.8] the spaces { WOP(Q)(n)}
of the free pseudo-operad generated by the collection @ are

(3.45) YOP(Q)(n) = colim@

n>0

where @ is the functor from the groupoid Tree(n) to € defined in Subsection B.1}
The pseudo-operad structure on WOP(Q) is defined in the obvious way us-
ing grafting of trees and the free operad OP(Q) generated by @ is obtained from
YOP(Q) by formally adjoining the unit.
Unfolding ([B45]) we see that $OP(Q)(n) is the quotient of the direct sum
(3.46) D .

—n

tETree(n)

by the subspace spanned by vectors of the form
(t,X) = (t',Q, (N(X))

where A : t — t" is a morphism in Tree(n) and X € @ (t).

Thus it is convenient to represent vectors in YOP(Q) and in OP(Q) by labeled
planar trees with nodal vertices decorated by vectors in Q. The decoration is
subject to this rule: if m(x) is the number of edges which terminate at a nodal
vertex x then z is decorated by a vector v, € Q(m(z)).

If a decorated tree t’ is obtained from a decorated tree t by applying an element
0 € Spn(z) to incoming edges of a vertex x and replacing the vector v, by o (v,)
then t’ and t represent the same vectors in YOP(Q) (and in OP(Q)).

ExXAMPLE 3.14. Let @ be a collection. Figure [I§ shows a 4-labeled planar tree
t decorated by vectors v1 € Q(3), v2 € Q(2) and vz € Q(1). Figure 9] shows
another decorated tree with vj = o93(v1) and v = o12(v2), where o953 and o
are the corresponding transpositions in S3 and Sy, respectively. According to our
discussion, these decorated trees represent the same vector in OP(Q)(4) .

REMARK 3.15. In view of the above description, generators X € @Q(n) of the
free operad OP(Q) can be also written in the form

(dn, X),
where q,, is the standard n-corolla (see figures [T5] [I0).

6 All C-coalgebras are assumed to be nilpotent in the sense of [20] Section 2.4.1].
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1 2 3

@ 4
5| @ )
@ (v1)

Fic. 18. A 4- FiG. 19. A 4-
labeled decorated labeledN decorated
tree t tree t. Here

v] = o93(v1) and

’U/2 = 0'12(1)2)

3.7. Cobar construction. The underlying symmetric monoidal category €
is the category Chg of unbounded cochain complexes of K-vector spaces.

The cobar construction Cobar [9], [16], [18], [27, Section 6.5] is a functor
from the category of coaugmented cooperads in Chg to the category of augmented
operads in Chg. It is used to construct free resolutions for operads.

Let C be a coaugmented cooperad in Chg. As an operad in the category
grVecty, Cobar(C) is freely generated by the collection sC,

(3.47) Cobar(C) = OP(sC,) ,

where C, denotes the cokernel of the coaugmentation.

To define the differential 9“°"** on Cobar(C), we recall that Treeg(n) is the full
subcategory of Tree(n) which consists of n-labeled planar trees with exactly 2 nodal
vertices and mo(Treez(n)) is the set of isomorphism classes in the groupoid Trees(n).
Due to Exercise 2] the set mo(Treez(n)) is in bijection with (p,n — p)-shuffles for
all0<p<n.

Since the operad Cobar(C) is freely generated by the collection sC,, it suffices
to define the differential 9€°P2* on generators.

We have
8C°bar Y 4 8”,
with
(3.48) d(X)=—-s0cs ' X,
and
(3.49) IX)=—= Y (s99)(t3An (s X)),

zE€mo (Treea(n))

where X € sCy(n), t, is any representative of the isomorphism class z € 7y(Treea(n)),
and O is the differential on C. The axioms of a pseudo-cooperad imply that the
right hand side of (349) does not depend on the choice of representatives t .

EXERCISE 3.16. Identity
80d =0
readily follows from (9¢)? = 0. Use the compatibility of the differential 9 with the
cooperad structure and the coassociativity axiom ([B36]) to deduce the identities

(3.50) 90+ 08 =0
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and

(3.51) 8 0d" =0.

4. Convolution Lie algebra

Let P (resp. Q) be a dg pseudo-operad (resp. a dg pseudo-cooperad).
We consider the following cochain complex

(4.1) Conv(Q, P) = H Homg, (Q(n), P(n)).
n>0

with the binary operation e defined by the formula

(42) fegX)= > m.(feglA. (X)),

z€mo(Treez(n))

[,g9 € Conv(Q, P), X €Q(n),

where t, is any representative of the isomorphism class z € m(Treeza(n)). The
axioms of pseudo-operad (resp. pseudo-cooperad) imply that the right hand side
of ([£2) does not depend on the choice of representatives t, .

It follows directly from the definition that the operation e is compatible with
the differential on Conv(Q, P) coming from @ and P . Furthermore, we claim that

ProPOSITION 4.1. The bracket
[f.9] = (feg— (—1)1slge f)
satisfies the Jacobi identity.

PrROOF. We will prove the proposition by showing that the operation (2]
satisfies the axiom of the pre-Lie algebra

(43)  (feg)eh—fe(geh)=(-1)!"(fen)eg— (1)l fe(heyg),
where f, g, h are homogeneous vectors in Conv(Q, P) .
The expression ((f eg)eh — fe(geh))(X) can be rewritten as

(foeg)eh—fe(geh) (X)=

> > pe. o (e, @id)o (f@g@h)o(Ag,, ®id) o Ag, (X)—
z€mo(Treea(n)) z/€mo(Treez(m1(z)))
> > pe. o (id@pg, ) o (f@g@h)o(id®Ag,,) o Ag, (X),

z€mo(Treea(n)) z’/€mg(Treez(ma(z)))
where mq(z) (resp. ma(z)) is the number of edges terminating at the first (resp.
the second) nodal vertex of the planar tree t, .

Due to the axioms for the maps py and Ay, we get

(feg)eh—fe(geh))(X)
Y. > m((fegeh)A. (X))

2,q>0TEShy g n—p—q
where t, is the n-labeled planar tree depicted on figure
The set {t, | 7 € Shp g.n—p—q} is stable under the obvious isomorphism A which
switches the second nodal vertex with the third one. Hence, we have

((feg)eh—fe(gehn)) (X)=
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T(l)_ _ .T(p) T(p+1) _T(p+ q)

Fia. 20. 7isa (p,q,n —p — q)-shuffle

> > ) (f@g@h) Ay, (X))

P,q>17EShy g n—p—q

Using axioms ([3.3]) and ([B.33) and the fact that f is equivariant with respect to
the action of the symmetric group, we can rewrite the latter expression as follows

(feg)eh—fe(geh)(X)=
> Y e oP,(No(fegeh)oQ (\)Ag(X)=

P,q=17E€Shy g n—p—g

Do D ERETIRT 0P (V) o (f © g @ h) (012(X]), XT, X5 =

p,q>1 T,«
(4.4) 30 ST (1Emest) o P (012 f (X7, g(X5%), h(XS®))
p,q>1 T,a

where o012 is the transposition (1,2),

(4.5) Ag (X) =D (X7, X7 X79),

-

[e3

and
(4.6) e(rya, g, h) = [ X3 X + [A(IXT + [ X57]) + gl X7
Applying P,,(A) to (012f (X7%), 9(X5™), h(X5™")) in @) we get
((feg)eh—fe(gehn))(X)=

Z Z(_l)a(ﬂa,g,h)(_1)(|g|+\X§""\)(Ih\HX;’“I) e, (FXTY), M(XT), g(XT™)) =

p,q>1 T,
SO STDEesh u ((F @ h @ g) A, (X)),
p,q>1 T,

where

(4.7)

(r,a, g, h) = (7, a, g, h)+(g[+1 Xz ) (|h]+ X3 ) +R] | XT [+g] (1 X [+ X3%]) -

The direct computation shows that
&(r,a,9,h) = |g|[h| mod 2

and the proposition follows. ([l
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4.1. A useful modification Conv®(Q, P). Let us observe that for every dg
pseudo-operad P and every dg pseudo-cooperad @ the subcomplex

(4.8) Conv®(Q, P) := @) Homs, (Q(n), P(n)) C Conv(Q, P)

n>0

is closed with respect to the pre-Lie operation ([@Z). Thus Conv®(Q, P) is a dg Lie
subalgebra of Conv(Q, P).
We often use this subalgebra in our notes to prove facts about its completion

Conv(Q, P).

4.2. Example: the dg Lie algebra Conv(C,,Endy). Let V' be a cochain
complex, C be a coaugmented dg cooperad, and C, be the cokernel of the coaugmen-
tation. We denote by C(V') the cofree C-coalgebra cogenerated by V. Furthermore,
we denote by py the natural projection

(4.9) pv:C(V) = V.

In this subsection we interpret Conv(C,, Endy ) as a subalgebra in the dg Lie algebra
coDer(C(V)) of coderivations of C(V).
Let us recall [16], Proposition 2.14] that the map

(4.10) D—pyoD
defines an isomorphism of cochain complexes
coDer(C(V)) 2 Hom(C(V),V).

Then we observe that coderivations D € coDer(C(V)) satisfying the property

4.11 Dl =0
(1) §
form a dg Lie subalgebra of coDer(C(V)). We denote this dg Lie subalgebra by
coDer’ (C(V)).
Next, we remark that the formula
(412) po Df(rYa V1, V2, ... 7Un) = f('Y)(Ul’ U2y .0y Un)
f € Conv(C,, Endy), v € Co(n), V1, V2,..., U €V

defines a map (of graded vector spaces)
(4.13) [+ Dy : Conv(Co, Endy) — coDer’(C(V)).
Finally, we claim thafl

PROPOSITION 4.2. For every cochain complex V' and for every coaugmented dg
cooperad C the map [@I3) is an isomorphism of dg Lie algebras

Conv(C,, Endy) =2 coDer’(C(V)).
A proof of this proposition is straightforward so we leave it as an exercise.

EXERCISE 4.3. Prove Proposition

"Proposition B2 is a version of [16], Proposition 2.15].
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4.3. What if Q(n) is finite dimensional for all n? Let us assume that the
pseudo-cooperad () satisfies the property

PROPERTY 4.4. For each n the graded vector space Q(n) is finite dimensional.

Due to this property we have
* Sn
(4.14) Conv(Q, P) = ] (P(n) @ Q*(n))™" .
n>0

where @Q*(n) denotes the linear dual of the vector space Q(n).

The collection Q* := {Q*(n)},>0 is naturally a pseudo-operad and we can
express the pre-Lie structure (£.2) in terms of elementary insertions on P and Q*.
Namely, given two vectors

X:Zvn@)wn, X':Zv;@)w;

n>0 n>0
in
* Sn

1 (P(r) @@ ()™,

n>0
we have
(4.15) XeX'= Z (=1)lvmllwnl Z o (v 01 v),) @ o(wy, 01 w,,) .

n>1,m>0 0€Shy, n—1

4.4. The functors Conv(Q, ?) and Conv(?, P) preserve quasi-isomorphisms.
It often happens that a pseudo-cooperad @ is equipped with a cocomplete ascending
filtration

(4.16) 0=F'Qc FlQc FQc...
colim,, F"Q(n) = Q(n) v n

which is compatible with comultiplications Ay in the following sense:

(4.17)  A¢(F™Q(n)) C &y FUQ(r) @ F2Q(ra) @ - - - @ F*Q(r)
q1+q2+-+gqr=m

where t is an n-labeled planar tree with k£ nodal vertices and r; is the number of

edges terminating at the i-th nodal vertex of t.

DEFINITION 4.5. If a pseudo-cooperad @ is equipped with such a filtration then
we say that @ is cofiltered.

EXERCISE 4.6. Let us recall that a coaugmented (dg) cooperad C is called
reduced if

c(0)=0, and C(1) =K.
For every reduced coaugmented cooperad C, the cokernel of the coaugmentation C,
carries the ascending filtration “by arity”:
Co(n) if n<m+1
0 otherwise .

(4.18) F™Co(n) = {

Show that this filtration is cocomplete and compatible with comultiplications Ag

in the sense of ([@I7).
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For any dg operad P and for any cofiltered dg pseudo-cooperad @ the dg Lie
algebra Conv(Q, P) is equipped with the descending filtration

(4.19) Conv(Q, P) = F1Conv(Q, P) D F2Conv(Q, P) D F3Conv(Q,P) D ...,

FmConv(Q, P) = {f € Conv(Q,P) | f(X)=0 VXecF"Q)}.

Inclusion (£IT) implies that the filtration on Conv(Q, P) is compatible with
the Lie bracket. Furthermore, since the filtration on @ is cocomplete, the filtration

(#19) is complete

(4.20) ligln Conv(Q, P)/FpConv(Q, P) = Conv(Q, P).
Any morphism of dg pseudo-operads

(4.21) f:P—P.

induces the obvious map of dg Lie algebras

(4.22) f« : Conv(Q, P) — Conv(Q, P').

We claim that

THEOREM 4.7. If the map (H21l) is a quasi-isomorphism then so is the map
(E22). In addition, if Q is cofiltered, then the restriction of f. onto Fp,Conv(Q, P)
" : FnC ,P)— F,C , P’

E ] i F FnCon(@.P) = 7, Conv(Q. P
s a quasi-isomorphism for all m .
PROOF. According to [40, Section 1.4], every cochain complex of K-vector

spaces is chain homotopy equivalent to its cohomology.
Therefore, there exist collections of maps

(4.23) gn : P'(n) — P(n)
(4.24) Xn : P(n) = P(n)

(4.25) X, @ P'(n) = P'(n)

such that

(4.26) frn 0 gn —idpi(ny = 0X;, + X0,
and

In other words, f,, o gn (resp. gn o fn) is homotopic to idp:(,) (resp. idp(y)).

In general, the set of maps {g,}n>0 gives us neither a map of operads nor a
map of the underlying collections. Similarly, the maps (£24) and (£25) may not
be S,-equivariant.

For this reason we switch from the set {g, }n>0 to the set

~ 1
(4.28) gnZW E TOgnoT.
o, TES,

It is easy to see these new maps ¢, give us a morphism of the underlying
collections. Moreover, equations (£.26) and ([£27) imply the identities
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and

(430) En © fn - IdP(n) = 3)@ + %na

with Sj,-equivariant homotopy operators

~ 1

(431) Xn = (n')z Z OO0XnOT,
o, TES,

(4.32) )? :L Z cox,oT.

T (n!)? "
o,TESy
Let us now consider the map
(4.33) gs : Conv(Q, P") — Conv(Q, P)

In general g, is not compatible with the Lie brackets. Regardless, using equa-
tions ([@29)), [@30) and S,-equivariance of the homotopy operators ([@31)), (A32),
it is not hard to see that the compositions f, o g, and g, o f. are homotopic to
idconv(@,p) and idconv(@,pP), respectively.

Thus f, is indeed a quasi-isomorphism.

To prove the second statement we denote by f™ and g the restriction of f,
and g, onto

FmConv(Q, P) and FmConv(Q, P")

respectively.

Using the same homotopy operators (£.31)), ([d32)), it is not hard to see that the
compositions f"og" and g;"o f]" are homotopic to id ,, conv(q,p/) and id £, conv(Q,P)s
respectively.

Theorem [.7] is proved. |

EXERCISE 4.8. Using the ideas of the above proof, show that the (contravariant)
functor Conv(?, P) also preserves quasi-isomorphisms.

5. To invert, or not to invert: that is the question

Let C be a coaugmented dg cooperad and C, be the cokernel of the coaugmen-
tation. This section is devoted to the lifting property for maps from the dg operad
Cobar(C) . The material contained in this section is an adaptation of constructions
from [34] to the setting of dg operads.

First, we observe that, since Cobar(C) is freely generated by sC,, any map of

dg operads
(5.1) F : Cobar(C) = O
is uniquely determined by its restriction to generators:
F :8Co — O.
sCo

Hence, composing the latter map with the suspension operator s, we get a
degree one element

(5.2) ap € Conv(C,, O)
in the dg Lie algebra Conv(C,, O).
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EXERCISE 5.1. Prove that the compatibility of F' with the differentials on
Cobar(C) and O is equivalent to the Maurer-Cartan equation for the element ap
(E2) in Conv(C,, O).

Thus we arrive at the following proposition

PROPOSITION 5.2. For an arbitrary coaugmented dg cooperad C and for an
arbitrary dg operad O, the correspondence

FP—>CVF

is a bijection between the set of maps (of dg operads) (B1)) and the set of Maurer-
Cartan elements in Conv(C,,0). O

Combining Proposition with we deduce the following Corollary

COROLLARY 5.3. For every coaugmented dg cooperad C and for every cochain
complex V the set of Cobar(C)-algebra structures on V' is in bijection with the set
of Maurer-Cartan elements in the dg Lie algebra

coDer’ (C(V)) := {D € coDer(C(V)) ‘ D‘V = 0}. O

5.1. Homotopies of maps from Cobar(C). Let Q*(K) = KJt] ® K[t]dt be
the polynomial de Rham algebra on the affine line with dt sitting in degree 1. We
denote by

o' .= 0®0°(K)
the dg operad with underlying collection
{O(n) @ *(K) }n>o-

We also denote by pg, p1 the obvious maps of dg operads

P00, p(X)=X|
(5.3) =0 A=

.0l 50, X) = X‘ .
h P(X) t=1, dt=0

For our purposes we will use the following “pedestrian” definition of homotopy
between maps F, F' : Cobar(C) — O.

DEFINITION 5.4. We say that maps of dg operads
F,F : Cobar(C) —» O
are homotopic if there exists a map of dg operads
H : Cobar(C) — Of
such that B
F=pyoH and F=p oH.

REMARK 5.5. Definition [5.4]leaves out many questions and some of these ques-
tions may be answered by constructing a closed model structure on a subcategory
of dg operads satisfying certain technical conditions. Unfortunately, many dg op-
erads which show up in applications do not satisfy required technical conditions.
We hope that all such issues will be resolved in yet another “infinity” treatise [30]
of J. Lurie.

We now state a theorem which characterizes homotopic maps from Cobar(C)
in terms of the corresponding Maurer-Cartan elements in Conv(C,, O) .
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THEOREM 5.6. Let O be an arbitrary dg operad and C be a coaugmented dg
cooperad for which the pseudo-operad Co is cofiltered (see Definition L) and the
vector space

(5.4) P rmes(n)

n>0
is finite dimensional for all m . Then two maps of dg operads
F,F : Cobar(C) = O
are homotopic if and only if the corresponding Maurer-Cartan elements
ar,ag € Conv(Co, O)

are isomorphi(ﬁ.

PROOF. Let
(5.5) Conv(C,, O){t}
be the dg Lie subalgebra of Conv(C,, O)[[t]] which consists of infinite series
oo
(5.6) f=Y_fth,  fr € Fp, Conv(Co,0)
k=0
satisfying the condition
(5.7) mp <mg <mg<... lim my = oc0.
k—o0

Combining condition (5.7) together with the fact that the filtration on C, is
cocomplete, we conclude that, for every X € Co(n) and for every f in (B0, the

Sumn
> fe(X)tk
k=0

has only finitely many non-zero terms.
Therefore, the formula

(5.8) V(X) =D flX)tF, X eC(n)
k=0

defines a map
¥ : Conv(Co, O){t} — Conv(Co, O[t]) .

Let us now consider a vector g € Conv(C,, O[t]).

Since the vector spaces
P rreo(n)
n>0

are finite dimensional, for each m there exists a positive integer IN,,, such that the
polynomials

g(X) =Y gr(X)t"

k>0
8We view Maurer-Cartan elements as objects of the Deligne groupoid. See Appendix [C] for

details.
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have degrees < N,, for all X € F™!C.(n) and for all n. Moreover, the integers
{Npm}m>1 can be chosen in such a way that

Ny <Ny <N3<....

Therefore, the formula:

(5.9) V'(g)=> W(g)th

defines a map
U’ : Conv(Co, O[t]) — Conv(Co, O){t}.
Furthermore, it is easy to see that ¥’ is the inverse of ¥.
Thus the dg Lie algebras Conv(C,, O[t]) and Conv(C,, O){t} are naturally iso-
morphic.
To prove the “only if” part we start with a map of dg operads

H : Cobar(C) — O'
which establishes a homotopy between F' and F and let
(5.10) ag =o' +aWdt € Conv(C,,0)
be the Maurer-Cartan element corresponding to H. Here ag) (resp. ag))

degree 1 (resp. degree 0) vector in Conv(C,, O[t]) = Conv(Co, O){t} .
The Maurer-Cartan equation for a g

is a

d 1
thOéH + 0oy + i[aH,aH] =0

is equivalent to the pair of equations

1
(5.11) 804? + 5[01%), ag)} =0
and
d 0 0
(5.12) Eafq) = 804(H) - [ag{),ag{)].

Using equations (511 and (BI2) we deduce from [4, Theorem C.1, App. C]
that the Maurer-Cartan elements

(1)

all (m

and oy

t=0 t=1

in Conv(C,, Q) are connected by the action of the group
exp (ConV(Co, O)) .

Since
(1) _ (1) _
o =« and a =az
H {9 F Hjy B
we conclude that the “only if” part is proved.
We leave the easier “if” part as an exercise. (See Exercise 5.7 below.) O

EXERCISE 5.7. Prove the “if” part of Theorem [5.0l

We now deduce the following corollary.

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



NOTES ON ALGEBRAIC OPERADS 55

COROLLARY 5.8. Let C be a coaugmented dg cooperad which satisfies the con-
ditions of Theorem B.6. If U : O — O is a quasi-isomorphism of dg operads
then for every operad morphism F' : Cobar(C) — O’ there exists a morphism
F : Cobar(C) — O such that the diagram

(5.13) Cobar(C)

F JF,

oy
O —— 0
commutes up to homotopy. Moreover the morphism F is determined uniquely up
to homotopy.

PrOOF. The map U induces the homomorphism of dg Lie algebras
U, : Conv(Co, O) — Conv(C,, 0.

Due to Theorem 7 U, is a quasi-isomorphism of dg Lie algebras. Moreover,

the restriction of U,
» : FmConv(Cs, O) — F,,,Conv(C,, O')

FmConv(Co,0)
is also a quasi-isomorphism of dg Lie algebras for all m .

Hence, Theorem from Appendix [C] implies that U, induces a bijection
between the isomorphism classes of Maurer-Cartan elements in Conv(C,, O) and in
Conv(Co, 0').

Thus, the statements of the corollary follow immediately from Theorem[B.6l O

5.2. Models for homotopy algebras. Developing the machinery of alge-
braic operads is partially motivated by the desire to blend together concepts of
abstract algebra and concepts of homotopy theory [28], [30], [31].

Thus, in homotopy theory, the notions of Lie algebra, commutative algebra, and
Gerstenhaber algebra are replaced by their co-versions (a.k.a homotopy versions):
L.-algebras, Com.-algebras and Gers.-algebras, respectively. These are examples
of homotopy algebras.

In this paper we will go into a general philosophy for homotopy algebras and
instead limit ourselves to conventional definitions.

DEFINITION 5.9. An Liey-algebra (a.k.a. L-algebra) is an algebra (in Chg)
over the operad

(5.14) Liesoc = Cobar(AcoCom).

DEFINITION 5.10. A Comg.-algebra is an algebra (in Chg) over the operad
(5.15) Com, = Cobar(Acolie) .

Finally,

DEFINITION 5.11. A Ger-algebra is an algebra (in Chg) over the operad
(5.16) Gero, = Cobar(Ger"),
where
(5.17) Ger' = (A™2Ger)",

and * is the operation of taking linear dual.
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The above definitions are partially motivated by the observation that the op-
erads Liey,, Com,, and Ger,, are free resolutions of the operads Lie, Com and Ger,
respectively.

Thus the canonical quasi-isomorphism of dg operads

(5.18) Ulie : Lieo = Cobar(AcoCom) — Lie
corresponds to the Maurer-Cartan element]
Sn
alie = a1, az] ® b1by € Conv(AcoCom,, Lie) = H (Lie(n) ® AflCom(n)) ,
n>2

where [ay, as] (resp. b1bs) denotes the canonical generator of Lie(2) (resp. A~1Com(2)).
Similarly, the canonical quasi-isomorphism of dg operads

(5.19) Ucom : Comy, = Cobar(AcoLie) — Com

corresponds to the Maurer-Cartan element

Shn
acom = 105 ® {b1, b2} € Conv(AcoLie,, Com) = [ (Com(n) ® A*lLie(n)) ,

n>2

where ajay (resp. {b1,b2}) denotes the canonical generator of Com(2) (resp. A~!Lie(2)).
Finally the canonical quasi-isomorphism of dg operads

(5.20) Ucer : Geroo = Cobar(Ger”) — Ger
corresponds to the Maurer-Cartan element
S,
QGer = a1a2®@{by, ba }+{a1, az}@b1by € Conv(Ger!, Ger) = H (Ger(n)@A‘QGer(n)) ,
n>2

where ajas, {a1,as} are the canonical generators of Ger(2) and bibs, {b1,b} are
the canonical generators of A=2Ger(2) .

We should remark that here, instead of Lie algebras and L..-algebras we often
deal with ALies-algebras. It is not hard to see that Alie.-algebras are algebras in
Chg over the operad

(5.21) Alie,, = Cobar(A*coCom).
Furthermore, the canonical quasi-isomorphism
(5.22) UaLie : Alies, = Cobar(A2coCom) — AlLie

corresponds to the Maurer-Cartan element

Sn
aaLie = {a1, a2} ®byby € Conv(A%coCom,, ALie) = H (ALie(n) ®A*2Com(n)) ,
n>2
where {a1,as} (resp. bybs) denotes the canonical generator of ALie(2) (resp. A=2Com(2)).

9Recall that, due to Proposition operads maps from Cobar(C) to O are identified with
Maurer-Cartan element of Conv(Co, O).
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5.2.1. Aliey-algebras. Let V be a cochain complex.
Since Alie,, = Cobar(A%coCom), Corollary B3] implies that ALie,-algebra
structure on V is a choice of degree 1 coderivation

D € coDer(A%coCom(V))

satisfying the Maurer-Cartan equation
1
(5.23) 0D + 5[19, D=0

together with the condition

Dl =0.
v

On the other hand, according to [16] Proposition 2.14], any coderivation of
A2%coCom(V) is uniquely determined by its composition py o D with the projection

py : A2coCom(V) = V.

Thus, since
A%coCom(V) = s%S(s72V),

an Aliey-structure on V is determined by the infinite sequence of multi-ary oper-

ations
(5.24) {, . twn=pyoDs® 2. 5"(V) =V, n>2
where the n-th operation {,, ..., }, carries degree 3 — 2n.

The Maurer-Cartan equation (.23)) is equivalent to the sequence of the follow-
ing quadratic relations on operations (5.24)):

(525) 8{1)1,1}2, N ,’Un}n + Z(_1)|U1‘+”'+|W71|{Ul’ ey Vi1, 8vi,vi+1, N ,’Un}n-l-
i=1

n—1
Do (DT sy, V() by Vot 1) -+ Vo) bnptn = 0,

p=20€8hy n_p

where 0 is the differential on V and (—1)(?>v1-%n) is the sign factor determined
by the usual Koszul rule.

REMARK 5.12. Even though there is an obvious bijection between ALies.-
structures on V and L..-structures on s~! V, it is often easier to deal with signs in
formulas for ALies,-structures.

6. Twisting of operads
Let O be a dg operad equipped with a map

(6.1) @ : Alie, — O.

Let V be an algebra over @. Using the map @, we equip V with an Alies-
structure.

If we assume, in addition, that V is equipped with a complete descending
filtration
(6.2) VORVOSRBVOSRBY ..., V:%WV&V
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and the O-algebra structure on V is compatible with this filtration then we may
define Maurer-Cartan elements of V' as degree 2 elements o € F1V satisfying the

equation
1
(6.3) 8(a)+zm{a,a,...,a}n:0,
n>2
where 0 is the differential on V and {-,-, ..., }, is the n-th operation of the Alie-

structure on V.

Given such a Maurer-Cartan element o we can twist the differential on V' and
insert « into various Q-operations on V' . This way we get a new algebra structure
onV.

It turns out that this new algebra structure is governed by an operad TwQO
which is built from the pair (O, ).

This section is devoted to the construction of TwO .

6.1. Intrinsic derivations of an operad. Let O be an dg operad. We recall

that a K-linear map
5: P om) - o)
n>0 n>0
is an operadic derivation if for every a € O(n), é(a) € O(n) and for all homogeneous
vectors a; € O(n), az € O(k)

5(ay o; az) = 8(ay) o; as + (—1)‘5Ha1‘a1 o; 6(az), Vi<i<n.

Let us now observe that the operation o; equips O(1) with a structure of a
dg associative algebra. We consider O(1) as a dg Lie algebra with the Lie bracket
being the commutator.

We claim that

PROPOSITION 6.1. The formula
(6.4) Sy(a) =boya— (=) a0 b
=1

with
be O(1), and  a € O(n)
defines an operadic derivation of O for every b € O(1).

Operadic derivations of the form (64 are called intrinsic.

PROOF. Let a1 € O(ny1) and ag € O(ng). Then for every b € O(1) and
1 < j < ny we have

ni+ng—1
p(ay 0j ag) = boy (aj 0j ag) — (—1)UarlHlezDIb] Z (a1 05 az)o; b=
i=1
1<i<ng no
(boy ay) oj ag — (—1)lIlP! Z (a1 05 b) 0j ag — (—1){IwIFle=DIP] ZCH 0; (ag o; b)
i#j i=1

ny
= (b o1 al) 05 a2 — (—1)“11‘“7‘ Z(al Oy b) Oj a2
=1
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+(—1)|‘“Hb|(a1 0; b) 0j ag — (_1)(|a1|+|a2\)|b\ Zal Y (ag 0; b)

i=1

= (b 01 al) Oj ag — (_1)\a1Hb\ Z(a/l Oy b) Oj a9

na
+(_1)\a1\|b\a1 oj (boy ag) — (— 1)(\a1\+\a2|)\b| Z a1 0; (ag o; b)

=1
= 0p(ar) oj ag + (1)1 11¥a; o 5 (ag) .

Hence 6, is indeed an operadic derivation of O.
It remains to verify the identity

(65) [6171 ) 51)2] - 6 [b1,b2]

and we leave this step as an exercise. O
EXERCISE 6.2. Verify identity (6.5]).

6.2. Construction of the operad TwO. Let us recall that, since AlLie,, =
Cobar(A?coCom), the morphism (6.0)) is determined by a Maurer-Cartan element

(6.6) ¢ € Conv(A?coCom,, O).
The n-th space of A2coCom, is the trivial S,-module placed in degree 2 — 2n:
A?coCom(n) = s*2"K.
So we have

Conv(A?coCom,, O) = H Homg, (s> *"K,O(n)) = H g2 (O(n))

n>2 n>2

For our purposes we will need to extend the dg Lie algebra Conv(A?coCom,, O)
to

(6.7) Lo = Conv(A?coCom, O) = H Homg, (s> *"K,O(n)) .

n>1

Lo= H g2 ((’)(n))s .

n>1

It is clear that

For n,r > 1 we realize the group S, as the following subgroup of S,
(6.8) S, 2{o€Snl|oi)=i, Vi>r}.

In other words, for every n > 1, the group S, may be viewed as subgroup of S, ,
permuting the first r letters. We set Sy to be the trivial group.

Using this embedding of S, into S,4, we introduce the following collection
(n > 0)
(6.9) TwO(n H Homg, (s™"K,O(r +n)) .

r>0
It is clear that
TWO Hszr T—|—n)ST.

r>0
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To define an operad structure on (6.9) we denote by 1, the generator s™2" 1 €
s~ 2"K. Then the identity element u in TwO(1) is given by

if r=20
(6.10) u(1,) =% e
0 otherwise

where up € O(1) is the identity element for the operad O.

Next, for f € ;l—“\v;O(n) and g € ﬁ@(m), we define the i-th elementary insertion
o; 1 <1i < n by the formula

(6‘11) foig(ly) = Z Z Ht, ; (f(lp) ® g(lrfp)) .

p=00€Shy,—p

where the tree t,; is depicted on figure 211

olp+1) o(r) r+i r+i+m-—1

o(1) r+i4+m r+n+m-—1

FiGg. 21. Here o is a (p,r — p)-shuffle

To see that the element fo; g(1,) € O(r+n+m—1) is S,-invariant one simply
needs to use the fact that every element 7 € S, can be uniquely presented as the
composition 7,07, y—p, Where 74 is a (p,r — p)-shuffle and 7, ., € S, X S,

Let f € TwO(n), g € TwO(m), h € TwO(k), 1 <i<m,and 1 < j <m. To
check the identity
(6.12) foi(gojh)=(foig)ojri-1h

we observe that

foilgoyW)(1)=>" > e, (f(1p) @ (905 h)(1,—p))

p=00€Shy r—p

= > > S b oL@, ) (F(Lp) © 9(L,) © (L))

P1+p2+p3=r 0€Shy, pytpg 0/ EShp, pg

= > ST e, (F(1) ®9(1,,) ® h(1,,))

P1+p2+p3=r TEShy py.ps

where the tree t,; ; is depicted on figure Similar calculations show that
(f O4 g) Oj+i—1 h = Z Z Mt ; (f(lpl) Y g(lpz) ® h(lps)) s
P1+p2+p3=r TEShp py,py

with t.; ; being the tree depicted on figure
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7(r) r+it+j—1

7(p1tpz+1) L rHit k-2

r41
r+i+j+k—1
7(p1 + p2)

r+i+m+k—2

T(1) T r4+i+mt+k—1

r+n+m+k—2

F1G. 22. Here 7 is a (p1,p2, p3)-shuffle and r = p; + py + p3

We leave the verification of the remaining axioms of the operad structure for
the reader. .

Our next goal is to define an auxiliary action of Lo on the operad TwO. For
a vector f € TwO(n) the action of v € Lo (@) on f is defined by the formula

6.13) v f(L) ==Y N e (F(Lepr) @0(15)),
p=1 0€Shy »—p

where 1), is the generator s2727 1 € A%2coCom(p) = s2~2P K and the tree to pr_p 18
depicted on figure 23]

FiG. 23. Here o is a (p,r — p)-shuffle
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We claim that

PROPOSITION 6.3. Formula (613) defines an action of Lo (167) on the operad
TwO.

PROOF. A simple degree bookkeeping shows that the degree of v- f is |v| + | f]| .
Then we need to check that for two homogeneous vectors v, w € Lo we have

(6.14) v, w] - (1) = (v (w- )(1r) = ()N w - (v ))(1,)

Using the definition of the operation - and the associativity axiom for the operad
structure on O we get

(6.15) (v (w- )(1) = (D) w - (v ) (L) =
(_1)|f\(|v\+\w|)+\va| Z Z pgra (f(Lr—pogi1) @ w(1iy ) ®v(15))

p>1g>0 7E€Shy g,r—p—q

(=Dl 5 ST (F(Lpegre) © w(1E) @ 0(15))

p,q>1 7€Shy, gr—p_gqg
(=)l 5 ).

where the trees t2¢ and Eﬁ’q are depicted on figures 24] and 25] , respectively.

r+n

T(p+q+1)

(r)

FiG. 24. The tree t24

Since f(1,—p—q+2) is invariant with respect to the action of S,_,_q+2 the sums
involving fizp.a cancel each other.

Furthermore, it is not hard to see that the sums involving pr.« form the ex-
pression

[v,w] - f(1r).
Thus equation (6.14]) follows.

Due to Exercise below, the operation f + v - f is an operadic derivation.
Proposition is proved. O
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Tp+1) 7(p+q) r+1 r+n

FIG. 25. The tree t?9

EXERCISE 6.4. Prove that for every triple of homogeneous vectors f € ﬁ@(n),
g € TwO(k), and v € Lo we have
ve(foig)=-floig+(-1)"Wifo;(v.g) VI1i<i<n.

6.3. The action of Lo on TwO. Let us view T\v;(’)(l) as the dg Lie algebra
with the bracket being commutator.
We have an obvious degree zero map

ki Lo — TwO(1)
defined by the formula
(6.16) r(v)(1,) = v(154,),

where, as above, 1, is the generator s™2" 1 € s~" K and 1{ is the generator s>=2"1 €
A2?coCom(r) 2 s?727 K.
We have the following proposition.

PROPOSITION 6.5. Let us form the semi-direct product Lo X ;l?x_zv/O(l) of the dg

Lie algebras Lo and ﬁ@(l) using the action of Lo on TwO defined in Proposition
6.3l Then the formula

(6.17) O(v) =v+ k(v)
defines a Lie algebra homomorphism
©:Lo— Lox TwO(1).

PrOOF. First, let us prove that for every pair of homogeneous vectors v, w €
Lo we have

(6.18) w([v, w]) = [K(v), w(w)] + v - ww) = (=1)1"1w - k(0).
Indeed, unfolding the definition of k we ge@
(6.19)

K([’U’w])(lr) = Z Z 'Urprr?(wp(T(l)w“77—(p))77—(p+ 1)7"'7T(T)7T+ 1)

p=17€Shy r_p

10Here we use the notation (33) introduced in Subsection B2
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+Z Z UT*erl(prrl(T(]-)a"',T(p)’r+1)37(p+1)a~'~77—(7’))

p=07€Shy r—p

—(=D)ll(y & w),

where v, = v(1f) and w, = w(1).
The first sum in ([GI9) equals

—(=)l (- w(0))(1,).

Furthermore, since v(1f) is invariant under the action of S, we see that the second

sum in (GI9) equals
(5(0) o1 w(w)) (1,)

Thus equation (G.I8]) holds.
Now, using (6I])), it is easy to see that

[0+ #(v), w + K(w)] = [v,w] + - w(w) = (=) 1w - k() + [k(v), 5(w)] =
= [0, ] + w((o, w])
and the statement of proposition follows. |
The following corollaries are immediate consequences of Proposition
COROLLARY 6.6. For v € Lo and f € TwO(n) the formula
(6.20) f = f+ 6w (f)
defines an action of the Lie algebra Lo on the operad TwO.
COROLLARY 6.7. For every Maurer-Cartan element ¢ € Lo, the sum
o+ k(p)
is a Maurer-Cartan element of the Lie algebra Lo X ﬁ@(l) .
We finally give the definition of the operad TwO.

DEFINITION 6.8. Let O be an operad in Chg and ¢ be a Maurer-Cartan element
in Lo ([61) corresponding to an operad morphism ¢ (6.1). Let us also denote by
9° the differential on TwO coming from the one on O. We define the operad TwO
in Chg by declaring that TwO = TwO as operads in grVecty and letting

(6.21) O =07+ ¢+
be the differential on TwO .
Corollaries and imply that 0TV is indeed a differential on TwO .

REMARK 6.9. It is easy to see that, if O(0) = 0 then the cochain complexes
s 2Tw0(0) and Lo [6.7) are tautologically isomorphic.
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6.4. Algebras over Tw(QO. Let us assume that V' is an algebra over O equipped
with a complete descending filtration ([G2]). We also assume that the O-algebra
structure on V is compatible with this filtration.

Given a Maurer-Cartan element o € F1V the formula

(6% _ - 1 C
(6.22) 0°(4) = 0(0) + 3 Jolts)a SR

defines a new (twisted) differential on V.
We will denote by V' the cochain complex V with this new differential.
In this setting we have the following theorem

THEOREM 6.10. If V¢ is the cochain complex obtained from V wia twisting the
differential by o then the formula

1
(6.23) flvr,... ) = Zﬁf(lr)(a,...,a,vl,...,vn)
r=0 '
feTwO(n), v; €V, l,=s?1es K

defines a TwO-algebra structure on V.
PROOF. Let f € TwO(n), g € TwO(k),
fo=f) € (O +n)™,  and g =g(1,) € (O +k)™.
Our first goal is to verify that
(6.24)  (—1)lolvilttloial p(uy vy, g(vi, o Vit k1) Vigks - - Unk—1)

= foig(vr, ..., Unyr-1).
The left hand side of ([6.24]) can be rewritten as

(—1)lolQuiltetloal) £y 01, g (Ve ey Vitk—1)s Vidkos « > Unpho1) =

>

o plq!

(_1)|9|(|U'i‘+"'+|U'i—1|)

fp(a7" -, QU1 - -7Ui—17gq(aa"'7aavia' "avi-‘rk—l)a

Vitky- > Untk—1) -
Using the obvious combinatorial identity

(p+q)
(6.25) ISh,.4| = i

we rewrite the left hand side of ([@24]) further
L.H.S. of ([@24)

(=1)lglCvil+Hlviza])

= Z Shy, ol fola, ... 01,00 021,
B+ palfp
p,q20
gq(aa"'aaaviv"'avi-i-k—l);vi-i-k;---;Un-‘rk—l)
x|~
:ZFZ Z UoQT,p,i(fp Op+i g’l"*p)( a,...,Q 7U17"'7Un+k71)7

r=0 p=00€Shp,;—p 7 arguments
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66 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

where g, ; is the following permutation in S,

(p+1 . opHi—1 pHi .. ordi—1
(6.26) Qr,p,l_<r+1 .or+i—1 p+1 ... r '
Thus

L.H.S. of (m) = f 0y g(’Ul, ce ,’UnJrk;,l)
and equation ([624]) holds.
Next, we need to show that

(627) 6Tw(f)(v1>‘-~7vn) :a(yf(’l)l,...7’l)n)
1)1 Z DlvilFtlviaal gy 0 v, 0%(0:), Vigts - -5 Un)

The right hand 51de of ([E21) can be rewritten as
R.HLS. of [627) =

1
Z 6fp '7avvla"'7vn)+ Z Tqﬁaq(aa'"aaafp(aa"'vaavla"'avn))

p>O p>0,g>1 p:
If\ \vz|+ Avi1]
E E fp(aa'"aaavla'"avi—laﬁ(vi)avi-‘rl;---;Un)
=1 p>0
\f\ \v1|+ Avi1]
E E ' fpla, . a1, 021, 00(@, - oo o, 0;),
i=1 p>0,4>1 rlq

Vit1s -+ '7v’ﬂ)

where f, = f(1,) and ¢, = ¢(1{) .
Let us now add to and subtract from the right hand side of ([627)) the sum

mz fp+1 (O, ey ..y, v1, ..y 0)

p>0
We get
R.H.S. of (m =

Z 8fp aaavla"'avn) |f‘z f+1 80[0{ Oé,’Ul,-.-,'Un)

p>0 p>0
\Uzl-‘r A |via]

1)1 ZZ fplay, ooy, 0i21,0(0), Vg1, ..oy Un)

=1 p>0

mz fp+1 (Oa,a,...,a,v1,. .., v,)

p>0
1
Z p'—qlwq(a,...7a,fp(a,...,a,vl,...7vn))
p>0,g>1 """
! 1)lvilttlvial
Z Z PP foloy .o oy, 021, 00(0 . ooy 0, 0;),
i=1p>0,g>1 o

Vigt,--,0n) = (0°F)(v1,...,00)
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+(_1)\f\ Z

p=>0

1
Z — (o, ..o fplan .o v, .., 0p))

14!
p20,g21 7

— (=D i Z (=1)

14!
i=1 p>0,g>1 P

1
prﬂ(@oz,oz,...,a,vl,...,vn)

[vi|+-+lvi-1]

foloy .o oy, 021, 00(0 . ooy 0, 0;),

Vi1 -- ,’Un) .
Due to the Maurer-Cartan equation for a
1
o(a) + a(pq(a,a, o) =0
we have

1
_|_(_1)\f\ Z—'fp+1(8a,a,...,a,v1,...,vn) =

p>o

1
—(—l)lf‘ Z ?fpﬂ(cpq(a, ey Q) Oy QLU e, Up)
p>04>2 DT
Hence, using ([G.25]) we get
R.HLS. of [627) =
D9 F) (w1, o) + (- f)lvr,...,0)
+r(p) o1 flur,. .., vn) — (—l)mfol k(@)(v1, ..., o).
Theorem [B.10] is proved. O

Let us now observe that the dg operad TwQ is equipped with complete de-
scending filtration. Namely,

(6.28) FeTwO(n) = {f € TwO®n) | f(1,) =0 ¥ r <k}

It is clear that the operad structure on TwQO is compatible with this filtration.
The endomorphism operad Endy also carries a complete descending filtration
since so does V.
For this reason it makes sense to give this definition:

DEFINITION 6.11. A filtered TwO-algebra is a cochain complex V' equipped
with a complete descending filtration for which the operad map

TwO — Endy

is compatible with the filtrations.

It is easy to see that the Tw(Q-algebra V< from Theorem [G.I0 is a filtered
Tw-algebra in the sense of this definition.

Thus Theorem gives us a functor to the category of filtered TwO-algebras
from the category of pairs

(V.a),

where V is a filtered cochain complex equipped with an action of the operad O and
« is a Maurer-Cartan element in 7V .

According to [7] this functor establishes an equivalence of categories.
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68 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

6.5. A useful modification Tw®0. In practice the morphism (G.I) often
comes from the map (of dg operads)

j:AlLie — O.

In this case, the above construction of twisting is well defined for the suboperad
Tw?(0) € TwO with

(6.29) Tw®(0)(n) = P s (O(r +n))"" .
r>0
It is not hard to see that the Maurer-Cartan element
¢ € Conv(A*coCom, O)
corresponding to the composition
j o UpLie : Cobar(A%coCom) — O

is given by the formula:

(6.30) ¢ =i({a1,a2}) ® biby .
Hence
(6.31) £y =Ps>2(0r)™
r>0

is a sub- dg Lie algebra of Lo (61 .
Specifying general formula (G21)) to this particular case, we see that the differ-
ential TV on (6.29) is given by the equation:

(6.32) 0™ () =—(-D" > o(vorj{arax})) + Y 7(i({ar,a2}) 02 v)

o€Sha 1 T7€Shy

—(—1)‘”‘ Z ZT/O§T+1,7"+i(U O?"—i—ij({alan})) )

7/ €Shy 1 i=1
where
veEs”(O(r+ n))s’" ,
and ¢y41 04 is the cycle (r+ 1,7 +2,...,r +1).

REMARK 6.12. We should remark that, when we apply elementary insertions
in the right hand side of ([G32), we view v and j({a1,as}) as vectors in O(r + n)
and O(2) respectively. The resulting sum in the right hand side of ([@32]) is viewed
as a vector in TwO(n).

6.6. Example: The operad TwGer. Let Ger be the operad which gov-
erns Gerstenhaber algebras (see Subsection B33.2). Since ALie receives a quasi-
isomorphism (5:22)) from Alie,, and embeds into Ger, we have a canonical map

(6.33) Alies — Ger.

This section is devoted to the dg operad TwGer which is associated to the operad
Ger and the map ([633).
According to the general procedure of twisting

(6.34) Lcer = Conv(A?coCom, Ger) = H g2 (Ger(r))s"'
r=1
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and the Maurer-Cartan element a € Lge, corresponding to the map (6.33) equals

(6.35) a={ay,as}.

The graded vector space TwGer(n) is the product

(6.36) TwGer(n) = H s*" (Ger(r + n))sr .
r>0

Furthermore, adapting (6:32]) to this case we get

(6.37) 9T (v) = —(=1)! Z o(vor{ar,as}) + Z 7({a1, a2} 02 v)

G’EShgﬂvfl TEShlﬂ.
n
—(=1)l! Z ZT/ 0 Gyt rti(vorys {ar,a2}),
7/€Sh,,; i=1

where

r

v € s?"(Ger(r + n))s ,
and ¢y41,,4 is the cycle (r+1,r+2,...,7r+1).

EXERCISE 6.13. Prove that for every v € s"Ger(r + n)

(6.38) r<|v]+n-—1.
Similarly, prove that, for every vector v € 2" ~2Ger(r)
(6.39) r< o] +1.
Inequalities (638) and ([639) imply that
(oo}
(6.40) TwGer(n) = EB s*" (Ger(r + n))sr
r=0
and
(6.41) Lger = @52’“_2 (Ger(r))sr :
r=1

In other words, Tw®Ger = TwGer and EEGBer = LGer -
To give a simpler description of the cochain complexes TwGer(n) (640) we
consider the free Gerstenhaber algebra

Ger(a,ay,...,an)
in n variables ai, ..., a, of degree zero and one additional variable a of degree 2.
We introduce the following (degree 1) derivation

(6.42) 5a) = %{a,a}, Sa) =0 Yi<i<n

of Ger(a,ay,...,a,) and observe that
=0
in virtue of the Jacobi identity.
Then we denote by G, the subspace
(6.43) Gn C Ger(a,as,...,an)
spanned by monomials in which each variable aq,as,...,a, appears exactly once.

It is obvious that G, is a subcomplex of Ger(a,ay,...,a,).
We claim that
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70 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

PROPOSITION 6.14. The cochain complex Gy, is isomorphic to TwGer(n) .

PrROOF. Indeed, given a monomial v € G,, of degree r in a we shift the indices
of a; up by r and replace the r factors ¢ in v by a1, as, ..., a, in an arbitrary order.
This way we get a monomial v' € Ger(r 4+ n). It is easy to see that the formula

(6.44) flo)y=">Y s"o(v)

ocES,
defines a linear map of vector spaces
756, Twter(n) = s Gortr )
r=0

For example,

f({a,a}ar) = {a1, as}az+{az, a1 }as, f({a,a1}aaz) = {a1, az}azas+{az, az}aras .
It is not hard to see that f is an isomorphism of graded vector spaces. Fur-
thermore, f is compatible with the differentials due to the following exercise.

EXERCISE 6.15. Show that the map
f:G, — TwGer(n) = @Szr(Ger(r + n))sr
r=0

defined by (6.44) is compatible with the differentials 9™ and & . In other words,
(6.45) f(6v) = 0™ f(v) Yoveg,.
Thus the proposition is proved. (Il

Proposition implies that every vector v € Ger(n) C TwGer(n) is -closed.
Therefore, the obvious embedding
(6.46) i: Ger — TwGer
is a map of dg operads.

We claim thatl]

THEOREM 6.16. The map ([6.46) is a quasi-isomorphism of dg operads. In
particular, the dg Lie algebra Conv(A2coCom, Ger) is acyclic.

PROOF. Let us observe that ALie(a,ay,...,a,) is a subcomplex of Ger(a, a1, ..., a,).
Moreover,
(6.47) Ger(a,aq,...,a,) = S(ALie(a,aq,...,a,)),

where S is the notation for the truncated symmetric algebra.
Let us denote by

(6.48) ALie'(a, a1, ..., a,)

the subspace of Alie(a,aq,...,a,) which is spanned by monomials involving each
variable in the set {ay,as,...,a,} at most once. It is clear that ALie'(a,ay,...,a,)
is a subcomplex in Alie(a,aq,...,a,). Hence, the subspace

(6.49) Ger'(a,ay,...,a,) := S(ALie'(a,a1,. .., a,))

is a subcomplex of Ger(a,ay,...,an).

M This statement is also proved in [7].
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We will prove every cocycle in Ger'(a,ay, ..., a,) is cohomologous to a (unique)
cocycle in the intersection

Ger'(a,ay,...,a,) N Ger(a,...,a,)

and then we will deduce statements of the theorem.
Let us, first, show that every cocycle in ALie'(a,ay, ... ,a,) is cohomologous to
a cocycle in the intersection

ALie'(a,aq,...,a,) N Alie(ay,...,ay,).
For this purpose we consider a non-empty ordered subset {i; < io < -+ <}
of {1,2,...,n} and denote by
(6.50) ALie”(a,a;,,. .., a;,)
the subcomplex of ALie’(a,ay,...,a,) which is spanned by ALie-monomials in

Alie(a, a;,, . .., a;, ) involving each variable in the set {a;,,...,a;, } exactly once.
It is clear that ALie'(a,a1,...,a,) splits into the direct sum of subcomplexes:

(6.51) ALie'(a,ay,...,a,) = K(a, {a,a}) & GB ALie"(a,aiys- .-, ai,),
{i1<i2<"'<’ik}

where the summation runs over all non-empty ordered subsets {i; < iz < -+ < i}

of {1,2,...,n}.
It is not hard to see that the subcomplex K{a, {a,a}) is acyclic. Thus our goal
is to show that every cocycle in ALie”(a,a;,,. .., a;, ) is cohomologous to cocycle in

the intersection
ALie”(a,a;,, ... a;, ) N ALie(a;,,. .., a;,).
To prove this fact we consider the tensor algebra
(6.52) T(K(s 'a,s ' a;,,s  ai,,....s tag, )

1 -1

a,sVa;, s tag,,....s ai, , and denote by

(653) T/(s_l avs_l ail,s_l Qg y - "as_l a’ik—l)

in the variables s—

the subspace of (6.52) which is spanned by monomials involving each variable from

the set {s~ta;,,s 'ai,,...,s La;,_ ,} exactly once.

It is not hard to see that the formula
(654) V(le QT @ Q xjN) = {ijl’ {ijz’ { - {S Lin s> iy, }}
defines an isomorphism of the graded vector spaces

viT (s a,s Vag,s a5 tag, ) — ALie"(a,ai,,. .. a;,) .

Let us denote by dr a degree 1 derivation of the tensor algebra (G.52) defined
by the equations
(6.55) or(s™ta;,) =0, Sr(sta)=sta®s ta.
It is not hard to see that (67)? = 0. Thus, dr is a differential on the tensor algebra

6.52) .
The subspace ([6.53)) is obviously a subcomplex of ([6.52]). Furthermore, using
the following consequence of Jacobi identity

{a,{a, X}} = —%{{a,a},X}, vV X € Alie(a, a1, ..., ay),
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72 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

it is easy to show that
dov=voldr.
Thus v is an isomorphism from the cochain complex
(T'(s"'a,s a5 ag,,....s " ag,_,),67)
to the cochain complex
(ALie”(a, Qiyyoeny Gy )s 5) .

To compute cohomology of the cochain complex
(6.56) (T(]K(s_1 a,s ! @i, st Qiyy e st aik_1>),6T)

we observe that the truncated tensor algebra

(6.57) Tor,=T(K(s™"a))

S

form an acyclic subcomplex of (E50]).
We also observe that the cochain complex (656]) splits into the direct sum of
subcomplexes
(6.58)
T(K(sfl a,s tag, s ag,,. .., st ai,ﬁl)) = T(]K(s*1 @i, S Ty, " ai,ﬁl)) &)

@ Vaé?pl QT 1, ® Vaé?pz QT 1,8 ® Vagipmfl QT 1, ® Vaé?pm 7
m>2,p1,...,Pm
where V,, is the cochain complex
Voo =K{s a;,,s  aiy,...,s L, )
with the zero differential and the summation runs over all combinations (p1, ..., Pm)
of integers satisfying the conditions
PlaPmZO, an"'vpm7121~

By Kiinneth’s theorem all the subcomplexes
Va(%pl ® 2571 W ® Vaé?pz ® 1571 W@ ® fo:ﬂm—l ® I571 W ® Vaé?pm
are acyclic. Hence for every cocycle ¢ in ([G56) there exists a vector ¢; in (6.50)
such that
c—6r(c1) € T(K(s " asy,s  aiy,....s  ag, ).
Combining this observation with the fact that the subcomplex (653)) is a direct

summand in (650, we conclude that, for every cocycle ¢ in (653) there exists a
vector ¢; in (6.53) such that

c—or(c1) €T/ (s a,s7? ail,sf1 Qiyy--yS Tai,_ )N T(K(sf1 ai,S T ai,,. .. st aik71>) .

Since the map v ([624) is an isomorphism from the cochain complex ([G.53]) with
the differential d7 to the cochain complex ([E50) with the differential ¢, we deduce
that every cocycle in ([G.50) is cohomologous to a unique cocycle in the intersection

ALie”(a,a;,, ... a; ) N ALie(a;,,. .., a;,) .

Therefore every cocycle in ALie'(a,ay,...,a,) is cohomologous to a unique
cocycle in the intersection

ALie'(a,a1,...,a,) N Alie(ay,...,ay).
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Combining the latter observation with decomposition (6.49) we conclude that
every cocycle in Ger'(a,ay,...,a,) is cohomologous to a (unique) cocycle in the
intersection

Ger'(a,ay,...,a,) N Ger(ay,...,a,).

Thus, using the isomorphism

Gn = TwGer(n)

together with the fact that the cochain complex G,, is a direct summand in Ger'(a, ay, . .., a,),
we deduce the first statement of Theorem [6.16].
On the other hand, since Ger(0) = 0, Remark implies that

Conv(A%coCom, Ger) = 572 TwGer(0) .

Hence the second statement of Theorem [6.16] follows as well.
The theorem is proved. O

6.7. The dg Lie algebra Conv®(Ger”, 0). The filtration by Lie words
of length 1. Let O be a dg operad and ¢ be a map (of dg operads)

(6.59) t:Ger— O.

(Here, we assume that O(0) = 0.)

In this subsection we will describe an auxiliary construction related to the pair
(O,1). In these notes, we will use this construction twice. First, we will use it in
the case when O = Ger. Second, we will use it in the case wher[3 O = Gra.

Restricting ¢ to the suboperad AlLie we get a morphism of dg operads
(6.60) j=1 : ALie —» O.

Alie

Thus, following Section [6.0] we may construct the dg operad TwO as well as
its suboperad Tw®(0) Cc TwO (6.29).

On the other hand composing ¢ with Uger (5:20) we get a morphism

(6.61) 1 0 Uger : Cobar(Ger’) — O.

It is not hard to see that the Maurer-Cartan element o € Conv(Ger’,O) cor-
responding to the morphism (G:61)) is given by the formula

(662) o= L({al, ag}) ® b1bg + L(alag) X {bl, bg} .
Since o € Conv®(Ger”, ©), it makes sense to consider the cochain complex
Sn
(6.63) Conv®(Ger”,0) = D ((’)(n) ® A—2Ger(n))
n>1

with the differential
(6.64) 0=la, ].

Let us denote by £;(w) the number of Lie words of length 1 in a monomial
w € A~2Ger(n). For example, £;(b1bs) = 2 and £;({b1,b2}) =0.
Next we consider a vector v € O(n) and observe that for every vector v; ® w;

in the linear combination
0 ( Z o(v) ® U(w)>

oESy

12The operad Gra is introduced in Section [7 below.
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we have £;(w;) = £1(w) or £1(w;) = £1(w) +1
This observation allows us to introduce the following ascending filtration

(6.65) <o € F L Conv®(GerY, 0) € F™ Conv®(Ger”,0) C ...,

where F™ Conv®(Ger", O) consists of sums
Zw@’sz@ n) A" 2Ger( ))S"

which satisfy

L1(w;) = |vi@w;| <m, Vi.
It is clear that the associated graded complex
o0 Sn
(6.66) Gr Conv?(Ger”,0) = (P (O(n) ® A‘QGer(n)>
n=1

as a graded vector space, and the differential 9* on Gr Conv® (Ger”, 0) is obtained
from the differential & ([6.64) on Conv®(Ger”, O) by keeping only terms which raise
the number of Lie brackets of length 1 in the second tensor factors. For example,
the adjoint action
[(araz) @ {b1,ba}, |

of 1(ajaz) @ {b1, bz} does not contribute to the differential 95 at all.

To give a convenient description of the cochain complex (6.66) we introduce
the collection

(6.67) {A2Ger”(n)}nxo

where
A2Ger?(0) = 2K

and
A™2Ger” (n), n>1

is the S,,-submodule of A~2Ger(n) spanned by monomials w € A~2Ger(n) for which
El(w) =0.

Next, we introduce the cochain complex
(6.68)

s, Sn

D (Tw%( ) @ A~2Ger( ) @@( (s O(r +n))™ ®A-2Ger@(n))
n>1 r>0n>1

with the differential 8™ coming from TwO .
We observe that the formula

(6.69) Yo (Zvi@)wi) = Y Y o) @o(br.. by wilbri, ..o b))

7 o€Sh, ,

Sn
Zvi ®w; € (SQTO(T +n)% ® A*QGerv(n))
defines a morphism of graded vector spaces
Sy
(6.70) To : @ (TW@(’)(n) ® A_2Ger©(n)) — GrConv®(Ger”,0).
n>0

We claim that
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PROPOSITION 6.17. The map Yo (G10) is an isomorphism of cochain com-
plexes.

PROOF. It is clear that (6.60) is spanned by vectors of the form

(6.71) St @7y by w(brgrs- . brgn))

TESr+n

where v is a vector in O(r 4+ n), w is a monomial A~2Ger” (n), and numbers r,n
vary within the range r,n >0, r+n > 1.
Using the obvious identity

Z T(0) @71 ... by w(bry1, .. brgn)) =

TESr4n

Y o 3 (7, 7")(0) @ by . .. by (T"0) (B - -+ byt

o€Shy (7", 7"")ESr X8 CSrin

we see that the formula

(6.72) To| Y o @clbi...bpwlbrir, .. brn)) | =
0ESrin
Z T ( Z T/(U)> @ 7"(w)
T"ES, T'eS,

gives us a well-defined map

T Sy,
(6.73) Yo : GrConv®(Ger’,0) — EB (TwO(n) @ A=2Ger” (n))
n>0

Furthermore, it is obvious that ’Y'@ is the inverse of Yo .

Thus Y is an isomorphism of graded vector spaces.

Before proving that YT is compatible with the differentials, let us recall that,
for ¢ < j, ; ; denotes the cycle (i,i+1,...,7) € S, for any n > j. Furthermore,
Sii+1,...n denotes the permutation group of the set {i,i+1...,n}.

Let, as above, v be a vector in O(r + n) and w be a monomial in A~2Ger? (n).
Due to the above consideration,

(6.74)

Yt @7y byw(brgs. . brgn)) = To ( > AAv,(v)) ®)\(w)> ,

TESr4n AES,
where
Av,(v) = > Mi(v)
A ESr

is viewed as a vector in TwO(n).

Thus our goal is to show that
(6.75) 0% > r @7 bywlbrgr,. . b)) | =

TESr4n
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To ( Z O™ o MAv,(v)) ® A(w)) .

AESR

Collecting terms with r 4+ 1 Lie words of length 1 in the second tensor factors

[ o a)) @by, > 1@ @701 brwlbei, . b))

TESr4n
and using the obvious identity

in

>t @7y bpw(brgs. . brgn)) =

TGSr+n

r+n

Z Z 7/(§1,i(v) ®¢1,i(b1 ... by w(brgq,.

T'€S2,3,.. . ;rin =1

- begn)))

we get

(6.76) o Z T(0) @ 7(by...bp w(bry1, ..y brin))

TESr4n

= Z Z U(L({al,ag}) 01 T(U)) ® U(T(bl b w(bey,

- Ur Ty br+n))br+n+1)
0€Shyyn,1 TESrin

T'E€S3 4, rintl T

_(_1)\1)\ Z ZA(T’OQ,»(U 0; L({al,a2}))

A€Shs pppn—1 =1

& blbgb.,./(3) e bT/(TJrl) w(bn’-/(r+2), ey bT/(TJrlJrn)))

T'€S3.4,. rint1  r4n

SSUANNED SRS DRI CEIICEIKTONE)

AEShy pin_1 i=r+l1

by br’(3) v b‘r’(r+2)b1 w(b‘r’(r+3)7 ceey bT/(i+1)> bz, b‘r’(i+2)7 cey b‘r’(rJrlJrn)))

T'€S3.4,. rint1  r4n

SSUANNED SRR DRI CELICEIIONE)

AEShy pn_1 i=r+l

®@brr(3) -+ b (rga)b2 W(brr(rg3), - brrgin), b1, brrgiga), - oo, bT’(rJrlJrn))) :
where 6; is the following permutation in S,.114,

2 U R T T R
(6:77) 91—(3 4 ..o i+l 12 )
The first sum in the right hand side of (6.76]) can be simplified as follows.

Z Z o(v({a1,az}) o1 7(v)) @ o (7 (b1 - .. by w(br,

R br-‘:—n))br—i-n-i—l) =
0€Shyin,1 TESr4n
(6.78) Z )\(L({al, as}) oy U) @ A(b1 .. brw(brg1y- ey bpgn)brgnyl) =
)\EST‘+1+’VL

Z >\o§1,r+1+n (L({aly a2})017)) ®)\O§1,'r+1+n(b1 .. br w(errlu sy br+n)br+n+1) =
AES 4140
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NOTES ON ALGEBRAIC OPERADS T

Z Ae({ar,a2}) 02 v) @ A(by ... by w(bria, ..., bry14n)) =
AESrt14n
(A1,A2)ESrp1XSn

Z 0'(()\1, /\2) (L({(Zl, CLQ}) 09 U) %) /\2(b1 e br+1 w(b,«+2, ceey br+1+n))) =S

0€Shyt1,n
7€Shy ,» A'ESry2,.. rti4n

Z Z o(roXN o X' («({a1,az}) oz v)

aeShT+1,n N€ESs,. ., r+1

@ by b w(bxr(rgay, - -5 Oar(rgiem))) -
Thus

(6.79) The first sum in the R.H.S. of ([6.76) =

To Z Z T({ah as} og )\(AVT(U))) ® A(w)

r€Shy , AES,

Using the symmetry of the bracket {, }, we rewrite the second sum in the right
hand side of ([G70) as follows

T'E€S3 4, rintl T

ST SEA( oo lfanenh)

AEShy ppn_1 i=1

(680) &® blebT/(3) e bT/(TJrl) ’U}(b.,-/(rJrQ), o ,bT/(rJrlJrn))) =

—1)lvl
—( 2) Z Z/\( VO;L {al,ag})) ®b1b2b3...br+1 w(br+2,...,bT+1+n)) =

AESrt14n =1

X'€Sri2,. rti4n

—1)lvl
_( 12) Z Z ZUO N o)\/( (U 0, L({al,az}))

o€Shy41.n NeES, 41 =1

® b1b2 “es b’r-‘,—l ’U}(b,,‘_;’_27 ceey br+l+n)) =

7€Sha 1 A2€Srt2,. .. rtid4n r

_(_1)\11\ Z Z Zo‘ o 7—()\2 oMl ob; (v o; t({az, ag}))

oc€Shyy1,n A1ES3,. . ri1

® b1bs ... br+1 w(b)\g(r+2)7 SERR) b)\g(r+1+n))) =

7€Sha r_1 A2€Sry2,... riign

WENIES 3 U(AQ o7(N,(v) o1 {a1,a2})
O'ESh,,u',Ln ASEST
® biba...bry1 w(by,(r42), - - -,b,\Q(r+1+n))) ;

where 0; is defined in ([677).
Thus

(6.81) The second sum in the R.H.S. of (6.76) =

D)o [ Y ZA( (Av, (v ol{al,ag}))®k(w) :

TEShQ r—1 AES,
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78 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

where Av,(v) is viewed as a vector in O(r + n) and 7(Av,(v) o1 {a1,az}) is viewed
as a vector in TwO(n).
Due to Exercise [6.18 below,

(6.82) The combination of the last two sums in the R.H.S. of ([€X0]) =

_(_1)|U|TO Z Z Z )‘(T O Gr41,r4i (AVT(U) Op44 L({alv aQ}))) ® )‘(w) )

r€Sh, 1 AES, i=1
where Av,(v) is viewed as a vector in O(r 4+ n) and

70 Grp1,r4i (Avi (V) 0p g ({an, az}))
is viewed as a vector in TwO(n).

Comparing ([@.79), ([€81), and (6.82) with the second, the first and the third
sums, respectively, in the right hand side of equation ([E32]) from Section 6.5, we
see that the equation (G.75) indeed holds.

Proposition is proved. O

EXERCISE 6.18. Let v be a vector in O(r + n) and w be a monomial in
A~2Ger”(n). Prove that

(6.83) The combination of the last two sums in the R.H.S. of (676]) =

—(—1)|”|To Z Z Z)\(T o §r+17r+i(AV7ﬂ(v) ot t({as, ag}))) @ AMw) |,

7€Sh, 1 A€S, i=1

Av,(v) = > Mi(v

A ES,

where

Hint for Fzercise [6.18]: Using the symmetry of the bracket { , } we can rewrite
the combination of the last two sums in the right hand side of ([G70]) as follows:
(6.84) The combination of the last two sums in the R.H.S. of ([EX0]) =

r4+n

—1)ll Z Z )\(6‘i (vo; u({ar,az}))
i=r+1X€Srt14n
® babz .. .bpyow(bris, ..., bir1,b1,bi40,. .., br+1+n)) =
r4+n

DY Y Aok (Biv s elfaraz})
i=r+1XESrt14n
® babs .. bpya w(brys, .-y bit1,01,bita, bmﬂ)) -
r+n
\v Z Z (§1 (V%5 L({ala GQ})) ®biby ... br+1 w(br+2, ce ,br+1+n)) =
i=r+1 )\esr+l+n
r+n
NS Aociiﬂ(q,i (vo;({a1,az})) @ biby ... b1 w(brya,. . .,br+1+n)) -
i=r+1XESrt14n
r4+n
‘ | Z Z (§r+11 Vo5 L({al,ag})) ®b1b2...br+1 w(br+2,...,br+1+n)) .

i=r+1XESrf14n
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NOTES ON ALGEBRAIC OPERADS 79

7. The operad Gra and its link to the operad Ger

Let us recall from [42] the operad (in grVecty) of labeled graphs Gra.

To define the space Gra(n) (for n > 1) we introduce an auxiliary set gra,,. An
element of gra,, is a labelled graph I' with n vertices and with the additional piece
of data: the set of edges of I' is equipped with a total order. An example of an
element in gra, is shown on figure[ 2600 We will often use Roman numerals to specify

F1c. 26. The Roman numerals indicate that we chose the total
order on the set of edges (1,1) < (1,2) < (1,3)

total orders on sets of edges. Thus the Roman numerals on figure [26] indicate that
we chose the total order (1,1) < (1,2) < (1,3).

The space Gra(n) (for n > 1) is spanned by elements of gra,,, modulo the
relation I' = (—1)!°IT where the elements I'” and I correspond to the same labelled
graph but differ only by permutation o of edges. We also declare that the degree
of a graph T in Gra(n) equals —e(T"), where e(T") is the number of edges in I". For
example, the graph I' on figure 2] has 3 edges. Thus its degree is —3.

Finally, we set

(7.1) Gra(0) =0.
REMARK 7.1. It clear that, if a graph I' € gra,, has multiple edges, then
r=-r

in Gra(n). Thus for every graph I" € gra,, with multiple edges I' = 0 in Gra(n).

We will now define elementary insertions for the collection {Gra(n)},>0 -

Let I' and T be graphs representing vectors in Gra(n) and Gra(m), respectively.
Let 1 <i<m.

The vector T o; I' € Gra(n + m — 1) is represented by the sum of graphs
Fa € gran+m—1

(7.2) FoI'=) T,

where T, is obtained by “plugging in” the graph I' into the i-th vertex of the graph
I and reconnecting the edges incident to the i-th vertex of T to vertices of I' in
all possible ways. (The index « refers to a particular way of connecting the edges
incident to the i-th vertex of I to vertices of I. ) After reconnecting edges we label
vertices of I, as follows:

e we leave the same labels on the first ¢ — 1 vertices of f;

e we shift all labels on vertices of I' up by ¢ — 1;

e finally, we shift the labels on the last m — i vertices of r up by n — 1.
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80 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

To define the total order on edges of the graph I', we declare that all edges of r
are smaller than all edges of the graph T".

EXAMPLE 7.2. Let I (resp. ') be the graph depicted on figure 27 (resp. figure
28) . The vector T' oy T is shown on figure

2
1
Fia. 27. A graph Fic. 28. A graph
I' € gra; I' € gra,

F1G. 29. The vector oy T € Gra(4)

The symmetric group S, acts on Gra(n) in the obvious way by rearranging
the labels on vertices. It is not hard to see that insertions (T-2)) together with this
action of S, give on Gra an operad structure with the identity element being the
unique graph in gra; with no edges.

It is clear that if two graphs [ and T representing vectors in Gra do not have
loops (i.e. cycles of length 1) then each graph in the linear combination Lo T
does not have loops either. Thus, by discarding graphs with loops, we arrive at a
suboperad Grag of Gra.

The graphs depicted below represent vectors in Grag(2) and in Gra(2).

1 2 1 2
(7.3) Ileo= o—o lTee= o0 @

Later they will play a special role.

7.1. “Graphical” interpretation of the operad Ger. Since Ger is gener-
ated by the monomials ajaq, {a1,a2} € Ger(2), any map of operads

f:Ger— O
is uniquely determined by its values on ajas and {a1,as} .

EXERCISE 7.3. Let I'e o and I'ss be the vectors in Gra(2) introduced in ([T3).
Prove that the assignment

(7.4) t(aras) =T, t({a1,a2}) =T
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NOTES ON ALGEBRAIC OPERADS 81

defines a map of operads (in grVecty)
(7.5) t: Ger — Gra.
Notice that, one only has to check that

L((alag)ag - al(agag)) =0,
L({al, azag} — {ah a2}a3 + a2{a1’a3}) =0,

({{ar, az}, az} + {{az, a3}, a1} + {{as,a1},a2}) = 0.
We claim that
PROPOSITION 7.4. The map of operads v : Ger — Gra is injective.
PROOF. Recall that due to Exercise .12, the monomials
(7.6) {@iris @iy, 1ys @iny, B Aains @i, s Gy, B

corresponding to the ordered partitions ([B:30]) form a basis of Ger(n).
Let us observe that for every ordered partition ([B:30]) the graph depicted on
figure [30] enters the linear combination

t({aiyys-- -, {@iy i, 1ys Qing, Bt @iy i, 1y @i, 1)

with the coefficient 1.

111 112 113 1(p1—-1) 21py
e — @

i21 122 123 12(pa—1) 12py
. * >  -.. —eo—_— o
41 142 143 Li(pe—1) Ltpt
° ° . ... —o o

FiG. 30. The edges are ordered “left to right”, “top to bottom”

Since such graphs are linearly independent in Gra(n), we conclude that ¢ is
indeed injective.
The proposition is proved. ([l
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82 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

8. The full graph complex fGC: the first steps
Let T'e s and I’y be the vectors in Gra(2) introduced in (T3]). Following Exer-

cise [(.3] and Proposition [(.3] the formulas
t({a1,a2}) =Tew, t(aras) =Tee

define an embedding ¢ of the operad Ger into the operad Gra.
Thus, restricting ¢ to the suboperad ALie C Ger we get an embedding

Alie — Gra.
Hence we have a canonical map of (dg) operads
(8.1) ©Gra : Aliese — Gra.

Applying the general procedure of twisting (see Section[d]) to the pair (Gra, ¥gra)
we get a dg operad TwGra and a dg Lie algebra

(8.2) LGra = Conv(A?coCom, Gra)

which acts on the operad TwGra.
Following [42] we denote the dg Lie algebra Lg by fGC. In other words,

(8.3) fGC = Conv(A?coCom, Gra)
The vector
(8.4) Iee € fGC
is a Maurer-Cartan element in fGC and the differential on fGC is given by the
formula:
(8.5) 0 =adp,, .

DEFINITION 8.1. The cochain complex fGC (B3] with the differential (8H) is
called the full graph complex.

In this subsection we take a first few steps towards analyzing the cochain com-
plex fGC.
Unfolding the definition of the convolution Lie algebra we get

(8.6) fGC = H Homyg, (A*coCom(n), Gra(n H Homyg, (s> *"K, Gra(n)) =

n=1

o0
H "2Gra )S".

In other words, vectors in fGC are infinite sums

(8.7) v= Z Yn

n=1

of S,-invariant vectors 7, € s*"~2Gra(n).
The vector space

(8.8) s" 2 (Gra(n))

is spanned by vectors of the form

(8.9) Av() = ) o)

Sn
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NOTES ON ALGEBRAIC OPERADS 83

where I is an element in gra,,. In other words, formula (89]) defines a surjective
K-linear map

(8.10) Av : K(gra,) — s*" 2 (Gra(n))s" :

To describe the kernel of the map Av, we observe that Av(I') = 0 if and
only if the underlying unlabeled graph has an automorphism which induces an odd
permutation on the set of edges. In this case we say that the element I' € gra,, is
odd. Otherwise, we say that the element I' € gra,, is even. For example, the square
depicted on figure 31l is odd and the pentagon depicted on figure B2 is even. It is
obvious that the property of being even or odd depends only on the isomorphism
class of the underlying unlabeled graph.

2
3
4 3
— o 1
— o 4
1 2 5
Fic. 31. We choose Fi1c. 32. We choose
this order on the set this order on the set
of edges: (1,2) < of edges: (1,2) <
(2,3) < (3.4) < (4, (23) < (3.4) <
1) (4,5) < (5,1)

Let us consider a pair of even elements I', T € gra,, whose underlying unlabeled
graphs are isomorphic. Any isomorphism of the underlying unlabeled graphs gives
us a bijection from the set E(T') of edges of T" to the set E(I”) of edges of I".
Since both sets E(T") and E(I”) are totally ordered, this bijection determines a
permutation o € S, where m = |E(T')|. Furthermore, since I and I"” are even,
such permutations o are either all even or all odd. In the later case, we say that
even elements I" and IV are opposite and the former case we say that even elements
I’ and TV are concordant.

It is clear that

PROPOSITION 8.2. The kernel of the map Av [8I0) is spanned by vectors of
the form

(8.11) I, Ty-T, T|+T},

where T is odd, (I'1,T'3) is a pair of concordant (even) graphs, and (T'},T%) is a
pair of opposite (even) graphs. O

In view of Proposition B2 we may identify the vector space (88) with the
quotient of K(gra,,) by the subspace spanned by vectors (81T]).
The following proposition gives us a convenient description of the differential

®3H) on fGC:

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



84 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS
PROPOSITION 8.3. For every (even) element I' € gra,, we have

1 n

(8.12) (Av(I)) = Av(Teq 01 ) — (=1)¢0) 5 > Av(To;T..)
i=1
where e(T") is the number of edges of T'. Moreover, if T is a connected (even) graph
in gra, with at least one edge, then
(_1)6(F) - ’

(8.13) d(Av(D)) = - ; Av(TY)
where T is obtained from T o; T'ee by discarding all graphs in which either vertex
1 or vertex i + 1 has valency 1.

PrOOF. It is straightforward to verify the first claim by unfolding the definition
of the Lie bracket on Conv(A%coCom,Gra). The second claim follows from the
observation that

—1)e™ 2 ~
Av(Teqo01 ) = % ZAV(D)
i=1

where fz is obtained from the linear combination I' o; I'y4 by keeping only the
graphs in which either vertex i or vertex ¢ + 1 has valency 1. O

EXERCISE 8.4. Let I'g be the graph in gra; which consists of a single vertex.

Show that
(8.14) Ol'g =Tes.
Let I's be the graph in gra; with consists of a single loop. Show that

Ol =0.
Thus T'¢y represents a degree —1 (non-trivial) cocycle in fGC.

8.1. The subcomplex of cables. Let us denote by X_ the subspace of fGC
which is spanned by vectors
Av(D)
where T is either the single vertex graph I'y or a graph I',” depicted on figure B3]
for I > 2. For example, I'; =14, .

Fi1G. 33. The graph I';”

It is easy to see that the vectors Av(I';") have degrees
[Av(I,))|=1-1,
Av(I'[) =0, if {=0,3 mod 4,
and
Av(I']) #0, if [=1,2mod 4.
Furthermore, due to Exercise below,

aAV(FZkH) = AV(FZk+2)
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forall k >1.
Combining these observations with equation ([8I4]) we conclude that

PROPOSITION 8.5. The subspace K_ is subcomplex of f{GC. Moreover K_ is
acyclic. OJ

We call K_ the subcomplex of cables.

EXERCISE 8.6. Let I',” be the family of graphs for I > 2 defined on figure 33l
Prove that for every k£ > 1
OAV(I 1) = Av(Ty o) -
8.2. The subcomplex of polygons. Let us denote by K, the subspace of
fGC which is spanned by vectors of the form

Av(T?,),

where I'?, is the element of gra,, depicted on figure B4l For example, I'{ is the
2
3
1
m

F1a. 34. The edges are ordered as follows (1,2) < (2,3) < --- <
(m—1,m) < (m,1)

graph I's in gra; which consists of a single loop.
Due to Exercise B below, K, is a subcomplex of fGC with

(8.15) H*(K,) = Ps' K.
q=1

We call K, the subcomplex of polygons.

EXERCISE 8.7. Show that the graph I'?, is odd if m # 1 mod 4 and even if
m =1 mod 4. Using equation (8I3]), prove that for every ¢ > 0

AV(FZqul)
is a non-trivial cocycle of fGC of degree 4¢ — 1.

8.3. The connected part fGCconn of fGC. Let us denote by fGCiopn, the
subspace of fGC which consists of infinite sums

oo
y=> 1, € 2(Gra(n))™"
n=1

where 7, is a linear combination of connected graphs in Gra(n).
It is clear that fGC,qpy, is a Lie subalgebra of fGC and hence a subcomplex. It
is also clear that

(8.16) fGC = 57 25(s? fGCoomn) ,
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86 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

where S denotes the completed symmetric algebra. Thus the question of comput-
ing cohomology of fGC reduces to the question of computing cohomology of its
connected part fGCeopnp -

9. Analyzing the dg operad TwGra

According to the general procedure of twisting
[e'S) s,
(9.1) TwGra(n) = H s?" (Gra(r + n)) .
r=0

In other words, vectors in TwGra(n) are infinite linear combinations

(92) Y= Z’Yr )
r=0

where v, is an S, invariant vector in s*"Gra(r + n).

It is clear that the first r vertices and the last n vertices in graphs of -, play
different roles. We call the first r vertices neutral and the remaining n vertices
operational. Tt is convenient to represent neutral (reps. operational) vertices on
figures by small black circles (reps. small white circles). In this way, the same
element of gra,, may be treated as a vector in different spaces of the operad TwGra.
For example, the graph on figure B3l represents a vector in TwGra(0), the graph on
figure B8] represents a vector in TwGra(1), and the graph on figure 37 represents a
vector in TwGra(2).

1 2 1 2 1 2
—o e—oO o——o0
FiG. FiaG. FiG.

35. A 36. A 37. A
vector vector vector

in in in
TwGra(0) TwGra(1) TwGra(2)

It is obvious that the vector space
s*"(Gra(r + n))ST C TwGra(n)
is spanned by vectors of the form
(9.3) Av,(T) = > o),
oc€ES,

where I' is an element in gra,..,, .
In other words, equation ([@.3) defines a surjective map

(9.4) Av, : K(gra,,) — s> (Gra(r + n))ST' :

For an element I' € gra,,,, we denote by I'°"P the partially labeled graph which
is obtained from I' by forgetting labels on neutral vertices and shifting labels on
operational vertices down by r. Note that, since I'°" has unlabeled vertices, it
may have non-trivial automorphisms.
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It is obvious that Av,.(T') = 0 if and only if I'°"P has an automorphism which
induces an odd permutation on the set of edges. In this case, we say that an element
I' € gra,.,,, is r-odd. Otherwise, we say that I' is r-even.

Let us consider two r-even elements I', T” € gra,.,,, whose underlying partially
labeled graphs I'°"P and (I')°"" are isomorphic. Any isomorphism from P to
(I7)°ub gives us a bijection from the set E(T') of edges of T to the set E(I') of edges
of IV . Since both sets E(I") and E(I") are totally ordered, this bijection determines
a permutation o € S, where e = |E(T")|. Furthermore, since I' and I'" are r-even,
such permutations o are either all even or all odd. In the latter case, we say that
r-even elements I' and I are r-opposite and in the former case we say that even
elements I" and I are r-concordant.

It is clear that

PROPOSITION 9.1. The kernel of the map Av, (@4) is spanned by vectors of
the form

(9.5) I, T,-T, T,+T},

where T is r-odd, (I'1,T'2) is a pair of r-concordant (r-even) graphs, and (T'},T%) is
a pair of r-opposite (r-even) graphs in gra,. ., . O

In the following proposition we give a convenient formula for the differential on
TwGra.

PROPOSITION 9.2. Let I' be an r-even element in gra, ., . Then

(96) 8TWAVT (F) = AVT+1 (FH O9 F) - (—1)6(F)AVT+1 ( Z Sr4-1,r+14 (F Opr4i FH))
i=1
—1)em
_% Z Avr—i-l (F 94 FH) )
i=1
where e(I') is the number of edges of T', T'e_s is defined in ([3)), and G,41 44 is the
cycle (r+1,r+2,...,7r4+1) € Spi14n -

REMARK 9.3. We should remark that the vector 9TV Av,.(T') is a linear combi-
nation of graphs in gra, ., in which the first r 41 vertices are treated as neutral.
Thus vertices with labels r+ 1 and r+4+ 1 in graphs in §r+1,r+i(r Opti I‘H) come
from I'es. The vertex with label » + 1 is treated as neutral and the vertex with
label » + i + 1 is treated as operational.

PRrROOF. Adapting general formula ([@32]) to the case when O = Gra we get
O™AV,() = > 7(Tes oz Av,(I))

TEShl,r,»
(9.7) —(=DM 3" > o1 (Avi(T) o Tas)
7/€Sh,.; i=1
—(=1)e® Z (Av, () o1 Tes) .

A€Shy 1
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Using the obvious identity

AVT Z Z o O§1'L )

axioms of operad, and Ss-invariance of FH we rewrite the last sum in ([@7) as
follows
r o(i)<o(i+1)

¥ anmear) =Y Y eltar) -

A€Shs 1 =1 0ESrt1
Z ZU(F O, FH) = %AvH_l(ZFoi FH> .
€Sy i=1 i=1

The first sum in the right hand side of (@.7)) can be rewritten as

Z T(Te-e 02 Av, (T Z Z 700 (Feaoal') =

T7€Shy 7€Shy,, 0’/E€S2 r41

Z (Pee02T) =Av,y1(FegoaT),
oES 41

where Sy, .41 denotes the permutation group of the set {2,...,7+1}.
As for the second sum in the right hand side of ([@.7)), we have

Z ZT O Sr41,r+i AVT( ) r+i H) =

7/€Sh, 1 i=1

n
/ /
E E g T OGr+1,r4i©C0 (F Or+i F-—-) =
7/€Sh, 1 i=10'€S,

n

Z Z O OGCr41,r+i (P Or44 FH) = AVr+1 ( Z Sr+41,r+1i (F Or4i FH)) .

i=1 €S 41 i=1
Thus, equation ([@.6]) indeed holds. O
9.1. The Euler characteristic trick. Let us consider sums (0.2) satisfying

PROPERTY 9.4. For every r > 0, each graph in the linear combination ~, has
Euler characteristic x .

Using equation (@.6)), it is not hard to see that the subspace of such sums is a
subcomplex in TwGra(n). We denote this subcomplex by

(9.8) TwGray (n).
We claim that

PROPOSITION 9.5. For every triple of integers n > 0,m and x the subspace
TwGra, (n)™ of degree m vectors in TwGra, (n) is spanned by graphs with

(9.9 e=2n—x)+m
edges and
(9.10) r=n+m-—x

neutral vertices. In particular, the subspace TwGray (n)™ is finite dimensional.
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PROOF. Recall that for every graph I' € gra,,, the vector Av,.(I') € TwGra(n)
has degree

|Av,(D)| =2r —e,
where e is the number of edges of I".
Hence, if Av,(I") € TwGra,(n)™ then

(9.11) m=2r—e,
and
(9.12) x=n+r—e.

Subtracting (@I1) from ([@I2)), we get
X—m=n-—r.
Therefore,
r=n4+m-—x
and
e=2n—-2x+m.
Thus the proposition follows from the fact that the number of graphs with a
fixed number of vertices and a fixed number of edges is finite. ]

Proposition has the following useful corollary.

COROLLARY 9.6. The cochain complex TwGra(n) decomposes into the product
of sub-complezes

(9.13) TwGra(n) = [ ] TwGray(n).
XEZ
PrOOF. Let
= Z%, Y € szT(Gra(r—i—n))Sr
r=1

be a vector of degree m .
Equations ([@.I1) and (@I2) imply that for every r

~vr € TwGray (n)

where
X=n+m-—r.
Thus
TwGra(n) C H TwGray (n).
XEZ
The inclusion
H TwGra, (n) C TwGra(n)

is proved in a similar way. |

REMARK 9.7. We will often need to prove that any cocycle in TwGra(n) or a
similar cochain complex is cohomologous to a cocycle satisfying a certain property.
Proposition and Corollary (or its corresponding versions) will allow us to
reduce such questions to the corresponding questions for finite sums of graphs. We
will refer to this maneuver as the Fuler characteristic trick.
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9.2. The suboperads Graphs’ C Graphs’ € TwGra. Let us denote by fGraphsu(n)
the subspace of TwGra(n) which consists of linear combinations (@.2) satisfying

PROPERTY 9.8. If a connected component of a graph in ~, for some r > 0 has
no operational vertices then this connected component has at least one vertex of
valency > 3.

REMARK 9.9. It is not hard to see that, if all vertices of a connected graph I'
have valencies < 2 then I' is isomorphic to one of the graphs in the list: I'y, I',”
(see figure B3), or I'?, (see figure B4)). In other words, fGraphs'(n) is obtained from
TwGra(n) by “throwing away” graphs which have connected components Ty, T';”
(see figure B3), or I'?, (see figure B4 with all neutral vertices.

Let us also denote by Graphs?(n) the subspace of TwGra(n) which consists of
linear combinations (@.2]) whose neutral vertices all have valencies > 3.
We claim that

PROPOSITION 9.10. Both Graphs®(n) and fGraphs®(n) are subcomplezes of TwGra(n)
(9.14) Graphs®(n) C fGraphs*(n) C TwGra(n).
Moreover, the collections

{Graphsﬁ(n)}nzo , {fGraphsﬁ(n)}nZO
are suboperads of TwGra .

PrROOF. The only non-obvious statement in this proposition is that the sub-
space Graphsﬁ(n) is closed with respect to the differential 9T% .

So let us denote by I' an r-even graph in gra,., ,, whose neutral vertices all have
valencies > 3 and analyze the right hand side of (0.6l

All graphs in the first linear combination in the right hand side of (@) have a
univalent neutral vertex. However, it is not hard to see that they cancel with the
corresponding terms in the second and the third linear combinations in the right
hand side of (@.0).

Graphs with bivalent neutral vertices come from both the second and third
linear combinations of the right hand side of ([@.0]). Again, it is not hard to see that
these contributions cancel each other.

The proposition is proved. O

The goal of this subsection is to prove that
PROPOSITION 9.11. The embedding
(9.15) emb? : Graphs®(n) < fGraphs® (n)
is a quasi-isomorphism.

PROOF. Let us denote by graphs’(n) (resp. fgraphs®(n)) the subcomplex of
Graphs®(n) (resp. fGraphs®(n)) which consists of finite linear combinations (3.2) in
Graphs®(n) (resp. fGraphs?(n)). In other words,

(9.16)
graphs®(n) := Graphs®(n) N Tw®Gra, fgraphs®(n) := fGraphs*(n) N Tw®Gra.
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Next we observe that the cochain complexes Graphs®(n) and fGraphs (n) admit
decompositions with respect to the Euler characteristic

Graphs*(n H Graphs® (n) N TwGra, (n),
XEZ

fGraphs* (n H fGraphs*(n) N TwGra, (n)
XEZ

and Proposition implies that the subspace of elements of fixed degree in
Graphs®(n) N TwGray (n) and in fGraphs®(n) N TwGra, (n) is spanned by a finite
number of graphs.

Thus, in virtue of Remark 0.7 it suffices to prove that the embedding

(9.17) graphs’(n) < fgraphs®(n)

is a quasi-isomorphism.

Let I' be an element in gra,.,, such that Av, (I') represents a vector in fgra phs*(n).
Let us denote by v5(T") the number of neutral vertices having valency 2.

It is clear that the linear combination

8™ Av(T)

may involve only graphs IV with vo(I") = 12(T) or vo(I") = 1a(I') + 1.
Thus we may introduce on the complex fgra phsﬁ(n) an ascending filtration

(9.18) .- C F™ Ygraphs®(n) € F™fgraphs®(n) c F™fgraphs®(n) C

where F™fgraphs®(n) consists of vectors v € fgraphs®(n) which only involve graphs
I satisfying the inequality
va(l) =y <m.
It is clear that
Ffgraphs® (n)
does not have non-zero vectors in degree < —m. Therefore, the filtration (@I8)

is locally bounded from the left. Furthermore, since fgraphsti (n) consists of finite
sums of graphs,

fgraphs® (n U}'mfgraphs (n).

In other words, the filtration (@.I8) is cocomplete.
It is also clear that the differential 9 on the associated graded complex

(9.19) Gr(fgraphs* (n @}'mfgraphs )/}'m_lfgraphsﬁ(n).
is obtained from O™ by keeping only the terms which raise the number of the

bivalent neutral vertices.
Thus, since graphs (n) is a subcomplex of fgraphsﬁ(n), we conclude that

graphs®(n)® ¢ F~*fgraphs*(n)* N ker 9",
where graphs® (n)* (vesp. F~*fgra phs (n)*) denotes the subspace of degree k vectors
in graphs®(n) (resp. in F~*fgraphs®(n)).

To complete the proof of the proposition, we need the following technical lemma
which is proved in Subsection [0.2.2] below.
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LEMMA 9.12. For the filtration (II8) on fgraphs®(n) we have
(9.20) H* (megraphsﬁ(n)/}'m_lfgraphsﬁ(n)) =0
for all m > —k . Moreover,

(9.21) graphs®(n)* = F~*fgraphs’(n)* N ker 9",

It is easy to see that the restriction of (@) to the subcomplex graphs®(n)
gives us the “silly” filtration:

(9.22) ]:mgl’aphsﬁ (n)k _ ) grapnhs (n) . if m > ,
0 otherwise .
The associated graded complex Gr(graphsu(n)) for this filtration has the zero dif-
ferential.
Since
F™fgraphs’(n)¥ =0 Vm < —k,
we have

Fkfgraphs’(n)* N ker 9" = H* (.7-'_kfgraphsli (n)/]—'_k_lfgraphslj (n)).
Thus, Lemma@T2/implies that, the embedding (@.I7) induces a quasi-isomorphism
of cochain complexes
Gr(graphs®(n)) —» Gr(fgraphs®(n)).

On the other hand, both filtrations (@I8) and ([@22)) are locally bounded from
the left and cocomplete.

Therefore the embedding ([@Q.I7) satisfies all the conditions of Lemma [A3 from
Appendix [A] and Proposition follows. O

9.2.1. An alternative description of Gr(fgraphsﬁ(n)). In order to prove Lemma
9.12] we need a convenient description of the associated graded complex ([@19).
For this purpose we introduce three cochain complexes:

e The first cochain complex is the tensor algebra
(9.23) T, = T(K{a})

in a single variable a carrying degree 1 with the differential 0 defined by
the formula

(9.24) §(a) = a?.
e The second cochain complex is the truncation of the above tensor algebra
(9.25) T,=TK(a)=K(a)oK{a®a)dKle®@a®a)® ...

with the same differential (O.24]).
e Finally, the third cochain complex

(9~26) L= K<{[n}n>0, n=0,1 mod 4>
has the basis vector {l, }n>0, n=0,1 mod 4 carrying degrees
[ =n—2.
The differential on ([@.26) is given by the formulas:
(9.27) 6(lak) = —lag41, 6(lak41) = 0.
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It is easy to see that the cochain complex (T',,¢) is acyclic,

K ife=0
(9.28) H*(T,) = e

0 otherwise,
and

K ife=-—1
(9.29) H*(L) :{ ne

0 otherwise .

)

Moreover H°(T,,d) is spanned by the class of 1 and H~!(L) is spanned by the
cohomology class of [; .

Next, to every pair of non-negative integers r, n satisfying r + n > 0 we assign
an auxiliary groupoid Frame,, . An object of this groupoid is a labeled directed
graph J with 7 + n vertices and with an additional piece of data: the set E(J) of
edges of J is equipped with a total order. For our purposes, we call the first r
vertices neutral and the last n vertices operational. (On figures we use small black
circles (resp. small white circles) for neural (resp. operational) vertices.) Each
object 1 € Frame, ,, obeys the following properties:

e J does not have bivalent neutral vertices;

e J does not have a connected component which consists of a single neutral
vertex;

e ] does not have a connected component which consists of a single edge
which connects two neutral vertices;

e each edge adjacent to a univalent neutral vertex (if any) of J originates at
this univalent neutral vertex;

e the set F(J) is ordered in such a way that edges adjacent to univalent
neutral vertices (if any) are smaller than all the remaining edges;

e finally, loops of 1 (if any) are bigger than all the remaining edges.

Objects of the groupoid Frame, ,, are called frames.

A morphism from a frame J to a frame 1’ is an isomorphism of the underlying
graphs which respects labels only on the operational vertices and respects neither
labels on neutral vertices, nor the total order on the set of edges, nor the directions
of edges.

EXAMPLE 9.13. Let J be the frame in Frames 4 depicted on figure B8 Let g, be
the automorphism of J which swaps the first edge with the second edge and g» be
the automorphism of J which swaps the fifth edge with the sixth edge. It is obvious
that Aut(J) is generated by g1 and go. Moreover, Aut(J) = Sy x Sy .

6
vii

Fia. 38. As above, we use Roman numerals to specify the total
order on the set of edges
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The total number of edges e of any frame J splits into the sum
e =¢€qt+ €+ €_ s

where e, is the number of edges of J adjacent to univalent neutral vertices (if any),
€. is the number of loops of J and e_ is the number of the remaining edges. Thus,
for the frame J on figure B8 we have eq = 2, e, = 1, and e_ = 4.

For every frame ] € Frame, ,, we construct a linear map

(9.30) Fy %20 (Ia)®e' ® (st Ta)®67 ® L®¢ — Gr(fgraphs’(n)).

Namely, given a collection of monomials a*',a*2, ..., aFeete— with k; > 0 for
all < ke, and vectors lg, ., ,,,...,lk, in L we form a graph I' € gra(, ;,y,,, with
€e cete_ e
=3 k-4 Y kit Y (ki—1)
=1 i1—eq+1 i—eqte_+1

following these steps:

e first, for each 1 < i < e,, we divide the i-th edge into k; sub-edges;

e second, for each e, < i < e4 + e_, we divide the i-th edge into k; + 1
sub-edges;

e third, for each e, +e_ < i < e, we divide the i-th edg into k; sub-edges;

e we declare that the additional r’ vertices obtained in the above steps are
neutral, label them by numbers r + 1,7 +2,...,7 + 7’ in an arbitrary
possible way and shift labels on all operational vertices up by r’;

e we order the set F(T") of edges of T" in the following wayld: if 51,5 € BE(T)
are parts of different edges of J then s; < sy provided s; is a part of a
smaller edge; if s1, s5 € E(T') are parts of the same edge of J which is not
a loop then s; < sg provided s; is closer to the origin of its edge; finally,
we order sub-edges of each loop of J by choosing one of the two possible
directions of walking around the loop.

We will refer to this graph I' as the graph reconstructed from the monomial

R e_

(aFt,ak2, . . aFeste— Goowre 1s oo i) €872 (Ia)®e' ® (s7'T,) ® L®¢

using the frame J.
It is not hard to see that the equation

(9.31) Fy(a™,a™, . ateere )= Y o(T)

UEST.+7./
defines a (degree zero) map of graded vector spaces (@.30).

EXAMPLE 9.14. Let J be the frame in Frames 4 depicted on figure Then

Fy(a,a®,a,1,1,a,1) = Z o(l),
o€S10

where I' is the element in gra,,, depicted on figure

13Note that, for each ee + e_ < i < e the i-th edge is necessarily a loop.
M The order on the set E(T) is defined up to an even permutation.
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10

F1G. 39. The graph I' € gra,y, 4 corresponding to the vector (a, ad,a,1,1,a,ly)

Let us denote by 95" the differential on the associated graded complex Gr(fgraphs(n)) .
It is clear from the definition of the filtration (I.I8) on fgraphs®(n) that 9" is ob-
tained from 0TV by keeping only the terms which raise the number of the bivalent
neutral vertices. Hence the image of the map F3y is closed with respect to the action
the differential 95" . Furthermore, going through the steps of the definition of F,
it is not hard to verify that

(9.32) 99" o Fy = Fy04.

Our next goal is to describe the kernel of the map Fy. For this purpose, we
introduce the semi-direct product

(9.33) Se x (S2)°
of the groups S, and (52)6 with the multiplication rule:
(9.34) (1501, ..,0¢) - (Ao, ..o 00) = (TA 001) 015 -+ -5 Or(e)Te) -

Next we observe that the group Aut(J) admits an obvious homomorphism to
the subgroup

(9.35) (Se. x Su X Seo) - ({id}e' X (82)° x {id}%)

of [@33), where {id} denotes the trivial group. Namely, this homomorphism assigns
to an element g € Aut(J) the string

(T501,...,0¢), TESe, 01,...,0, € 59

in ([@.33) according to this rule: 7(¢) = j if the automorphism ¢ sends the i-th edge
to the j-th edge; o; is non-trivial (for e, +1 < i < eq +e_) if g sends the i-th edge
to the j-th edge and the directions of these edges are opposite. It is clear that this
homomorphism lands in the subgroup (0.35).

The group ([@35) acts on the graded vector space

(936) S2’r‘—26. (Ia)®eo ® (S_l Ta)®6’— ® L®€o .
Namely, if o is the non-trivial element of Sy and e, < i < €4 + €_ then
(L...,1, o .1,...0) (" ab, o abeere— g ) =

i-th spot
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ki(ki+1) k k
(—1) 2 (a tat? a e‘+e—,[ke.+€_+1,...,[ke).

Furthermore, for every 7 € S, X Se_ x S, we set

geeey

k1 k k _
T(a™,a"™, . . a ot e e ) =

k__ k__ k__
(_1)5(T7k1,-~7ke)(a I gt aT 1(C°+E’)7[k s +1>7-~-7[k .y ))7
r—1(cqte_ r=1(e

where the sign factor (—1)5(7F1:Fe) i determined by the usual Koszul rule.

Thus the graded vector space ([@.30) is equipped with a left action of the group
Aut(J).

EXAMPLE 9.15. Let us consider the frame J depicted on figure Let g1 be
the generator of Aut(J) which swaps the first edge with the second edge and let g,
be the generator of Aut(J) which swaps the fifth edge with the sixth edge. Then
for the vector (a,a®,a,1,1,a,l;) we have

(9.37) gi(a,a®,a,1,1,a,ly) = —(a® a,a,1,1,a,ly),
and
(9.38) ga(a,a® a,1,1,a,1y) = —(a,a® a,1,a,1,1y).

The sign in ([@37) comes from the fact that a “jumps” over a® and the sign in
([O38)) appears due to the fact that the fifth edge and the sixth edge carry opposite
directions.

We can now describe the kernel of the map Fy ([@.30]).
CLAIM 9.16. Let J € Frame, ,, be a frame with e edges
€e=¢ce te_+eo,

where eq is the number of edges of 1 adjacent to univalent neutral vertices, e, is the

number of loops and e_ = e —eq — €, . Then the kernel of Fy is spanned by vectors
of the form
(9.39) X - g(X),

where X is a vector in ([Q36) and g is an automorphism of I in Frame,,, .

PROOF. Let Y be a monomial in ([@36) such that
(9.40) F(Y)=0.

The latter means that the graph I' € gra, i,
monomial Y using the frame J is (r 4+ /)-odd.
In other words, there exists an automorphism g of I' which respects labels only
on operational vertices and induces an odd permutation on the set of edges of I".
It is clear that ¢ induces an automorphism g of the frame J. Furthermore, since
¢ induces an odd permutation on the set of edges of I" we have

Y =—g(Y).

» Which is constructed from the

Hence,
(9.41) Y:%W—MW%

Thus every monomial Y in ([@.36) satisfying equation (@.40]) belongs to the span of
vectors of the form (@.39).
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Let us now consider a linear combination
(942) aYir+ceYo+ -4+ cnYm, c; €K
of monomials Y7,...,Y,, in (@30) such that

(9.43) > aF(Y;) =0.

Due to the above observation about monomials satisfying ([@.40) we may as-
sume, without loss of generality, that

RY)#0 V1<i<m.

We may also assume, without loss of generality, that the graphs {T'; }1<i<m re-
constructed from the monomial {Y; }1<i<,, have the same number of neutral vertices
r+ 7.

Thus, for every 1 <14 < m, the graph I'; € gra(, 1y, is (r +7')-even.

Combining this observation with Proposition we conclude that the number
m is even and the set of graphs {I'; }1<;<m splits into pairs

(Li,, Tar), te{l,...,m/2}

such that for every ¢ the graphs I';, and I';; are either (r + r’)-opposite or (r +r')-
concordant. For every pair (I';,, ') of (r + r’)-opposite graphs we have

(9.44) ci, = Cif -
For every pair (I';,,I';y) of (r + r’)-concordant graphs we have
(9.45) ci, = —Cif -

Let e; denote the number of edges of I';, (or ') and let g; be the isomorphism
from I';, to I';; which induces an odd or even permutation in S, depending on
whether I';, and I';; are (r + 7')-opposite or (r + 7’)-concordant. Let g; be the
automorphism of the frame J which is induced by the isomorphism g; .

Equations (@44]) and ([@43]) imply that

m/2

m
ZciYi = Z ci,(Yi, — g:(Y3,)) -
i=1 t=1

In other words, the linear combination ([@42]) belongs to the span of vectors of
the form ([@39) and the claim follows. O

Now we are ready to give a convenient description of the associated graded
complex Gr(fgraphs®(n)).

CLAIM 9.17. Let us choose a representative 1, for every isomorphism class
z € mo(Frame,.,,) . Let eZ be the number of edges of 1, adjacent to univalent neutral
vertices, €2 be the number of loops of 3, and

e? =|E(3,)| —e; —el.
Then the cochain complex Gr(fgraphs®(n)) splits into the direct sum
Gr(fgraphs®(n)) =

o D @ (@) e O o 1)

Aut(1.)
r>0 zemo(Frame, ) ut(d:)
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PRrROOF. Let us recall that the map F3, (@.30) is a morphism from the cochain
complex
§2r—2e: (Ia)®ef ® (s~ Ta)®ez— ® L®

with the differential § to Gr(fgraphs®(n)).
Thus, Claim [0.16] implies that F3, induces an isomorphism from the cochain
complex of coinvariants

r—2e? ®eq - ®e? &
S ((Z“) ® (7' T) ® L° O)Aut(lz)
to the subcomplex
Im(Fy.) C Gr(fgraphs®(n)).
On the other hand, the cochain complex Gr(fgra phs (n)) is obviously the direct
sum

(9.47) Gr(fgraphs®(n)) = @ @ Im(Fy,).

r>0 zemg(Frame, )

Thus, the desired statement follows. ([l

9.2.2. Proof of Lemma 0121 We will now use the above description of the
cochain complex Gr(fgraphs(n)) to prove Lemma 12

First, we observe that, since the cochain complex T, is acyclic, the direct
summand

(9.48) Im(Fy)

of Gr(fgraphs®(n)) is acyclic for every frame J with at least one univalent neutral
vertex.

So let us consider a frame J with eq = 0.

It is easy to see that the cochain complex

r( (el (B ,
(9.49) s* ((S DA )Aut(l)
is concentrated is degrees
>2r—e_ —e,.
Furthermore, using ([@.28)), ([@.29), Kiinneth’s theorem, and the fact that the

cohomology functor commutes with taking coinvariants, we conclude that every
cocycle X in ([@49) of degree > 2r — e_ — e, is trivial and the space

(9.50) e ($ (570 ) 0 @ L)

Aut(J) )
is spanned by the class of the vector
(9.51) s (s @ ()%

Since images of cocycles X in (@49) of degrees > 2r — e_ — e, lie in

k
(}'mfgraphsu (n)/Fm= Yfgraphs® (n))

2r—e_

for m > —k and images of the vectors (I.51)) belong to graphs* ()
follows from Claim

~¢ Lemma
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9.3. We are getting rid of loops. Let us denote by Graphs?b(n) the subspace

of Graphs* (n) which consists of vectors in Graphsﬁ(n) involving exclusively graphs
without loops.
Since the differential 9T “does not create” loops, the subspace Graphsfb (n) is

a subcomplex of Gra phsﬁ(n) for every n. Moreover the collection
(9.52) Graphsﬁw = {Graphsfb(n)}nzo

is obviously a suboperad Graphsﬁ .
The goal of this section is to prove that

PROPOSITION 9.18. The embedding
(9.53) emb : Graphs?b < Graphs
is a quasi-isomorphism (of dg operads).

PROOF. Let us introduce the subcomplex graphsgZj (n) of Gra phsfb which consists
of finite sums of graphs, i.e.

(9.54) graphs&(n) = Graphsﬁ@(n) N Tw¥Gra(n).
We will prove that the embedding
(9.55) graphs?b (n) < graphs*(n)

is a quasi-isomorphism of cochain complexes. Then the desired statement can be
easily deduced from this fact using the Euler characteristic trick (see Remark [@.7)).

Let I" be a r-even graph in gra,,,, whose first r vertices have valency > 3. Let
us denote by tp,.(I') the number of loops (if any) of I' which are based on a trivalent
vertex whose label < 7. For example, the graph I' € gras_ ; depicted on figure E(J
has tps(I') = 1. Indeed, the vertex with label 1 supports a loop but it has valency
4; the vertex with label 2 does not support a loop; finally, the vertex with label 3
supports a loop and has valency 3.

F1a. 40. It is the vertex with label 3 which contributes to tp5(T)

It is obvious that the expression
O™ (Av,(I))
involves graphs I € gra(, 1)1, With tp, ;(I'") = tp,(I') or tp, ., (I') = tp,(I') +1.
Thus the cochain complex gra phsﬁ(n) carries the following ascending filtration

(9.56) .. C F™ lgraphs’(n) € F™graphs®(n) ¢ F™graphs’(n) C ...
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100 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

where }'mgraphsu(n) is spanned by vectors in graphsu(n) of the form
Av,.(I) I'ecgra,,,
with
tp, (I') — [Av, (D) < m.
It is clear that the differential *P on the associated graded complex

(9.57) Gr(graphs(n)) = @ ]—"”graphsﬁ(n)/]—'m_lgraphsﬁ(n)

m

is obtained from O™ by keeping only terms which raise the number of loops based
on trivalent neutral vertices.

It is also clear that the restriction of ([@.56]) to the subcomplex gra phs?b(n) gives
us the “silly” filtration

# k ;
graphs’, (n) if m>—k,
9.58 F™graphs?, (n)* = @
( ) grap ®( ) {0 otherwise
with the associated graded complex Gr(graphs&(n)) carrying the zero differential.
It is not hard to see that the cochain complex Gr(graphs®(n)) splits into the
direct sum of subcomplexes
(9.59) Cr(graphs?(n)) = Gr(graphs?b(n)) @ graphs® 5(n),
where graphsﬁQ(n) is spanned by vectors in graphs®(n) of the form
AVT‘ (F) ’ I'e grarJrn

with I" having at least one loop.
Let I" be graph in gra,.,,, for which Av,.(I") € graphsﬁo(n) and let V(I") denote
the following subset of vertices of I'

VA(I) =

(9.60)
{v e V() ‘ v carries label < r, has valency > 3, and supports a loop} U

{v e V() | v carries label > r and supports a loop} .

For example, if I is the graph depicted on figure @0l then V;3(T') consists of vertices
labeled by 1 and 6.

Collecting terms in ([@.6) which raise the number of loops based on trivalent
neutral vertices we see that

- Z Av,41(Tp,(T)), if Vi5(T") is non-empty
(9.61) 9 (Av,.(T)) = vEV(T)

where Tp,(I') is a graph in gra(,; 1), obtained from I' by

e shifting labels on all vertices of I up by 1;
e removing the loop based at the vertex v;

e attaching to v the piece
2O
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e declaring that the loop based at first neutral vertex takes the spot of the
removed loop in E(T") and the edge connecting the first neutral vertex to
v is the smallest in E(Tp,(T)).

Let I be graph in gra, ., for which Av,.(I') € graphsﬁo(n) and let Vi, (T") denote
the set of trivalent vertices (if any) which support loops and carry labels < r. We
denote by h the linear map of degree —1

h: graphsuo(n) — graphsuo(n)
defined by formula

- Z Av,_1(Tp;(T)), if Vi,(I') is non-empty
(9.62) h(Av,.(I)) := veVE(T)
0 if Vi,(T') =0,
where Tp; (T") is a vector in Gra(r — 1 + n) obtained from T" by

e switching the label on v with the label 1 on the first vertex of I (provided
v is not the first vertex);

e changing the order of the edges of I" such that the single edge e, connecting
v to another vertex becomes the smallest one (this step may produce the
sign factor (—1) in front of I');

e removing the edge e, together with the vertex v and attaching the vacated
loop to the other end of e, ;

e shifting labels on all the remaining vertices down by 1.

For example, if " is the graph depicted on figure @0 then
(9.63) h(Avs(T)) = —Avy(T),
where I" is the vector in Gra(5) depicted on figure Al

Ve

Q vii 1 i

F1G. 41. The vector I defining h(Avs(T"))

Figure 2] illustrates intermediate steps in the construction of IV

Let ' be a graph in gra,, such that Av,(I') € graphsno(n). Using the fact
that T' has no bivalent neutral vertices, it is not hard to show that the operations
O' and h satisfy the identity

(9.64) 8 o h(Av, () + h 0 0" (Av,(T')) = ArAv,(T),

where Ar is the number of loops of T".
Therefore, the cochain complex

(graphsﬁo(n)7 ™)
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i Ve T V1L
Q viii 2 i 4w O Q viii 2 i 4 wi O
6 ) 3 _$ 1 N

X 0 )

Vi1 V111

Fi1c. 42. Intermediate steps in the construction of I

is acyclic and hence the embedding ([@55) induces a quasi-isomorphism of cochain
complexes:
Gr(graphs&(n)) 5 Gr(graphs*(n)).
On the other hand, both filtrations (@.56) and ([@.58)) are cocomplete and lo-
cally bounded from the left. Thus Lemma [A.3] from Appendix [Al implies that the
embedding ([@55) is a quasi-isomorphism. Hence so is the embedding

Graphsfb(n) < Graphs®(n).
Proposition [0.18] is proved. (]

9.4. The suboperads Graphs, C Graphs C fGraphs C TwGra. In this sub-
section we introduce yet another series of suboperads of TwGra

Graphsg C Graphs C fGraphs C TwGra.
We will show that the embeddings
Graphs; < Graphs,

Graphs < fGraphs
are quasi-isomorphisms of dg operads.
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We denote by fGraphs(n) the subspace of TwGra(n) which consists of linear
combinations ([@2)) satisfying

PROPERTY 9.19. For every r, each graph in the linear combination «, has no
connected components which involve exclusively neutral vertices.

For example, it means that
fGraphs(0) = 0.

We denote by Graphs(n) the subspace of fGraphs(n) which consists of sums of
graphs with neutral vertices having valencies > 3.

Finally, Graphs;(n) is the subspace of Graphs(n) which consists of sums of
graphs without loops.

It is easy to see that for every n, Graphs,(n), Graphs(n), and fGraphs(n) are
subcomplexes of TwGra(n). Moreover, collections

(9.65) fGraphs = {fGraphs(n)},>0,
(9.66) Graphs = {Graphs(n)},>0 ,

and

(9.67) Graphs; = {Graphs(n)}n>0

are suboperads of TwGra.
We claim that

PRrOPOSITION 9.20. The embeddings

(9.68) emb; : Graphs — fGraphs
and
(9.69) emby : Graphs; < Graphs

are quasi-isomorphisms of dg operads.
PRrROOF. It clear that the cone
Cone(emb; ) = Graphs @ sfGraphs
of the embedding ([@.68)) is a direct summand in the cone Cone(embﬁ) of
embg : Graphsﬁ — fGraphsﬁ.

Thus the desired statement about the embedding emb; follows from Proposition
above and Claim [A.]] given in Appendix [Al
Similarly the cone

Cone(emby) = Graphs, © Graphs
of the embedding ([@.69)) is a direct summand in the cone Cone(embg) of
embg : Graphsﬁw — Graphsﬁ .

Thus, using Proposition .18 above and Claim [A] given in Appendix [A] it is
easy to prove that embs is a quasi-isomorphism. ([l
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9.5. The master diagram for the dg operad TwGra. Let O be a (dg)
operad which receives a morphism from Alie,, . Let us observe that we have the
obvious embedding

(9.70) embp : O = TwO

v if r=0,

embp (v)(s7%" 1) = {

which is compatible with the operad structure but may not be compatible with the
differentials.

We denote by I'c, € TwGra(2) (resp. I'so € TwGra(2)) the images of I'e 4 and
'y s with respect to the embedding

0 otherwise,

embg, : Gra — TwGra.

Namely,

1 2
(9.71) oo = 0—0,
and

1 2
(9.72) I'vo= o0 o.

Although embg,, is not compatible with the differential 7%, the vectors

oo, oo € TwGra(2) are MV-closed (see Exercise below).
Therefore, the composition of embeddings ¢ (T3 and embg,

(9.73) V' = embg, o ¢ : Ger — TwGra

is a morphism of dg operads. Furthermore, it is obvious that ¢/ lands in the sub-
operad Graphs .
It turns out that the map «/ satisfies the following remarkable propert:

THEOREM 9.21 (M. Kontsevich, [24], Section 3.3.4). The embedding
(9.74) /" : Ger — Graphs,,

induces an isomorphism
Ger = H*(Graphsy) .
REMARK 9.22. Tt is obvious that the map (0.74)) lands in the suboperad graphs, C
Graphs, with
graphs (n) = Graphs(n) N Tw®Gra(n) .
The arguments given in [24] Section 3.3.4] or [26] allow us to prove that the em-
bedding
/" : Ger — graphs,
is a quasi-isomorphism of dg operads. The desired statement about ([@.74) can be
easily deduced from this fact using the Euler characteristic trick.

We now assemble all the above results about suboperads of TwGra into the
following theorem:

15For a more detailed proof of this fact we refer the reader to paper [26] by P. Lambrechts
and I. Volic.
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THEOREM 9.23. The suboperads fGraphs®, Graphs?, Graphs?b, fGraphs, Graphs
and Graphs of TwGra introduced in Sections and fit into the following
commutative diagram:

(9.75) Graphs?b C~ 5 Graphs' &~ fGraphs’ ———— TwGra

) ]

Ger — Graphs, —~— Graphs ——— fGraphs

Here the arrow — denotes an embedding and the arrow S denotes an embedding
which induces an isomorphism on the level of cohomology. O

We refer to [@75) as the master diagram for the dg operad TwGra.
Theorem [9.23] has the following obvious corollary

COROLLARY 9.24. The embedding
(9.76) ' : Ger < fGraphs
induces an isomorphism on the level of cohomology. [

Let us observe that the map ¢/ lands in the suboperad fgraphs C fGraphs for
which

(9.77) fgraphs(n) := fGraphs(n) N Tw®Gra(n) .

Furthermore, using the Euler characteristic trick, it is not hard to deduce from
Corollary 0.24] that

COROLLARY 9.25. The embedding
(9.78) i/ : Ger — fgraphs
induces an isomorphism on the level of cohomology. [

EXERCISE 9.26. Prove that the vectors I'c 5, I's o € TwGra(2) defined in ([@.71)
and (@72), respectively, satisfy the conditions

O Toe =0""T0s =0.

10. The full graph complex fGC revisited

Let us recall that Gra(0) = 0. Hence, due to Remark[6.9] we have a tautological
isomorphism

(10.1) fGC = s ?TwGra(0)

between the full graph complex fGC (83) and the cochain complex s~2TwGra(0) .
Here we will use the isomorphism (I0.]) together with the results of Sections

and to deduce various useful facts about the full graph complex fGC.
Recall that vectors of fGC are infinite sums

(10.2) Y=Y M
n=1

of S,-invariant vectors 7, € s*"~2Gra(n).
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106 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

We denote by
(10.3) fGC>3 C fGC
the subspace of sums ([I0.2)) satisfying

ProPERTY 10.1. For every n, each connected component of a graph in =, has
at least one vertex of valency > 3.

We also denote by GC the subspace of sums (@.2) which involve exclusively
graphs whose vertices all have valencies > 3. It is obvious that GC C fGC>3.
Comparing fGC>3 and GC with the suboperads fGraphs® and Gra phs'j from Sec-
tion we see that
(10.4) fGCsg = s~ 2fGraphs*(0) GC = s 2Graphs*(0) .

In particular, GC and fGCs3 are subcomplexes of fGC.
Let us denote by GC the subspace of vectors in GC involving exclusively graphs
without loops. It is clear that GCy is a subcomplex of GC. Moreover,

(10.5) GCy = s_QGraphsfb(O) ,

where Graphsﬁgb is the suboperad of TwGra introduced in Section
Thus, Propositions [0.11] @18 imply that

COROLLARY 10.2. The embeddings

(10.6) emb(;c : GC— fGC23
and
(10.7) emby : GCyp — GC

are quasi-isomorphisms of cochain complexes. [

Let us denote by fGC>3 conn, GCeonn, and GCyp, conn the “connected” versions
of the subcomplexes fGC>3, GC and GCy , respectively. Namely,

fGC237conn = fGC23 N fGCconn 5
(108) Gcconn =GCN fGCconn ;

GC conn := GCyp N fGCeonn ,

where fGCopny is the subcomplex of fGC introduced in Section B3l
For the subcomplexes (I0.8) we have

ProposITION 10.3. The embeddings

(109) ernbGC,conn : GCconn — fGCZS,conn
and
(1010) emb@, conn - GCQ), conn GCconn

are quasi-isomorphisms of cochain complezes.

PROOF. It is easy to see that the cone of the embedding embgc, conn (resp.
emb conn) is a direct summand in the cone of the embedding embgc (resp. emby).
Thus the desired statements follow from Corollary above and Claim [A]]
from Appendix [Al O
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Let us observe that, if all vertices of a connected graph I' have valencies < 2,
then I' is isomorphic to one of the graphs in the list: I'y, I, (see figure B3)), or T'y,
(see figure 34). Hence, fGCeonn decomposes as

(10.11) fGCeonn = fGC>3,comn @ Ko & K_,

where _ (resp. K,) is the subcomplex of cables (resp. polygons) introduced in
Subsection BI] (resp. Subsection B2)).
Therefore, using Proposition and isomorphism (8I5]) we deduce that

(10.12) H®(fGCeonn) = H*(fGC>3 conn) © EPs™ K.
g>1
Thus we arrive at the main result of this section.
THEOREM 10.4 (T. Willwacher, [42]). Let f{GCconn be the “connected part” of

the full graph complex fGC ([B3]). Moreover, let GCyp conn be the subcomplex of
vectors in TGCeonn involving exclusively graphs I' satisfying these two properties:

o I' does not have loops;
e cach vertex of I' has valency > 3.

Then
(10.13) H*(fGC) =2 5725 (s? H* (fGCeomn)) ,
and
(10.14) H* (fGCeonn) = H*(GCyp com) & EPs™7'K,

g1
where S is the notation for the completed symmetric algebra.

PRrROOF. The first decomposition ([I0.I3)) is obtained by applying the Kiinneth
theorem to (BI06). The second decomposition ([[0.I4]) is obtained by applying
Proposition [[03] to the isomorphism ([I0.12)). O

EXERCISE 10.5. Using equation (8I3)), prove that for every even trivalent graph
I' € gra,, the vector

(10.15) Av(D) = > o(I)
g€ESy,

is a cocycle in fGC. Show that the tetrahedron depicted on figure 3] represents a
non-trivial (degree zero) cocycle in fGC.

F1a. 43. We may choose this order on the set of edges: (1,2) <
(1,3) < (1,4) < (2,3) <(2,4) < (3,4)
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11. Deformation complex of Ger

Let us consider the following graded Lie algebra

(11.1) Conv(Ger! , Ger) .
Due to (BI7) we have
(11.2) Conv(Ger! , Ger) = H (Ger(n) @ A72Ger(n))s” .
n>2

The operad A~2Ger is generated by the vectors b1by and {b1,ba} in A=2Ger(2) .
Moreover, the vectors b1by and {by,bs} carry the degrees 2 and 1, respectively:

(11.3) b1bo| =2, [{b1,b2} =1.

Following Section 5.2l the canonical map Cobar(Ger') — Ger (5.20) corre-
sponds to the Maurer-Cartan elemen

(11.4) a = ajag ® {by, by} + {ai,as} ® b1bs € Conv(Ger!, Ger) .

Thus, using this Maurer-Cartan element, we can equip the graded Lie algebra (IT2)
with the differential

(11.5) 0=la, ].

According to [34], the cochain complex (II2) with the differential (ILH) “gov-
erns” deformations of the operad structure on Ger. So we refer to (IL2) as the
deformation complez of the operad Ger.

EXERCISE 11.1. Verify the identity
[a,a] =0
by a direct computation.

For our purposes it is convenient to extend the deformation complex of Ger to
(11.6) Conv(Ger", Ger) = H (Ger(n) ® A*QGer(n))Sn )
n>1

Vectors in the cochain complex (L) are formal infinite sum

(11.7) > v
n=1

where each 7, is an S,-invariant vector in Ger(n) ® A~2Ger(n). For example,
araz @ {b1, b2}

is a degree 1 vector in (I1.6]).
It is obvious that

Conv(Ger’, Ger) = K(a; ® b;) @ Conv(Ger!, Ger)

and
8(@1 X bl) = .
Thus
(11.8) H*® (Conv(GerOV7 Ger)) =H* (Conv(GerV7 Ger)) @ sk,
16From now on we omit the subscript Ger in the notation for the Maurer-Cartan element
QGer -
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where the additional degree 1 class is represented by the Maurer-Cartan element

@9

Using the map ¢ (H), we embed Conv(Ger", Ger) into the vector space
(11.9) I Gra(n) ® A=Gra(n)
n>1

and represent vectors in (IT.9]) by formal linear combinations of labeled graphs with
two types of edges: solid edges for left tensor factors and dashed edges for right
tensor factors.

For example, the Maurer-Cartan element (IT.4]) corresponds to the linear com-
bination of graphs depicted on figure [44] and the vector

{a1,a2} @ {b1,b2}
corresponds to the graph depicted on figure

1 2 1 2
—o | o ---0

Fia. 44. The Maurer-Cartan element in the deformation complex
of Ger

Fi1a. 45. The graph corresponding to the vector {a1,as} ® {b1,b2}

DEFINITION 11.2. We say that a monomial X € Ger(n) ® A~2Ger(n) is con-
nected if its image in (IL9) is a linear combination of connected graphs. We
denote by Conv(Ger", Ger)eonn the subspace of Conv(Ger”, Ger) which consists of
sums ([I7) involving exclusively connected monomials.

ExAMPLE 11.3. According to the above definition the monomials
{a1, a2} ®@{b1, b2}, ajas®@{by,ba}, {a1, a2} ®b1ba, az{a1, az}®b1{bs, b3}
are connected while the monomials
ajaz @ byby, az{ay,az} @ ba{b1, b3}
are disconnected.

It is not hard to see that Conv(Ger", Ger)conn is a subcomplex of Conv(Ger”, Ger) .
Furthermore, we have

(11.10) Conv(Ger", Ger) = S_2§(SQCOHV(G6I’V, Ger)conn) 5
where S stands for the completed symmetric algebra.

REMARK 11.4. A simple degree bookkeeping shows that for every monomial
X € Ger(n) @ A~2Ger(n)
|X|>0.
Thus,

(11.11) H=<%(Conv(Ger”, Ger)conn) = H<?(Conv(Ger”, Ger)) = 0.
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11.1. Decomposition of Conv(Ger” Ger) with respect to the Euler
characteristic. Let us denote by b(v) the total number of Lie brackets in the
Gerstenhaber monomial v € Ger(n) or v € A~2Ger(n). Using the embedding of
Ger(n) ® A=2Ger(n) into Gra(n) ® A~2Gra(n) we introduce the notion of Euler char-
acteristic for monomials in Ger(n) ® A~2Ger(n):

DEFINITION 11.5. Let v and w be monomials in Ger(n) and A=2Ger(n), respec-
tively. We call the number

X(v®w) :=n —b(v) — b(w)
the Euler characteristic of the monomial v ® w € Ger(n) ® A=2Ger(n) .

We observe that for every sum
Sy
Z v Q@ w; € (Ger(n) ® A72Ger(n))

of monomials with the same Euler characteristic x, each monomial in the linear

combination
0 (Z v; @ wi>

i

also has Euler characteristic x. Thus sums (II7) in which each =, is a lin-
ear combination of monomials of Euler characteristic x form a subcomplex of
Conv(Ger”, Ger). We denote this subcomplex by

(11.12) Conv(Ger", Ger), .
We claim that

PROPOSITION 11.6. For every pair of integers m, x the subspace Conv(Ger" Ger)Y!
of degree m vectors in Conv(Ger", Ger), is a subspace in

Ger(n) ® A*Ger(n)
where
(11.13) n=m-—y+2.
In particular, Conv(Ger" Ger)Y' is finite dimensional.
PROOF. Let v®@w be a monomial in Ger(n) ® A~2Ger(n) of degree m and Euler
characteristic x .
Let ¢, (resp. t,) be the number of Lie words in the monomial v (resp. in the

monomial w). For example, if v = {ag,a4}ar1a7{{as,as},as} then t, = 4.
It is not hard to see that

(11.14) [v| = t, —m, lw| =n+t, -2,

and

(11.15) b(v) =n—t,, b(w)=n—1y.
Hence

(11.16) m =ty +ty —2.

and

(11.17) X =1ty +twy—n.
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Using equations (IT.I6) and (III7) we deduce that
n=m-—x+2.

Thus a combination “degree and Euler characteristic” determines the arity n
uniquely via equation ([I.I3). Furthermore, since Ger(n) @ A=2Ger(n) is finite
dimensional, so is Conv(Ger", Ger)}' .

The proposition is proved. O

Proposition [[1.6] has the following useful corollary.

COROLLARY 11.7. The cochain complex Conv(Ger", Ger) splits into the follow-
ing product of its subcomplexes:
(11.18) Conv(Ger’, Ger) = H Conv(Ger"”, Ger),, .
XEZL
PRrROOF. Let

Sn

V= i%, Tn € (Ger(n) ® A_ZGer(n)>
n=1

be a homogeneous vector of degree m in Conv(Ger", Ger) .
Equation (TLI3) implies that for every n
Yn € Conv(Ger", Ger),,
with x = m + 2 —n. Thus,
Conv(Ger", Ger) C H Conv(Ger"”, Ger), .
XEZ
The other inclusion
H Conv(Ger"”, Ger), C Conv(Ger”, Ger)
XEZ
is proved similarly. O
The combination of Proposition and Corollary [T.7 will allow us to reduce

questions about cocycles in Conv(Ger”, Ger) to the corresponding questions about
cocycles in its subcomplex"] Conv®(Ger", Ger).

11.2. We are getting rid of Lie words of length 1. Let us recall that, for
a monomial w € A~2Ger(n), the notation £;(w) is reserved for the number of Lie
words in w of length = 1. For example, £1(b1b2) = 2 and £1({b1,b2}) =0.

Let us also recall that for the collection {A~2Ger” (n)},>0 (6.67)

A™%Ger”(0) = s7%K
and
A~2Ger” (n), n>1

is the S,,-submodule of A~2Ger(n) spanned by monomials w € A~2Ger(n) for which
El(w) =0.

Using this collection, we introduce the subspace of Conv(Ger", Ger)

(11.19) E:= H (Ger(n) ® A_2Ger©(n))sn ,

n>2

17The functor Conv® was introduced in Section EZ11
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which will play an important role in establishing a link between the deformation
complex ([ITT)) of Ger and the full graph complex fGC (B3]).
We reserve the notation Z¢qny, for the “connected part” of Z:

(11.20) Econn := =N Conv(Ger’, Ger)conn -

Furthermore,

(11.21) E% := =N Conv®(Ger”, Ger)

and

(11.22) EL = Econn N Conv®(Ger" Ger) N Conv(Ger”, Ger)conn

We claim that

PROPOSITION 11.8. The subspaces =, ZEconn, =%, and 22 are subcomplexes

of
Conv(Ger", Ger) .
PRrROOF. Let
(11.23) X =) v, @wy
n=2

be a vector in =.
The bracket

[aras @ {by, b2}, X |
is obviously a vector in Z. So we need to prove that the vector

(1124) [{al,ag}@)blbg, X]
belongs =.
We have
[{aha@} ® b1bo ; Un ®wn] =
n+1
(1125) Z Si,n+1 ({Una an—i—l}) & Sin+1 (wn bn+1) -
i=1
(=1)lvonl Z o (vn 01 {a1,a2}) ® o (wy 01 biby) ,
o€Sha n—1
where ¢; ,, 41 is the cycle (4,4 +1,...,n+1) in Sp41 .
Using the defining identities of the Gerstenhaber algebra, it is not hard to prove
that unwanted terms in (IT.25]) cancel each other. O

We will need the following Theorem.
THEOREM 11.9. The embeddings

(11.26) Z < Conv(Ger"”, Ger),
(11.27) Econn < ConV(Gerv, Ger)conn
and

(11.28) 2% < Conv®(Ger”, Ger)

are quasi-isomorphisms of cochain complezes.
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Proor. We will prove that the embedding (IT.28) is a quasi-isomorphism of
cochain complexes. Then we will deduce that the embeddings (IT.26]) and (IT.27)
are also quasi-isomorphisms.

Let us recall from SectionB7lthat Conv®(Ger", Ger) has the following ascending
filtration
(11.29) coC Fm 1 Conv®(GerY, Ger) € F™ Conv®(Ger, Ger) C
where F™ Conv®(Ger", Ger) consists of sums

Z v @ W; € EB (Ger(n) @ A*QGer(n))S"

%

t

which satisfy
L1(w;) — vy @w; | <m, Vi.
The restriction of (IL29) to the subcomplex =¥ gives us the “silly” filtration

=) ifm > —
(11.30) Fr(E®)t = (E7)  ifm=—k,
0 if m< —k
with the zero differential on the associated graded complex
STI,
(11.31) Grz% = @ (Ger(n) ®A_2Ger©(n)) :

n>2

Due to Proposition in Section 6.7 the formuldd
(11.32)

TGer (Z v; ® wi) = Z ZU(Ui(alu oy Urgn))®0 (b1 b wi(brgy -y D)

o€Shy 1
s Q Sn
Z v, @ w; € (szTGer(r +n)% @ A 2Ger (n))
defines an isomorphism of cochain complexes
Sn
(11.33)  Yeer : @ (TwGer(n) ® A*2Ger®(n)) — GrConv®(Ger", Ger),
n>1

where the differential on the source comes from the differential 9T% on TwGer .
It is easy to see that the natural map

Sn
(11.34) GrE® < @ (TwGer(n) © A2Ger” (n))
n>1

induced by the embedding (6:46)) fits into the commutative diagram

Gr‘_‘ \
@(TwGer )@ A2Ger”( " Yo GrConv® (Ger", Ger) ,

n>1

18Recall that, due to Exercise B.13] TwGer = Tw® Ger.
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where the slanted arrow is the canonical embedding of Gr =% into Gr Conv® (Ger", Ger) .

On the other hand, using Kiinneth’s theorem and Theorem together with
the fact that, in characteristic zero, the cohomology commutes with taking in-
variants we deduce that the embedding (IT.34]) is a quasi-isomorphism of cochain
complexes.

Therefore the embedding (IT.28)) induces a quasi-isomorphism of the associated
graded complexes.

Thus, since the filtrations (IT.29) and [I1.30) are locally bounded and cocom-
plete, we deduce from Lemma [A3] that the embedding ([II.28) is also a quasi-
isomorphism of cochain complexes.

Combining this fact with Proposition and Corollary [[T.7 we conclude that
the embedding (IT.26) is a quasi-isomorphism of cochain complexes.

Since the cone of the map ([T.27) is the direct summand in the cone of the map
(II.24), the embedding ([I1.27)) is also a quasi-isomorphism by Claim [A]

Theorem is proved. |

12. Tamarkin’s rigidity in the stable setting

Let us consider the Lie algebra

(12.1) Conv(Ger’, Gra) = H (Gra(n) ® A*2Ger(n))sn .
n>1

The map of operads (3] induces a homomorphism of Lie algebras
(12.2) L« : Conv(Ger", Ger) — Conv(Ger", Gra).
In particular, the vectoltd
(12.3) 1sx(0) =Te e ®@b1ba +Tee® {b1,b2}
is a Maurer-Cartan element in (I27)) and the formula
(12.4) 0 = [ts(a), ]

defines a differential on the Lie algebra (I2.1)).
Using map () once again we can embed (IZT]) into (IT9). Thus, by analogy

with ([ITI0), we have
(12.5) Conv(Ger’, Gra) = s*2§(s2Conv(Gerv, Gra)conn)

where Conv(Ger", Gra)conn is the subcomplex of Conv(Ger”, Gra) which consists of
formal linear combinations of connected monomials in Conv(Ger”, Gra).
The goal of this section is to prove the following theore

THEOREM 12.1. For the cooperad Ger¥ and the operad Gra we have

K if m=1

0 otherwise .

(12.6) H™ (Conv(Ger”, Gra)) = {

Furthermore, H! (ConV(Gerv, Gra)) is spanned by the cohomology class of the vector
Feo ®b1ba.

19The vectors I'e—e,'e s € Gra(2) are defined in (Z3).
20 Another version of this theorem is proved in [5].
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The proof of this theorem is given below in Subsection It is based on
auxiliary constructions which are described in Subsections [2.2] 023} [2.4] and

Before proceeding to these constructions, we will give a couple of useful corol-
laries of Theorem [I2.1] and discuss its relation to Tamarkin’s rigidity from [20]
Subsection 5.4.5.].

First, we claim that

COROLLARY 12.2. For the cochain complex Conv(Ger”, Gra)conn we have

K if m=1

12.7 H™ (Conv(Ger”, Gra)conn) =
( ) ( o (Ger ra) ) {0 otherwise .

Furthermore, H' (Conv(Gerv,Gra)conn) is spanned by the cohomology class of the
vector I'e_o @ b1ba .

PROOF. Due to Theorem I2] every cocycle ¢ € Conv(Ger”, Gra) is cohomol-
ogous to a cocycle of the form

(128) AFH(X)ble, AeK

On the other hand, the subcomplex Conv(Gerv, Gra)conn 18 & direct summand in
Conv(Ger”, Gra). Therefore every cocycle ¢ € Conv(Ger”, Gra)eonn is cohomologous
to a cocycle of the form (I2.8).

Thus, since the cocycle

Teoe®b1by € Conv(GerV, Gra)conn
is non-trivial the desired statement about cohomology of Conv(Gerv, Gra)conn fol-

lows. O

Following the terminology of Section E4] the Lie algebra Conv(Ger",Gra) is
equipped with the descending filtration “by arity”:
(12.9)
FmConv(Ger”, Gra) := {f € Conv(Ger”,Gra) | f(w) =0 VYV w € Ger(n), n <m}.

In other words,
Shn
(12.10) FmConv(Ger,Gra) = H (Gra(n) ® A_2Ger(n)) .
n>m+1

Furthermore, since the Maurer-Cartan element (T23]) belongs to F; Conv(Ger”, Gra),
the differential (I24]) is compatible with the filtration (I2.9).
Theorem [I2.7] implies that

COROLLARY 12.3. The cochain complex

Shn
FoConv(Ger", Gra) = H (Gra(n) ®A_2Ger(n))

n>3
with the differential (I2Z4) is acyclic.

PROOF. Let ¢ be a cocycle in FoConv(Ger’, Gra).
Due to Theorem [[2.1] there exists a vector ¢; € Conv(Ger’,Gra) and a scalar
A € K such that

(1211) C:AFH®b1b2+a(Cl).
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On the other hand, it is easy to see that I'e_¢ ® b1bo represents a non-trivial
cocycle in the quotient

Conv(Ger”, Gra) / F»Conv(Ger”, Gra).
Hence A = 0 and c is exact. O

12.1. Why rigidity? Let PV, be the graded vector space of polyvector fields
on the affine space K?. This graded vector space carries the canonical structure
of a Gerstenhaber algebra. The multiplication is the exterior multiplication of
polyvector fields and the Lie bracket is the well-known Schouten bracket.

Let recall from [42] or [4, Section 3.5] that the operad Gra acts on PV, . More-
over, the vector 'y (resp. I'so) gives us the Schouten bracket (resp. the exterior
multiplication) on PV .

Let us suppose that we are interested in Gery,-structures Q on PV, which
satisfy these two properties:

o O factors through the canonical map Gra — Endpy,;
e the binary operations of @ on PV, coincide with the Schouten bracket
and the exterior multiplication.

Using Corollary [2.3] it is not hard to prove that any Gers-structure Q on
PV, satisfying the above properties is homotopy equivalent to the canonical Ger-
stenhaber algebra structure on PV, .

This property is an analog of the rigidit of the Gerstenhaber algebra PV,
of polyvector fields in the homotopy category. We refer the reader to [5] for more
details.

12.2. Decomposition of Conv(Ger",Gra) with respect to the Euler
characteristic. Let x be an integer and let ¢ be a vector

c € Conv(Ger’,Gra)

for which the image

1®(c) € [] Gra(n) @ AGra(n)

n>1

is a (possibly infinite) sum of graphs whose Euler characteristid®? equals x. We
denote by
Conv(Ger”, Gra),,

the subspace of such vectors. For example, both summands in ¢ ® ¢(«) have Euler
characteristic 1. Hence
t+() € Conv(Ger”, Gra); .
It is not hard to see that, for every integer x, the subspace Conv(Ger", Gra)y
is a subcomplex of Conv(Ger", Gra).
Let us recall that we represent vectors in the space

(12.12) Gra(n) ® A"2Gra(n)

by linear combinations of labeled graphs with two types of edges: solid edges for
left tensor factors and dashed edges for right tensor factors.

21This rigidity property is one of the corner stones of Tamarkin’s proof [20], [37] of Kontse-
vich’s formality theorem [22].
22 As above, both solid and dashed edges enter with the same weight.
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Let us denote by
(12.13) (Gra(n) ® A~*Gra(n))_

the subspace of (IZI2) which is spanned by graphs whose total number of edges
(solid and dashed) equals e. It is obvious that the subspace (IZI3)) is finite dimen-
sional.

We have the following proposition.

PROPOSITION 12.4. For every pair of integers m, x the subspace Conv(Ger”, Gra)y'
of degree m wvectors in Conv(Ger”, Gra), is isomorphic to the subspace of ([Z.13)

with
(12.14) n=m-—x+2
and
(12.15) e=m-—2x+2.

In particular, Conv(Ger", Gra)y' is finite dimensional.

PROOF. Let I' be an graph in gra,, representing a vector in Gra(n) and w be a
monomial in A=2Ger(n). As above, t,, denotes the total number of Lie monomials
and b(w) denotes the the total number of brackets in w .

Let us suppose that T'®@w carries degree m and I'®:(w) has Euler characteristic
x- In other words,

m = —er + |w|
and
(12.16) X =n—er — b(w),

where er is the number of edges of I".

Due to equations (ITI4) and (ITI5)
(12.17) lw|=n+t, —2, ty =n—b(w).

Therefore,

m=n-+ty,—2—er=2n—b(w)—er—2=n+yx—2.

Thus
(12.18) n=m-—yx+2.

Using (IZT16) and (IZI8) we deduce that

er +b(w) =m—2x +2.
Hence I' ® t(w) is a vector in (IZI3]) with numbers n and e given by equations

([ZI3) and (CZI0).

Thus, the proposition follows from the fact that the map
t: A2Ger(n) — A~ 2Gra(n)
is injective. O

Proposition [2.4] has the following useful corollary.
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COROLLARY 12.5. The cochain complex Conv(Ger", Gra) splits into the follow-
ing product of its subcomplexes:

(12.19) Conv(Ger”, Gra) = H Conv(Ger”, Gra), .
XEZ

PROOF. The proof of this statement is very similar to that of Corollary 1.7
So we leave it as an exercise for the reader. |

EXERCISE 12.6. Prove Corollary [12.5]

Just as for TwGra and Conv(Ger", Ger), the combination of Proposition [Z.4]
and Corollary [Z.5 will allow us to reduce questions about cocycles in Conv(Ger”, Gra)
to the corresponding questions about cocycles in its subcomplex

(12.20) Conv®(Ger”, Gra) := @ (Gra(n) ® A72Ger(n))s" .

n>1

12.3. An alternative description of Gra(n). Let e be a positive integer and

(12.21) {1,015 02, Py -+ s pes P}

be a set of auxiliary variables with degrees |p;] = —1 and |p}| = 0.
We will need the symmetric algebra

(12.22) SV)y=KaV.eS*?V.)eS*(V.)o...

of the vector space

(12.23) Ve = K(p1, p1, p2, s -5 Pes P)

spanned by elements on the set (I2.21]).
We view S(V,) as the cocommutative coalgebra with the standard comultipli-

cation.
Let us denote by T;, (S (Ve)) the subspace

(12.24) Tu(S(V2)) € (S(V2)™"
of (S (Ve))®n which is spanned by monomials

(12.25) X19X,® @ X,

in which each variable from the set (I2Z2I]) appears exactly once.
For example, if e = 3 then

Pip2 © phpr @ 1@ papy € Tu(S(Ve)),  pipars @ phprps € Ta(S(Ve))
and
p1p2p3 © 1@ popr @ papy & Tu(S(Ve)),  prpaps @ pips & Ta(S(Ve)) .

It makes sense to include the degenerate case e = 0 in our consideration. If
e = 0 then the set (I221)) is empty,

and
T,(S(V.)) = K®" ~ K.
Given a monomial (IZ25) we form a labeled graph I with n vertices and e
directed edges following these two steps:
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e we declare that edge ¢ originates at the j-th vertex if the factor X; involves
the variable p;;

e we declare that edge i terminates at the k-th vertex if the factor Xj
involves the variable p.

Since each variable in the set (IZ21]) appears in the monomial (IZ25]) exactly
once, these two steps give us a labeled graph with n vertices and with e directed

edges.
Notice that we use indices of the variables (I2.21]) to keep track of edges of I".
This bijection between the set of edges of I and natural numbers 1,2, ..., e plays

a purely auxiliary role and we do not keep it for I as a piece of additional data.
It is more important to observe that the set E(I) of edges of I” is equipped
with an order up to an even permutation. This order is defined by the following
rule:
e if the initial vertex of edge i; carries a smaller label than the initial vertex
of edge iy then we set i1 < is;
e if edges i¢; and iy originate from the same vertex (say, vertex j) and p;,
stands to the left from p;, in the factor X; then we also set i; < ia.
For example, the monomial p}ps ® php1 ® 1 ® p3ph corresponds to the labeled
directed graph I depicted on figure

Fi1a. 46. The directed labeled graph corresponding to the mono-
mial p}pe @ php1 @ 1@ p3ps

Let us denote by I" the undirected graph (with an order on the set of edges up
to an even permutation) which is obtained from I by forgetting the directions. It
is clear that the formula

(12.26) OX19Xo®---®X,)=T

defines a surjective map of graded vector spaces

(12.27) ©: P T.(S(Ve)) — Gra(n).
e>0

For example, ©(p}p2 ® php1 @ 1 ® p3ph) = 0 because the graph I' corresponding to
the monomial p/ps ® php1 ® 1 @ p3ph has double edges.
To describe the kernel of (IZ27) we recall, from Subsection [0.2.1] the group

@.33)
(12.28) Se % (S5)°
with the multiplication law defined by equation (3.34]).
Let us equip the graded vector space (I2.24]) with a left action of the group

(2.28).

For this purpose, we declare that elements 7 € S, and
o; = (id,...,id, (12) ,id,...id) € (S2)¢
—

j-th spot
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act on generators (I2.21) as

T(pi) = priys T(PF) = Py s
and
pi ifi#Fj pi ifi#]
Uj(pi):{j L Uj(P;):{l L
12 ifi=j, Pi ifi=y,
respectively.
Next, we extend the action of elements {o;}i<j<. to the space ([IZ24) by
incorporating appropriate sign factor which appear if odd variables p1, ..., pe “move

around”. Finally, we declare that elements of S. act by automorphisms (of the
commutative algebra) S(V.) and then extend the action of S, to the space (I2:24)
by the formula:
T(X19Xe@ @ X,) =7(X1) @7(X2) @ @7(X,,) .

For example, the transposition (23) € S5 sends the vector pj pa® php1 @ 1® p3ph

to the vector
pips @ piyp1 @ 1@ papy
and the element o7 sends the vector p)p2 ® php1 @ 1 @ p3ps to the vector
—p1p2 @ phpy @ 1@ paps .

The sign factor in the action of o1 appeared because the variables p; and ps changed
their order.

Due to Exercise [2.8 below the kernel of © [I2Z271) is spanned by vectors of the

form
(1229) (X1 @Xo® - 0X,) —g9(X19Xe® -0 X,), g € Sex (52)°.

Hence, we conclude that

PROPOSITION 12.7. The map © (IZ27) induces an isomorphism of graded vec-

tor spaces
Gra(n) = @D (7. (5(v2))) :
o) = @ (1.(50),
e>0
where (Tn (S(Ve)))s ) denotes the space of coinvariants in (I224) . O
eX 2)¢

EXERCISE 12.8. Prove that the kernel of the map © (I2.27)) is spanned by vec-
tors of the form (IZ29)). Hint: First, prove that, if a monomial (IZ28]) corresponds
to a graph with multiple edges, then this monomial belongs to the span of vectors of
the form [I229). Second, consider linear combinations of monomials (IZ25]) each
of which does not belong to the kernel of © .

ExXAMPLE 12.9. We mentioned above that
O(pip2 @ phpr ® 1@ p3pi) = 0.
For the monomial p)ps ® php1 @ 1 ® psply we have
a1(pip2 @ pop1 @ 1 @ p3ps) = —p1p2 @ php) © 1@ papy

aa(p1p2 ® php @ 1 ® paph) = p1ps @ pap) @ 1@ p3ps
and

S12(p1py @ papy ® 1@ p3pl) = p2p) @ p1py @ 1@ papy
where ¢;2 is the transposition (12) in Ss .
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Hence,

120201 (P12 @ Pap1r @ 1@ p3py) = —(p1p2 @ pap1 @ 1 @ p3ps) -
Thus

1
PLP2®@pyp1 @1 p3ply = §(P/1P2 ®pyp1 @1® p3ply —s120201 () p2 @ php1 ©1@p3ps) ) -
In other words, the monomial pfps ® php1 ® 1 @ p3ps belongs to the subspace

spanned by vectors of the form (I2:29).

12.4. An auxiliary cochain complex A~2Ger(S(V;)). Let us consider the
free A~2Ger-algebra generated by S(V)

(12.30) A"2Ger(S(V2)).
Using the reduced comultiplication:
(12.31) AX)=AX)-10X-X®1

on S(V,) we introduce on (I230) the degree 1 derivation § defined by the formula
(12.32) §(X) ==Y {Xi, X/}

7

where X € S(V,) and X/, X/ are tensor factors in

AX) =Y X/®Xx].

For example, since
Aw)=0 VYwveV,cS(V)
we have
o(v)=0 VoeV.cCS(Ve).
The Jacobi identity implies that
§2=0.

Thus ¢ is a differential on ([230).
It is clear that the free A~!Lie-algebra A~!Lie(S(V,)) is a subcomplex of (I2.30).
Furthermore,

(12.33) A%Ger(S(Ve)) 2 s725(s*A ' Lie(S(Ve)))

as cochain complexes.

On the other hand, Theorem [B.1] from AppendixPd [ implies that for every
cocycle ¢ € A~tLie(S(V,)) there exists a vector ¢; € A~!Lie(S(V.)) and a vector
v € V, such that

c=v+d(c1).
Furthermore, each non-zero vector v € V, is a non-trivial cocycle in A~ 1Lie(S(V,)) .

Therefore, due to Kiinneth’s theorem,

(12.34) H*(AGer(S(VL)),8) = s 25(s*V,)
and the space

H*(A~2Ger(S(V,)),6)

23Since formulas (IZ32) and (B3 for the differentials differ only by the overall sign factor,
Theorem [Bl can be applied in this case.
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is spanned by the cohomology classes of the vectors
(12.35) b1... b, @V ® - Quy),

where v; € V, and b ... b, is the generator of A=2Com(n) C A=2Ger(n).
Thus we arrive at the following statement.

PRrROPOSITION 12.10. For any cocycle
ce A 2Ger(S(VL))
there exists a vector c; € A=2Ger(S(V.)) such that the difference
c—96(cy)
belongs to the linear span of (I23H)). Furthermore, a vector
Y € s_QS(s2Ve)
is §-exact if and only if Y = 0.0

12.4.1. A equivalent description of [IZ3Q) in terms of invariants. Let G' (V)
denote the following graded vector space

2\ Sn

(12.36) G'(vV.) =P (A’QGer(n) ® (S(V.))® ) .

Since our base field has characteristic zero, this graded vector space is isomor-
phic to

12.37 A~2Ger(S(V.)) = @D (A6 SWV)®")

(12.37) er((1)) = P (A7 Gerlm) © (5(70)")

For example, one may define an isomorphism J from (IZ37) to (IZ30) by the
formula:

oES,

where w € A=2Ger(n), X; € S(V,), the sign factor (—1)5(?) comes from the usual
Koszul rule, and (w; X; ® --- ® X,,) represents a vector in

(A’2Ger(n) ® (S(Ve))®")s

n

Let
> (wi X @ X))

t
be a vector in

Sn
(A—2Ger(n) ® (S(V.))® ")
and let §’ be a degree 1 operation on G'(V,) given by the equation:

(12.39) 5 (Zwt;xf ® - ® Xﬁ)) -

t

Z Z {wta n+1} X1 ®Xfl®1)

t oeShy 1

_Z Z DIlr(wy 01 {b1,bo}; AXT @ X5 @ -+ ® X}).

t 7T€Shg n_1
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A direct but tedious computation shows that
(12.40) Jod=2007.

In other words, §’ (I2.39) is a differential on (IZ36]) and the cohomology of the
cochain complex
(12.41) (G'(Ve),d")

is isomorphic to the cohomology of (I230) with the differential (TZ32]).

For our purpose, we need to switch to yet another cochain complex G(V,)
isomorphic to (IZ41]). This new cochain complex is obtained from G'(V;) by ex-
changing the order of the tensor factors. Namely,

(12.42) G(v.) =P ((S(Ve))®” o A—zcer(n))sn .

n

The differential 4 induced on ([[242) by the natural isomorphism between

([[238) and [I242) is given by the formula:
(12.43) 6 (Z(X{ Q- ®X;;wt)> =

t

Z Z (_1)|X§|+~-.+\XZ|U(X{®...®XZ®1;{wt7bn+l})

t o€Shy, 1
-3 Y (-l NI AXE @ XS @ - @ XEwe 0 {br, b))
t 7€Shg n_1

Thus Proposition [2.10] implies the following statement.

COROLLARY 12.11. For any cocycle

ceg(Ve)
there exists a vector c; € G(V.) such that the difference
c—0d(cy)
belongs to the linear span of vectors of the form
(12.44) > (1@ @vpibr .. by),
o€Sy
where v1,va, ..., v, € Vo and by ... b, is the generator of A=2Com(n) C A—2Ger(n) .

Furthermore, a linear combination' Y of vectors of the form [I244]) is §-exact if and
only if Y =0.0O

12.5. The associated graded complex GrConv@(Gerv, Gra). Let us recall
that b(w) denotes the total number of Lie brackets in a monomial w € A=2Ger(n).

Let
i
be a vector in

(Gra(n) ® A*2Ger(n)> o

such that the number kp = b(w;) is the same for every monomial w; .
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It is obvious that for every monomial wé in
(v w) = Zv; ® wj
J

we have b(w’;) = ke or b(w’) = ky + 1.
This observation allows us to introduce an ascending filtration

(12.45) - C F ! Conv® (Ger”, Gra) C Fy"Conv®(Ger", Gra) C ...
where F/"Conv® (Ger", Gra) is spanned by homogeneous vectors

v = Zvi ® w; € Conv(Ger”, Gra)

in which each monomial w; satisfies the inequality
b(wi) — |y <m.
It is clear that the differential 9% on the associated graded complex
(12.46) Grp Conv®(Ger”, Gra)

is obtained from the differential @ (I2:4]) by keeping only the terms which raise the
number of Lie brackets in the second tensor factors. Namely,

(12.47) 09" = [Tee @ {b1,b2}, .

Our goal is to give a convenient description of the associated graded complex
([I248) using the map © ([IZ27)) introduced in Subsection [[2:3] and the cochain
complex (IZZ2)) introduced in Subsection [ZZT]

First, we observe that, as a graded vector space,

Sn
(12.48) Grp Conv®(Ger”, Gra) = @ (Gra(n) ® A_QGer(n)>
n>1
Thus, due to Proposition [2.7] the map © (I2Z27) induces an isomorphism of

graded vector spaces
(12.49)

B Pp ( (Tn (S(Vo)) ® A—2Ger(n)>sﬁx(sz)e >sn ~ Grp Conv®(Ger", Gra)

n>1e>0

Since the action of the group Se x (S2)¢ commutes with the action of S,, we

conclude that © induces an isomorphism of graded vector spaces:
(12.50)

Sn
o - @ @ (Tn(S(Ve)) ® A_QGer(n)) — Grp Conv®(Ger”, Gra).
e>0 \n>1 S x(S2)°

On the other hand,
Sn
(12.51) D (Tn (S(V.) @ A_2Ger(n))
n>1

is a subspace in the cochain complex G(V.) ([12:42]).
We claim that
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PROPOSITION 12.12. The subspace (I2Z5]1)) is a direct summand in the cochain
complex G(Ve) (I2Z42)) with the differential § (I243]). Furthermore, the isomorphism
[2350) is compatible with the differentials.

PROOF. Let us recall, from Subsection [[2.3] that V, is the graded vector space
of finite linear combinations of variables from the set (TZ2T]).
The subspace (IZ5]]) is spanned by vectors of the form

(12.52) Y (X1 ®Xe®® Xy w)
oSy
where w € A~2Ger(n) and
(12.53) X10Xo®- X,
is a monomial in (S(Ve))®n satisfying
PROPERTY 12.13. Each variable from the set (I221]) appears in (IZ53) exactly

once.

It is clear that this subspace is closed with respect to & ([I243). Moreover, the
cochain complex G(V;) splits into the direct sum of (IZH]]) and the subcomplex
spanned by vectors of the form (IZ52]) for which (I2Z53]) does not satisfy Property
2. 1]

To prove equation

(12.54) 90 0@ =004
we consider a monomial (IZ53)) satisfying Property [2.13land a vector w € A~2Ger(n) .

We denote by T' the graph in gra,, which corresponds to the monomial (I253)).
Going through the construction of the map © it is easy to verify that

(12.55) (O@1)0é ( D)Xy @ Xi(2) @ ® Xyt @ 0(U})> =
geSy

S (=D ATee 01 o) @ A({o(w), bpsa}) -

A€Shy, 1 g€Sn
= > (=)MHREN " (o) 01 Te) @ 7(a(w) 01 {b1,b2}) -
T€Shy 1 oES,

Since the right hand side of (I2.53) equals

Teo @ {b1,b2}, Z a(F)@a(w)]

o€Sn
equation (I2Z54) follows. O

Combining Corollary [2.11] with Proposition [2.12] we deduce

COROLLARY 12.14. For the associated graded complex [I248) we have

(12.56) H*(Grp Conv®(Ger", Gra)) = {K if o= 1
0 otherwise .

Furthermore,
H'(Grp Conv®(Ger", Gra))
s spanned by the cohomology class of the vector represented by I'e_e @ b1bs .
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PRrROOF. Since the cochain complex (IZ5]]) is a direct summand in G(V;) and
the cohomology commutes with taking coinvariants, Corollary I2.11] implies that
the cohomology of the cochain complex

Sn
(12.57) o) (Tn(S(Ve)) ® A—2Ger(n))
= S.x(Sa)e
is spanned by the classes of vectors of the form
(12.58) Y ol @ @pr@ph @@ pe®pl 5 by bae),
ogE€Sa.

by ...bo is the generator of A=2Com(2e) C A~2Ger(2¢).

Since variables p1, ..., p. are odd, it is not hard to see that (IZ58]) represents
the zero vector in the coinvariants (IZ57) whenever e > 1.

On the other hand, the map ©’ (I2.50) sends the vector

(12.59) (p1 ® pib1ba) + (p) @ p1;biba)
to the non-trivial cocycle
2le o ® b1bs .
Hence, the corollary follows from Proposition O
12.6. Proof of Theorem [M2.9] Let us denote by #H the subcomplex of
Conv®(Ger", Gra)
(12.60) H =K(Teo®brby)

spanned by the single cocycle I'g ¢ ® b1bs .
By construction, the cochain complex H carries the zero differential. Moreover,
restricting (IZ430]) on H we get the “silly” filtration

(12.61) Frah = {ij OtiieTWie—’f !

with

(12.62) GrH=H.
Corollary T2Z.T4] implies that the embedding

(12.63) H — Conv®(Ger", Gra)

induces a quasi-isomorphism on the level of associated graded complexes.

Since the filtrations on Conv®(Ger”, Gra) and H are bounded from the left and
cocomplete, Lemma [A3] from Appendix [A]l implies that the embedding (IZ63)) is
quasi-isomorphism of cochains complexes.

Combining this fact with Proposition [IZ.41 and Corollary we conclude that
the embedding

(12.64) H — Conv(Ger",Gra)

is also a quasi-isomorphism of cochain complexes.
Since H is spanned by the cocycle I'y o ® b1ba, Theorem [21]is proved. [
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13. Deformation complex of Ger versus Kontsevich’s graph complex

This section is the culmination of our text. Using the results proved above, we
establish here a link between the (extended) deformation complex Conv(Ger”, Ger)
([IIE) of the operad Ger and full graph complex fGC (See Definition [B1])

First, recall that, due to decompositions (818 and (IT.I0)), the cohomology of
the cochain complex fGC (resp. Conv(Ger", Ger)) can be expressed in terms of the
cohomology of its “connected part” fGCeonyn (resp. Conv(Gerv, Ger)conn). Namely,

(13.1) H*(fGC) = 5725 (s2 H*(fGCeonn)) ,
and
(13.2) H*(Conv(Ger", Ger)) = s*2§<52 H*(Conv(Ger”, Ger)conn)> .

Let us denote by R the natural map of graded vector spaces
(13.3) R : Conv(Ger”,Gra)conn — fGCeonn = Conv(A%coCom, Gra)conn
given by the formula
R(f) = .
(f) f A2coCom

It is not hard to see that R is a map of cochain complexes. We observe that the
map of dg Lie algebras ¢, (I22)

L« : Conv(Ger, Ger) — Conv(Ger", Gra).

satisfies the following property
R (X)) =0, V X € Ecomn

where Z¢ony is defined in (TT.20).
Therefore, restricting ¢, to the subcomplex Z¢on, we get a map of cochain
complexes

(13.4) V= Ly : Zeonn — kerfR.

:‘Conn

We claim that

PROPOSITION 13.1. The map ¢ (I34) is a quasi-isomorphism of cochain com-
plezxes.

Let us postpone the proof of this proposition to Subsection [I3.1] and deduce
a link between the cohomology of Conv(Ger", Ger)conn and the cohomology of
fGCeonn -

Recall that, due to Corollary 12.2] H*® (Conv(GerV, Gra)conn) is spanned by the
cohomology class of the vector 'y 4 ® b1bs .

Therefore, if we set

(13.5) Conv(Ger’,Gra) =K@ Conv(Ger”, Gra)conn
and extend the differential 0 to C]011V+(Ger\/7 Gra)conn by declaring that for 1 € K
(13.6) O(1) =Tee @ b1bo,

then we get an acyclic cochain complex

(Conv(Ger”, Gra)f,.,,9) .

conn?
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Similarly, we “add” to the graph complex fGC.on, a one-dimensional vector

space
(13.7) fGC ., = K@ fGCeonn
and extend the differential by declaring that for 1 € K
9(1) =Tes,.
Due to Exercise B4l from Section [§] we have
Ol'g =T,
where I'y is the graph with the single vertex and no edges. Therefore,
(13.8) H* (fGC{n) = H* (fGCeonn) @ K(9)
where ¢ is the cohomology class represented by the cocycle
Iy — 1€fGCL,, .
The map R ([[33) extends in the obvious way to the morphism of cochain
complexes:
(13.9) Rt . Conv(Ger”,Gra)%, — fGCL .
Furthermore,

ker(R) = ker(R) .
Thus we arrive at the diagram
(13.10)

Conv(Ger", Ger)eonn

cmbgj

=
—conn

J»

00— ker(R) —— Conv(Ger”,Gra)t,  — fGCL  —— 0

conn conn

The bottom row of this diagram is an exact sequence of cochain complexes.
The top vertical arrow embz is a quasi-isomorphism due to Theorem The
vertical arrow 1 is also a quasi-isomorphism due to Proposition [[3.Il Finally the
cochain complex Conv(Ger”, Gra)%  in the middle of the exact sequence is acyclic.

Using diagram (I3.I0]), we can now prove the main theorem of these notes.

THEOREM 13.2 (T. Willwacher, [42]). If fGCconn is the “connected part” of the
full graph complex fGC (83) and Conv(Ger”, Ger)conn is the “connected part” of the
extended deformation complex Conv(Ger”, Ger) (ILG) of the operad Ger then

(13.11) H**!(Conv(Ger”, Ger)eonn) = H® (fGCoomn) & K.

PROOF. Since the cochain complex Conv(Ger",Gra)t — in ([3:10) is acyclic,

conn
the connecting homomorphism induces an isomorphism

H*(fGC,,) = H*' (ker(R)) .
On the other hand,
H*® ( ker(%)) =~ e (Econn) =~ e (Conv(Gerv7 Ger)conn)
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because both ¢ and embzg_,
Therefore,

(13.12) H*** (Conv(Ger”, Ger)conn) = H* (fGC,

are quasi-isomorphisms.

conn) .

Thus, using the isomorphism (I3.8)), we arrive at the desired result (I311). O

REMARK 13.3. The above proof gives us a concrete isomorphism from

(13.13) H*(fGCeomn) @ K
to
(13.14) H***(Conv(Ger”, Ger)conn) -

Chasing through diagram ([I3I0), it is not hard to see that the vector 1 €
K in the second summand of (I3I3) is sent, via this isomorphism, to the class
represented by the cocycle

araz @ {by, bz}
or the cocycle
—{a1,a2} @ b1bo

in ConV(Gerv, Ger)conn -

REMARK 13.4. According to [39], the Lie algebra grt of the Grothendieck-
Teichmueller group GRT embeds into H° (Conv(GerV7 Ger)). Since grt is infinite
dimensional [8], the spaces H°(Conv(Ger”, Ger)) and H°(fGC) are also infinite di-
mensional.

13.1. Proof of Proposition 3.1l Let us prove that the map

(13.15) P 0 22 . — ker(R) N Conv(Ger’, Gra)&

—conn conn

=P

Zconn

is a quasi-isomorphism of cochain complexes.

For this purpose we apply the general construction of Section to the case
when O = Gra.

Following Section [6.7) the cochain complex Conv(Ger’,Gra)® carries the as-
cending filtration

(13.16) <o € F™ Conv®(GerY, Gra) € F™ Conv®(Ger¥,Gra) C ... ,

where F™ Conv®(Ger”, Gra) consists of sums
Z v; Qw; € @ (Gra(n) ® A’2Ger(n))S”

which satisfy
21(wi)—\vi®wi|§m, Vi.
Furthermore, due to Proposition [6.17 the formula

(13.17) Ycra (Zvi®wi> = Z ZU(Uz’)®U(b1~-~brwi(br+1;---;br+n))

oeSh, ,, @
g ) Sn
Z v; @ w; € (SQTGra(r +n)°" @ A*Ger (n))

7

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



130 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

defines an isomorphism of cochain complexes
o, \Sn
(13.18) g : @ (TW®Gra(n) ® A2 Ger (n)) — GrConv®(Ger",Gra),
n>0
where the differential on
Sn
@ (TW®Gra(n) ® A*QGerv(n))
n>0

comes from the differential 9™ on Tw¥Gra(n).
Let us restrict the filtration (I3.16) to the subcomplex

ker(9R) N Conv(Ger’, Gra)&
and recall that the n-th space
(13.19) fgraphs(n) := fGraphs(n) N Tw®Gra(n)
of the dg operad fgraphs is spanned by vectors of the form

> o),

UEST‘

where the graph I' € gra,., , has no connected components which involve exclusively
neutral vertices (i.e. vertices with labels < 7).
It is not hard to see that the restriction of Yg., to

EB (fgraphs(n) ® A*2Ger@(n))

n>2

Sn

conn

gives us an isomorphism

(13.20)
S7l
T @ (fgraphs(n) ® A_QGerQ?(n)> — Gr (ker(R) N Conv(Ger*, Gra)& )
n>2 conn

of cochain complexes.
On the other hand, Corollary [0.25] implies that the natural embedding

Sn
(13.21) =2 - P (fgraphs(n) ® A’2Ger®(n))

n>2

is a quasi-isomorphism of cochain complexes.
Therefore, since the cone of the embedding

(13.22) SR @ (fgraphs(n) ® A*QGero(n))
n>2

is a direct summand in the cone of the embedding (I321]), the map (I3:22) is also
a quasi-isomorphism.

This observation allows us to conclude that the map (I3.13]) induces a quasi-
isomorphism on the level of associated graded complexes.

Since the filtration (I3IG) is locally bounded and cocomplete, Lemma [A.3]
implies that (I3.13)) is indeed a quasi-isomorphism of cochain complexes.

Thus, using the Euler characteristic trick, we conclude that the map ¢ ([I3.4)
is also a quasi-isomorphism of cochain complexes.

Proposition 3.1l is proved. O

Shn

conn
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Appendix A. Lemma on a quasi-isomorphism of filtered complexes

Let us recall that a cone Cone(f) of a morphism of cochain complexes f : C' —
K is the cochain complex
CosK
with the differential
8Cone(v1 + SUQ) = 8(1)1) + Sf(Ul) — 53(02) s

where we denote by 0 the differentials on both complexes C' and K .
Let us also recall a claim which follows easily from Lemma 3 in [12] Section
I11.3.2]:

Cram A.1. A morphism f : C — K of cochain complexes is a quasi-isomorphism
if and only if the cochain complex Cone(f) is acyclic. O

Let C be a cochain complex equipped with an ascending filtration:
CcFMICcFrCCcFMIC ...
We say that the filtration on C' is cocomplete if

(A1) c=JrFrc.

Furthermore, we say that the filtration on C' is locally bounded from the left if for
every degree d there exists an integers mgy such that

(A.2) FriCct =0.
Let us denote by Gr(C) the associated graded cochain complex
(A.3) Gr(C) =@ Frmc/Frtc.

We will need the following claim.

CLAaM A.2. Let C be a cochain complex equipped with a cocomplete ascending
filtration which is locally bounded from the left. If Gr(C) is acyclic then so is C' .

PROOF. Let v be cocycle in C of degree d. Our goal is to show that there
exists a vector w € C?~! such that

v=0w.
Since the filtration on C' is cocomplete there exists an integer m such that
veFmce.
Therefore v represents a cocycle in the quotient
Frod/Fr-tod,

On the other hand, Gr(C) is acyclic. Hence there exists a vector w,, € F™(C41
such that
(A4) v —O(wy,) € FPLC?,

The latter implies that the vector v—9(w,,) represents a cocycle in the quotient

FrotodJFrred.
Hence, there exists a vector wy,—1 € F™ 1C! such that

(A.5) v — (W) — N wp_1) € FP204.
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Continuing this process, we conclude that there exists a sequence of vectors
wy € FFC k<m
such that for every k < m we have
(A.6) v — (W + W1 + - +wy) € FF1C?,

Since the filtration on C' is locally bounded from the left there exists an integer
kq < m such that F*~1C? = 0 and we get

v—a(wm—i-wm,l—i—---—kwkd) =0.
The desired statement is proved. O
We are now ready to prove the following generalization of Claim [A.2

LEMMA A.3. Let C and K be cochain complezes equipped with cocomplete as-
cending filtrations which are locally bounded from the left. Let f : C — K be a
morphism of cochain complexes compatible with the filtrations. If the induced map
of cochain complexes

Gr(f) : Gr(C) — Gr(K)
18 a quasi-isomorphism then so is f .
PROOF. Let us introduce the obvious ascending filtration on the cone of f

<o C F™ Cone(f) € F™Cone(f) C F™ T Cone(f) C ...,

(A.7) FCone(f) =F"C & sF"K .

The differential 9°°"¢ is compatible with the filtration (A7) because f is compatible
with the filtrations on C' and K .

It is obvious that the filtration (A7) is cocomplete and locally bounded from
the left. Furthermore, it is not hard to see that

Gr(Cone(f)) = Cone(Gr(f)).

Therefore, Claim [AJ] implies that Gr(Cone(f)) is acyclic.

Combining this observation with Claim [A.2] we conclude that Cone(f) is also
acyclic. Therefore, applying Claim [A. 1] once again, we deduce the statement of the
lemma. ]

REMARK A.4. Lemma is often used in the literature under the folklore
name “standard spectral sequence argument”. Unfortunately, a clean proof of this
fact based on the use of a spectral sequence is very cumbersome.

Appendix B. Harrison complex of the cocommutative coalgebra S(V)

Let V be a finite dimensional graded vector space. We consider the symmetric
algebra

(B.1) S(V)
as the cocommutative coalgebra with the standard comultiplication:

Avy...vp) =1 (v1...v5)+

n—1

(B.2) Do LT ) V() @V () - V(o) (V1 - 0n) B,
p=10€Shy n_p
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where vy, ..., v, are homogeneous vectors in V' and the sign factor (—1)5("’v1""’v")
is determined by the standard Koszul rule.
We denote by A the reduced comultiplication which is define by the formula

(B.3) AX)=AX)-X®1-10X
For example, A(1) = —1®1 and A(v) =0 forall v e V.
Let us consider the free A~!Lie-algebra

(B.4) A tLie(S(V))

generated by S(V).
Let us denote by X/ and X' the tensor factors of

AX)=> X/ @ X/

for a vector X € S(V) and introduce the degree 1 derivation § of the free A~!Lie-
algebra (B.4) by setting

(B.5) 5(X) =) {X[.X]}.

?

Due to the Jacobi identity

5 =0.
Hence 4 is a differential on (B.4) and we call
(B.6) (A 'Lie(S(V)), )

the Harrison complex of S(V).
It is easy to see that each non-zero vector v € V' C A~ Lie(S(V)) is a non-trivial

cocycle in (B.G).
The following theorem and its various versiond] are often referred to as “well-
known”.

THEOREM B.1. For the Harrison complex (B.6) we have
H* (A 'Lie(S(V)),8) 2 V.

More precisely, for every cocycle ¢ in (B.8)) there exists a vectorv € V.C A~tLie(S(V))
and a vector c¢1 in (B.8) such that

c=v+0(c1)

Furthermore, a vector v € V.C A~ !Lie(S(V)) is an exact cocycle in (B.6) if and
only if v=0.

PRrROOF. To prove this theorem we embed the suspension
(B.7) s A" Lie(S(V)) = Lie(s S(V))
of (B.6) into the tensor algebra
(B.8) T(sS(V))

generated by s S(V).
The differential § on (B.) can be extended to (B.8) in the obvious way:

(B.9) 5(sX) =2s @ s(A(X)).
24For a version of Theorem [B:1] we refer the reader to [29] Section 3.5]. Another version of

this theorem can also be deduced from statements in [35], Appendix B].
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To compute the cohomology of (T'(s S(V)),d) we consider the restricted dual
complex

(B.10) (T(s71S(V"),d"),

where V' is the linear dual of V.

Since T'(s S(V)) is a free associative algebra, it is convenient to view (B.I0) as
the cofree coassociative coalgebra with the comultiplication given by deconcatena-
tion. Furthermore, since § is a derivation of (B.g), ¢’ is coderivation. Therefore, ¢’
is uniquely determined by its composition p o &’ with the projection

p:T(s7S(V')) —»s 1 S(V).
It is easy to see that

(—)IXl=125=1 (X1, Xo) ifn=2

(B.11) pod'(s ' X1 ®---®@s 1 X,) = )
0 otherwise .

Here X, ..., X,, are homogeneous vectors in S(V’) and the map
p:S(VHYe SV = SV

is defined by the formula
(B.12) (X1, Xo) = X1 Xo —e(X1)Xo — X1e(Xo),
where ¢ is the augmentation € : S(V’) — K of S(V’).

Using (BIT)), it is not hard to see that (B.I0) is the Hochschild chain complex
with the reversed grading and with rescaled differential

C_o(S(V'),K).

Hence, due to the Hochschild-Kostant-Rosenberg theorem [21], we have

(B.13) H*(T(s7'S(V"),0") = S(s~ V).

If we view S(s™1 V’) as the subspace of T'(s~! V') which is, in turn, a subspace
of (BI0), then the Hochschild-Kostant-Rosenberg theorem can be restated as fol-
lows. For every cocycle ¢ in (B.I0) there exists a vector X € S(s™! V') and a vector

c1 in (BIQ) such that
c=X+6(cr1).

Every vector X € S(s™1V’) is a cocycle in (BI0) and X € S(s~! V') is an exact
cocycle if and only if X =0.
Let us now go back to the cochain complex (B.8) with the differential (B3] .
Let us consider S(sV) as the subspace of
T(sV)cCT(sS(V)).
It is clear that every vector in S(sV) is a cocycle in (B.g) .
Dualizing the above statement about cocycles in (BI0) we deduce the following.

CLAIM B.2. For every cocycle ¢ € T(sS(V)) there exists a vector X € S(sV)
and a vector ¢; € T(s S(V)) such that

c=X+c).

Furthermore, a vector X € S(sV) is a trivial cocycle in (BR) if and only if X = 0.
(]
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Let us now observe that, due to the PBW theorem, we have the isomorphism
of graded vector spaces

(B.14) T(sS(V)) = S(Lie(sS(V)))

Moreover, the differential ¢ is compatible with this isomorphism. In other words,
the cochain complex (B.8) is isomorphic to the symmetric algebra of the cochain

complex (B.7]).
Since the cochain complex S(Lie(s S(V))) splits into the direct sum
S(Lie(s S(V))) =K @ Lie(sS(V)) @ @) 5™ (Lie(s S(V)))
m>2
the statement of the theorem follows easily from Claim O

Appendix C. Filtered dg Lie algebras. The Goldman-Millson theorem

In this section we prove a version of the Goldman-Millson theorem [19] which
is often used in applications.

We consider a Lie algebra £ in the category Chgk equipped with a descending
filtration

(Cl) ﬁz]:lﬁj]'—g[,jfgvﬁj...
which is compatible with the Lie bracket (and the differential).
We assume that £ is complete with respect to this filtration. Namely,

(C.2) L=limL/FiL.

We call such Lie algebras filtered.

Condition (C:2) and equality £ = F;L£ guarantee that the subalgebra £° of
degree zero elements in £ is a pro-nilpotent Lie algebra (in the category of K-
vector spaces). Hence, £° can exponentiated to a pro-unipotent group which we
denote by

(C.3) exp(L£°).
We recall that a Maurer-Cartan element of L is a degree 1 vector @ € L
satisfying the equation

(C.4) Oa + %[a, al =0,

where O denotes the differential on L.
For a vector ¢ € LY and a Maurer-Cartan element o we consider the new degree
1 vector & € £ which is given by the formula

~ de) —1
(C.5) a = exp(ade) a — Mag,
ad£
where the expressions
exp(ade) — 1
d d —_—
exp(ade) an ad;
are defined in the obvious way using the Taylor expansions of the functions
x
-1
e’ and €
x

around the point x = 0, respectively.
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Conditions (C2) and £ = F; L guarantee that the right hand side of equation

(C3) is defined.

It is known (see, e.g. [3l Appendix B] or [19]) that, for every Maurer-Cartan
element o and for every degree zero vector £ € L, the vector & in (CH) is also a
Maurer-Cartan element. Furthermore, formula (CH]) defines an action of the group
(C3) on the set of Maurer-Cartan elements of L.

The transformation groupoid MC(L) corresponding to this action is called the
Deligne groupoid of the Lie algebra £. This groupoid and its higher versions were
studied extensively by E. Getzler in [14] and [15].

REMARK C.1. The transformation groupoid MC(L) may be defined without
imposing the assumption £ = F1£. In this more general case, the group (C3)
should be replaced by

exp(F1LY).
Let B
p: L= L
be a homomorphism of two filtered dg Lie algebras.

It is obvious that for every Maurer-Cartan element o € £ the vector p(«) is a

Maurer-Cartan element of £ . Moreover the assignment

a — p(a)

extends to the functor

(C.6) 0t MC(L) — MC(L)

between the corresponding Deligne groupoids.
The following statement is a version of the famous Goldman-Millson theorem
[19].

THEOREM C.2. Let ¢ : L — L be a quasi-isomorphism of filtered dg Lie alge-
bras. If the restriction

go‘  F L — FmE

F L

is a quasi-isomorphism for all m then the functor (C.6)) induces a bijection

(C.7) s 2 o (MC(L)) — mo(MC(L))

from the isomorphism classes of Maurer-Cartan elements in L to the isomorphism
classes of Maurer-Cartan elements in L .

PRroo¥F. Using the conditions of the theorem and Exercise [C.3] given below, it
is not hard to see that ¢ induces a quasi-isomorphism

Gr(p) : Finl ) Fri1 £ = FL | Fii L
for all m .
In order to prove that the map (C7) is surjective we need to show that for every

Maurer-Cartan element 3 € L there exists a vector ¢ e £0 and a Maurer-Cartan
element o € £ such that

(C.8) exp(£)(8) = p(a).
The Maurer-Cartan equation 98 + [8,5]/2 = 0 implies that S represents a
cocycle in
FiL)FoL.
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Hence there exists oy € Fi L' and &; € ]-'120 such that

(09) 3061 € FQ;C
and
(C.10) B—0¢ — ploy) € Fol .

Let us denote by ; the Maurer-Cartan element

p1 = exp(&1)(B).
Inclusion (C.I0) implies that

(C.ll) 51— 90(041) e L.
We showed that there exists a vector & € ]-'120 and a vector oy € F; L' such
that for

Pr = exp(&1)(B)

we have inclusion (CI1)) and the inclusion

1

(0.12) daq + 5[041, 041] e FL,
which follows from (C.9). Inclusions (C.I1]) and (C.12) form the base of our induc-
tion.

Now we assume that there exist vectors

&eFRL, 1<k<m
and a,, € F1L such that
1

(C.13) ooy, + §[am, ) € Fns1L,
and
(C.14) B — () € Fnr L,
where
(C.15) B = exp(&m) - - .exp(&1)(B) .

Let us consider the vector

1

(C.16) (9 (crm) + 5 lplam), p(am)]) = d(p(m) = Bm)
in F1L2.

Using the Maurer-Cartan equation for 3, we can rewrite (C16]) as

1 1
(a‘P(O‘m) + 5[9‘7(0‘771)7 @(am)]) - a(‘P(O‘m) —Bm) = B} ([‘P(O‘m)v ‘p(am)} - [ﬁmv ﬁmD =
1
5([90(O‘m)7 o(am)] = [p(am), Bm] + [o(am), Bm] — [ﬂmvﬂm]) =
1
5 ([‘P(o‘m)a Qp(am) - /Bm] =+ [<P(05m) - ﬂmv ﬂm}) .

Thus (CI4) implies that vector (CI6) belongs to FryoLl?.
On the other hand, applying the differential 0 to the vector

(Oelam) + 3 le(am), plan))
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and using (C.I3) together with the Jacobi identity we conclude that

D (p(am) + g lplam), plan)]) € Fusal®.

Combining this observation with the fact that vector (C16) belongs to Fyn42L2
we deduce that
¢ (Oam + %[am,am})
represents an exact cocycle in
Fni1 L] Fsol .

Therefore, there exists a vector ¥, 41 € Fpy1 Lt such that
1
(Cl?) 8vm+1 + 8am + i[am, Oém] S .Fm_;,_gﬁ.
Let us denote by aj, . the vector

’
Qg1 = Cm + Ym+1 -

Combining (CI7) with the fact that vector (CI6) belongs to FpioLl? we
conclude that

NBm = (41)) € FrnyoL
In other words, B, — ¢(o, 1) represents a cocycle in

Fni1 L] Fryol .

Therefore, there exists a vector &,,11 € }'mHZO and a vector 7, € Fni1 L1
such that
(C.18) Oy € FingaL?
and
(C.19) B — 0&m+1 — p(amy1) — SD(’Y'Ierl) € ]:erQE'

We set

Am+1 = 04;n+1 + ’77/n+1

and

Bmt1 = exp(&m+1)(Bm) -
Combining (CIT) together with (CI8) and (CI9) we see that a1, Bmt1

and &,,41 satisfy the inductive assumption for m replaced by m + 1.
Thus, we conclude that, there exist sequences of vectors
am € F1 LY, Q41 — Qo € meEl , m>1
and B
Em € FnL’,  m=>1
such that inclusions (C.I3)) and (C.14)) hold for all m.

Since the filtrations on £ and £ are complete the sequence {a,, }m>1 converges
to a vector & € £! and the sequence

{CH(gm, .., CH(&s, CH(&, &) ) }

m>1

converges to a vector £ € L0 such that

Oa + %[a,a] =0

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms
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and

exp(§)(B) = ¢(a).
We proved that the map (C1) is surjective.
Due to Exercise [C4] below the map (C.7) is also injective. Thus the theorem
is proved. O

EXERCISE C.3. If the rows in the commutative diagram of cochain complexes

0 A B c 0
0 A’ B’ c’ 0

are exact and any 2 vertical maps are quasi-isomorphisms, then show that the third
vertical map is also a quasi-isomorphism. Hint: Consider the 5-lemma (Sec. I1.5
in [12]).

EXERCISE C.4. Prove that the map (C1) is injective.

Appendix D. Solutions to selected exercises

Solution of Exercise [5.31 We need only to consider generators of OP(sCs,) i.e.
(an,sX), where q, is the standard n-corolla, and X € Co(n).
By definition,

(D.1) F(9°" (qn, X)) = 07F((qn,8X))

if and only if

(D.2) ap(0°X) 4+ 0°ap(X) - F(9"(qn,sX)) =0,

where ap € Conv(C, O) is the degree 1 map ap(X) = F((qyn,sX)), and
(D.3) "AnsX) == Y (s@8)(t; A (X))

z€mo(Treea(n))
By definition of the differential on Conv(C, O), Eq. (D.2) holds if and only if
(D.4) (0ap)(X) — F(0"(an,sX)) =0,
Next, expanding the right-hand side of Eq. (D3] gives:
VansX) =~ > D (-D(sX] ©5X2),
z€mo(Treea(n)) @

where X! and X2 are tensor factors in

A (X) =) XieoX2.

Let p, be the number of edges terminating at the second nodal vertex of t,
and let
ft,: OP(sCo)(n —p, +1) @ OP(sCo ) (p.) = OP(sCo)(n)
be the multiplication map for the tree t,. By definition of multiplication for the
free operad, we have

(t238X, @ 8X7) = fie. ((dn—p.+1,5X3) @ (qp.,5X7))
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Since F' is a map of operads, we have the following equalities:

F@"(@nsX) =~ > Y ()X (. ((an—p.+1,5X2) @ (ap.,5X2)))

z€mo(Treez(n)) «

= - Z Z ‘X ‘,ut (qn*;Derla SXé) ® F(qu,SXi))

z€mo(Treez(n)) «

== Y Syl (ar(x)) @ ar(X2))

z€mo(Treea(n)) o

= _ Z 'U,tz(O[F®O[FOAtZ(X))
z€Emo(Treea(n))

= —apeapr(X)
1

= —§[ap,ozp](X).

By substituting this last equality into Eq. (D.4]), we see Eq. (D)) holds if and only
if the Maurer-Cartan equation

1
dap + 5[0&1:‘,0[}7‘] =0

holds for ar. <«

Solution of Exercise [5.7. Assume the Maurer-Cartan elements ar and af
corresponding to the maps F, F: Cobar(C) — O are isomorphic as objects of the
Deligne groupoid. By definition (see Eq. (CXH)) this implies that there exists a
degree 0 element & € Conv(C,, Q) such that

exp(adg) — 18§ '

ap = exp(ade) ap — ad;

Define a(t) € Conv(C,, O)[[t]] to be:

exp(—tade) — 1

g%

a(t) = exp(—tade) ap —

Since ap and ¢ are elements of F;Conv(C,, ©), and the bracket and differential are
compatible with the filtration, we conclude that

a(t) € Conv(C,, O){t}.

Note «(0) = ar and a(1) = ap. Differentiation of a(t) gives:

dc;—(t) = —ad¢ (exp(—tade) ap) + exp(—tade)9E
= —adg (exp ap) + exp(—tade)0& — 06 + 0&
= —ad¢ (exp(—tade) o) — ;ng (exp(—tadg)ﬁf — 85) + 0§
§
= —adg (exp —tad¢) @ Mag) + 0¢
adf

= 9¢ = [, a(t)].
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Thus, applying Prop. C.1 of [4], we conclude that
1

da(t) + 5[04(75), a(t)]=0

for all ¢.
Hence, equations (5.10), (511), and (BI2)), which are described in the “only
if” part of the proof, imply that

ap = a(t) + &dt € Conv(C,, OF)

is a Maurer-Cartan element that corresponds to a homotopy H: Cobar(C) — Of
between ' and F'. <«

Solution of Exercise [6.151 The space
" (Ger(r +n)) S

is spanned by vectors of the form

(D.5) Av(w) = Z o(w)

where w is a monomial in s?"Ger(r + n).
It is clear that

T Av(w)) =w(a,a,...,a,a1,...,a,).
—_———

7 times

So our goal is to show that

(D.6) o™ (Av(w)) =

W(Ag(1)s - -+ Qo (i=1) 100 (i) Qo (i41) }» Qo (i42)s - - - » Qo (r41)s
0ES,y1 1=1

ar+2> L 7ar+1+n) 9

where the sign factor (—1)¢ comes from swapping the odd operator {aq(;), } with
the corresponding number of brackets.
Following the definition of 9TV ([6.37) we get

aTW Av(w Z Z T({al, w(ao(g), co Qg (1) Qrg2y - - ar+1+n)})

7€Shy . 0€S2 ... rt+1

n

E E E e
- T w(ao(l)u s Qo (r)y Ar42; -« - Qrdgy {ar+17 a'r+i+1}7

i=1 o€S, 7/€Sh,

Qr4i425 -« -5 ar+1+n))
_(_1)|’LU‘ Z T('LU o1 {al’a2}) =
T7€Sha » 1
(D.7) Z {aa(l)v w(%(z), s Qo (r1), Qr42, - - s Qrg14n) )

oES, 41
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142 VASILY A. DOLGUSHEV AND CHRISTOPHER L. ROGERS

€r4i
(_1) * w(ao(l)a sy Qo (r)y Q42 -« oy Qg {aa(r-i-l), ar+i+1};
loeSr41

n
i=
Argit2; - -5 Qriltn)

T

- Z Z Z(_l)eiTOO'(’LU(GS,...,ai+1,{a1,a2},ai+2,...,ar+1+n)) ,

7€Shy 1 0E€ES3,. . rp1 =1

where we used the obvious identity
(D.8)

Z Z aa(2)7~-'aaa(i)valva(r(iJrl)a-~-aaa'(r)aa7"+17---7a7‘+n)-

,,,,,

Using the defining identities of Gerstenhaber algebra we simplify (D7) further

(D.9) O™ (Av(w)) =
r4+1
Z Z W(Ar(2)5 - - Qo (i—1), {00 (1), Qo (i) ) Qa(i41)s - - > Qo (r41)s
0ES, 41 1=2
Ap42y .-y ar+1+n)}
oc(1)<o(2) r

- Z Z D w(ag(3), -+ -5 Go(i+1)s 18(1)s Go(2) }> Go(i42)s - - + 5 G (r4+1)

o€Sry1 =1

Ar42, .-, ar+1+n) =
r+1
Z Z 0(2)7 <o Ao (i—1), {aa(l), aa(i)}, Ao (i41)y -5 Qo(r41)s
oc€Sy 1 1=2
Arg2,y -3 Qryiin) )
r (_
- Z Z Ag(3)s -+ 5 Qo(i41)> 10a(1)s G0 (2) }> Qo (i42)s - - - > Gor(r41)
€S,y i=1
Ar42, .-, aT+1+n) =
T (_
Z Z W(Ag(3); - -+ 5 Ao (i41)s 100 (1)) Ao (2) }> Qo (i42)s - - - > Qo (r41)s
0E€S, 41 1=1
Apr42y .00y ar+1+n) =
Z a(l), s Qo (i—1) {ao(i), aa’(i-‘rl)}, Ao (i42)y -+ Qo (r41),
0€Syy1 i=1
Ar42; .-+ arJrlJrn) .

Thus equation (D.6) indeed holds and the desired statement follows. <«

Solution of Exercise @0.26 According to the formula for 9T given in Eq. (0.6))
we have

(DlO) aTWFoo = AVl (FH 09 I10 o) - AVl (Foo 01 FH + §1,2(Foo 02 FH))u

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



NOTES ON ALGEBRAIC OPERADS 143

where ¢ 5 is the cycle (12) € S5. Recall that, in the right hand side of (D.I0)), both
graphs I'e o and I's, are viewed as vectors in Gra(2), while the final result of the
computation is treated as a vector in TwGra(2) . In particular, the colors of vertices
play a role only for the final result of the computation. (See also Remark [0.3])
Expanding the terms on the right hand side gives the following equalities:

Teeool'vo = e—o0 o + e—oO o)
1 2 3 1 3 2
Foo 01 I‘o—o == e—O (¢]
1 2 3
gl,Q(Foo 02 FH) == &—oO O
1 3 2

Hence, all terms cancel on the right hand side of Eq. (D.I0), and therefore
O™, =0.
Next, applying the differential 9T% to ', € TwGra(2), we get

(D.11) 0™ Tos = Avi(Tewo02Tos) + Avi(Too 01 Tee +61,2(To0 02 Taa)).

We expand the terms on the right hand side, being mindful of the ordering on
edges, and Remark

7 1 7 0 1 0
leeoalo o= e—e 02 o—o0 = — 0 0 + e—o—o0
1 2 1 2 1 2 3 1 3 2
r o T 7 o 1 i 7 n i 7
= 1 pr—
coTliee T 13 1 2 1 2 3 2 1 3
¢ (F 0s T ) c ( 7 o i ) 7 i i 7 1
= 2 =
L2itoro T2 hee) ALY 1 27 2 3 1 2 1 3

By definition of the operad Gra, we have the following equalities in Gra(1 + 2):

i i i1 i
———eo —o = — o—eo—o
1 2 3 1 2 3
7 0 7 %3
———eo —o = — o—eo—o
1 3 2 2 3 1
% 1 7 %3
———eo —o = — o—eo—o
2 1 3 2 1 3
Thus, in TwGra(2), we have:
i i i )
e—0—o0 = — e—0—o0
1 2 3 1 2 3
7 i1 7 143
e—0—o0 = — o0——o0—e
1 3 2 2 3 1
i1 7 7 143
oO——e—o0 = — o0—e—O
2 1 3 2 1 3

Hence, all terms on the right hand side of Eq. (D.I1)) cancel, and therefore
O™l o =0. <
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Early in 2011 Sam Evens acting on behalf of the organizers of the summer
school on quantization at Notre Dame asked me to give a short series of lectures on
geometric quantization. These lectures were meant to prepare a group of graduate
mathematics students for talks at the conference on quantization which were to
follow the summer school. T was told to assume that the students had attended an
introductory course on manifolds. But I was not to assume any prior knowledge of
symplectic geometry. The notes that follow resulted from this request. They are a
mostly faithful record of four one-hour lectures (except lecture 4). It should be said
that there exist many books on geometric quantization starting with Souriau [14],
Sniatycki [12], Simms and Woodhouse [13] , Guillemin and Sternberg [7], Wal-
lach [15] and Woodhouse [16] and continuing with Bates and Weinstein [3] and
Ginzburg, Guillemin and Karshon [I0]. There are also a number of one hundred
page surveys on geometric quantization such as the ones by Ali and Englis [I] and
by Echeverria-Enriquez et al. [5]. Clearly I could not have squeezed a semester or
more worth of mathematics into four lectures. Since I had to pick and choose, I
decided to convey the flavor of the subject by proceeding as follows. In the first
lecture I tried to explain how to formulate the Newton’s law of motion in terms
of symplectic geometry. This naturally require an introduction of the notions of
symplectic manifolds, Hamiltonian vector fields and Poisson brackets. In lecture
2 T described prequantization. Lecture 3 dealt with polarizations. I have mostly
limited myself to real polarizations. In the original version I tried to explain half-
forms. Here I stick with densities. In lecture 4 I came back to prequantization and
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148 EUGENE LERMAN

tried to explain why it is more natural to prequantize a differential cocycle rather
than just a two form. In other words prequantization is taken up from a more
functorial point of view — differential cohomology and stacks. For reasons of space
and time the treatment is not very detailed. The notes also contain two appendices:
the first one recalls bits and pieces of category theory; the second discusses densities.

Acknowledgments: I thank the organizers of the summer school at Notre Dame
for inviting me to give the talks and providing me with a note taker. I thank the
referee for a careful reading of the manuscript and a number of helpful suggestions.

1. An outline of the notes

The goal of this mini course is — starting with a classical system (which is
modeled as a symplectic manifold together with a function called the Hamiltonian)
— to produce a quantum system, that is, a collection of (skew)adjoined operators
on a Hilbert space.

Here is a more detailed plan of the lectures (the possibly unfamiliar terms are
to be defined later in the course):

e We go from Newton’s law of motion to a symplectic formulation of classical
mechanics, while cutting quite a few corners along the way.
e Next we have a crash course on symplectic geometry. The two key points
are:
— A function h on a symplectic manifold (M,w) uniquely defines a
vector field =5, on the manifold M.
— There is a Poisson bracket, that is, an R-bilinear map

Co(M) x CF(M) = C*(M),  (f,9) = {[. 9}

which has a number of properties. In particular, the bracket {f, g}
makes C'*°(M) into a Lie algebra.

e Next we'll discuss prequantization: Given a symplectic manifold (M, w)
and a corresponding Poisson bracket {-,-} we want to find/construct a
complex line bundle 7 : . — M with a Hermitian inner product
< -,- > and a connection V on L such that:

— the connection V preserves the inner product < -,- >

— curv(V) = 2mv/—1)w
Given such a bundle we get a prequantum Hilbert Space Hg, which con-
sists of L? sections of L. — M. We’ll observe:

— Each function f € C*°(M) defines an operator @ : Ho — Ho,

Qs(s) = @V "T)fs + V=, 5

where Zy is the Hamiltonian vector field generated by the function

I
— The map
C*(M) <, {skew Hermitian Operators on H}

given by f +— Q7 is a map of Lie algebras.
e There is problem with prequantization: quantum mechanics tells us that
the space Hg is too big. Here is an example.
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GEOMETRIC QUANTIZATION; A CRASH COURSE 149

EXAMPLE 1.1. Consider a particle in R®. The corresponding classical
phase space is M = T*R3. The associated line bundle L. = T*R3 x C is
trivial, and the prequantum Hilbert space is Ho = L?(T*R3,C). Physics
tells us that what we should have as our quantum phase space the vector
space L?(R3,C).

One then uses polarizations to cut the number of variables in half. The
introduction of polarizations leads to a number of technical problems. In
other words, this is where our trouble really begins.

In the first appendix to the paper we remind the reader what categories, functors,

natural transformations and equivalences of categories are. In the second appendix
we discuss densities.

2. From Newton’s law of motion to geometric mechanics in one hour

Consider a single particle of mass m moving on a line R subject to a force F'(q,t).
Newton’s law of motion in this case says: the trajectory ¢(t) of the particles solves
the second order ordinary differential equation (ODE):

d2q ’
(2.1) m—z = Fla(t),q'(t), ).
We now make two simplifying assumptions: (1) the force F' only depends on position
g and (2) the force F' is conservative — that is, F'(¢) = —V’(q) for some V €
C*°(M). Then (1)) becomes:
d?q
(2.2) mos = —V'(q(t)).

The standard way to deal with equation (Z2)) is to introduce a new variable p

("momentum”) so that p = m%d and convert 22) into a system of first order

dt
d d? d
ODEs. That is, if p = md—(z then m%g = d_lt) Thus every solution of
dq 1
—="p
(2.3) g m
=V
dt

solves (22). On the other hand, a solution of (Z3]) is an integral curve of a vector

field Z(p, ¢), where

Em@:i E—VM%Q

1
Note: the energy H(q,p) = 2—p2 + V(q) is conserved, i.e., it is constant along
m

solutions of ([23)). In fact the function H completely determines the vector field =
in the following sense. Consider the two-form w = dp A dg on R2. It is easy to see
that
(E)w = —dH.
So H determines =. Notice w = dp A dq is nondegenerate, so for any 1-form « the
equation w(X,-) = «(-) has a unique solution. To summarize: Newton’s equations
2

d
and m—q = —V’(q) are equivalent to integrating the vector field =5 defined by

(Ep)w = —dH. We now generalize this observation.

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



150 EUGENE LERMAN

DEFINITION 2.1. A symplectic form w on a manifold M is a closed nondegenerate
2-form. The pair (M,w) is called a symplectic manifold.

REMARK 2.2. dw = 0 will give us an important property of the Poisson bracket:
the Jacobi identity.

Standard examples of symplectic manifolds.
EXAMPLE 2.3. (R2,dp A dq)

EXAMPLE 2.4. (X,w) where ¥ is an orientable surface and w is an area form
(nowhere zero form) on X. Note that since the surface ¥ is two dimensional, dw is
automatically 0.

EXAMPLE 2.5. Let @Q be any manifold and set M = T*Q. If « denotes the
tautological 1-form then w = da is a symplectic form on M. Here are some details.
“Recall” that there are two ways of defining the tautological 1-form (also called the
Liouville form) a.

(1) In local coordinates « is defined as follows. If (qi,...¢g,) is a coordinate
chart on @ and (q1,...,qn,p1,---,Pn) the corresponding coordinates on
the cotangent bundle 7% M, then

a=> pidg.

It is not hard to check that do = w = Y dp; A dg; is non-degenerate. It
is closed by construction, hence it’s symplectic. It is not obvious that «
(and hence w) are globally defined forms.

(2) Alternatively, we have the projection 7 : T7*Q — Q and dr : T(y ) (T*Q) —
T,Q. So given ¢ € Q, p € T;Q and v € T(,,,)(T*Q) define

(qp) (V) = p(dm(v)).

It is a standard exercise to check that the two constructions agree. In the first
construction of « it is clear that « is smooth and da is nondegenerate. In the
second construction it is clear that « is globally defined.

DEFINITION 2.6. The Hamiltonian vector field Z¢ of a function f on a symplectic
manifold (M, w) is the unique vector field defined by w(=y,-) = —df.

Warning: the opposite sign convention is also frequently used in literature: w(=y,-) =

df.

REMARK 2.7. The function f is always constant along the integral curves of
its Hamiltonian vector field Zy.

PROOF. Let v be an integral curve of the vector field Z¢. Then
d - - - - = =
5T O0@) =E5(f) = df (Ey) = ~w(Ey,)(Ef) = ~w(Ey, Ey).
. . . - = d . .
Since w is skew-symmetric, w(=Zy, =) = 0. Hence Ef(*y(t)) =0, ie., f(y(t) is a

constant function of ¢, which is what we wanted to prove. O
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Poisson Bracket.

DEFINITION 2.8. The Poisson bracket {-,-} on a symplectic manifold (M, w) is
a map
{,}: C®(M) x C®(M) = C>®(M)
defined by
{9} =Z5(9)-

REMARK 2.9. The Poisson bracket has a number of useful properties which we
list below. Proofs may be found in any symplectic geometry book.

(1) For any three function f,g,h € C°(M) we have

{f.g-h}=EZ¢(g-h)=Z¢(9)-h+g-Z¢(h) ={f, 9} -h+g-{f h}.
(2) For any pair of functions f,g we have {f,g} = Zf(g9) = dg(Ey) =

—w(Ey,Er) =w(ZEy,2y) = —{g, f}. In particular {f, f} = 0.
(3) One can show that the equation dw = 0 implies that

{f{g,ht} = {9} 0} +{9,{f. 9}},
which is the Jacobi identity. In other words the pair (C*°(M),{-,-}) is a
Lie algebra.

(4) Tt is not hard to show that {f,¢g} = 0 if and only if g is constant along
integral curves of f. Indeed, let v be an integral curve of the vector field
E¢. Then

9 91(1)) = Z4(0) (1) = £, 9} (1(0).
Therefore if the function g is constant along 7 then the bracket {f, g} is
zero along . The converse is true as well. This generalizes the fact that a
function f is constant along the integral curves of its Hamiltonian vector
field Ef.

(5) One can show that ¢([2¢,Zg])w = —d{f, g}. Hence if the Poisson bracket
{f,g} of two functions f,g is 0 then flows of their Hamiltonian vector
fields commute. Here is a better interpretation of the same fact: The map

C*™(M) — vector fields on M, [ Zf
is a map of Lie algebras: Zy gy = [Ef, Zy].

REMARK 2.10. It is not hard to show that is (M, w) is a symplectic manifold,

then its dimension is necessarily even. This only involves linear algebra.
n

Say dim M = 2n. Then one can show further that the 2n-form w™ :=w A --- Aw
(n-fold wedge product) is nowhere zero, hence defines an orientation of M. In par-
ticular, this allows us to integrate any compactly supported function f € C*°(M)
over M by integrating the form fw™. The space L?(M,w) is then defined as the
completion of the space C°(M,C) of compactly supported functions with respect

to the L? norm
1/2
Hft—(/lﬂ%ﬂ) .
M

It is a Hilbert space with the Hermitian inner product

(f:9)) = y fgw"
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152 EUGENE LERMAN

(in the convention I prefer, the Hermitian inner products are complex-linear in the
second variable).

We end the section with an easy lemma that we will need later.

LEMMA 2.11. Let (M,w) be a symplectic manifold and f : M — R a smooth
function. Then the Lie derivative Lz, w of the symplectic form with respect to the
Hamiltonian vector field of the function f is zero:

,Cgfwzo.

PROOF. This is an application of Cartan’s formula: for a differential form
o its Lie derivative Lxo with respect to a vector field X is given by Lxo =
1(X)do + du(X)o, where, as above, ¢(X)o denotes the contraction of X and o, etc.
Thus
Lz,w=1(Ey)dw+di(Zf)w.
The first summand above is 0 since dw = 0. By definition of =f, ¢(Ef)w = —df.
Since d(df) = 0, the second summand is zero as well. O

3. Prequantization

The goal of this section is to describe geometric prequantization. This is a
procedure for turning a classical mechanical system mathematically formalized as
a symplectic manifold (M, w) together with its Poisson algebra of smooth functions
C>*(M) (“classical observables”) into a quantum system formalized as a Hilbert
space Ho together with the Lie algebra of (densely defined) skew-Hermitian oper-
ators {Qy|f € C*°(M)}. Moreover the map

Q:COO(M)—>End('H0), fl—>Qf,
should (and would) be a map of Lie algebras:

for all functions f,g € C°°(M). We start by recalling some notation.

NotATION 3.1. We denote the space of sections of a vector bundle £ — M
over a manifold M by T'(E). Thus the space of vector fields on a manifold M is
denoted by I'(T'M).

3.1. Connections. We start by recalling a number of standard definitions
and facts. By a fact I mean a theorem the proof of which will take us too far afield.
Such proofs may be found in any number of textbooks.

DEFINITION 3.2. A connection V on a (complex) vector bundle E = M is a
C-bilinear map
INTM)xT(E) - T(E), (X,s)— Vxs
such that
(1) Vyxs = fVxs for all functions f € C°°(M,C) and all vector fields X €
I(TM) (ie., V is C*°(M,C) linear in the first variable) and
(2) Vx(fs)=X(f)s+ fVxs for all functions f € C*°(M,C) and all vector
fields X € I'(T'M) (i.e., V is a derivation in second slot).

If the vector bundle E carries a fiber-wise Hermitian inner product (-, -) we can
talk about the connections respecting this structure. More precisely
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DEFINITION 3.3. A connection V on a vector bundle E = M with a fiber-wise
inner product (-, -) is Hermitian if
X((s,8")) = (Vxs,s') + (s,Vxs)
for all vector fields X on M and all section s, s’ € I'(E).

Next recall that given any complex vector bundle E = M we can consider the
bundle End(E) — M of endomorphisms with a fiber End(E), at a point x € M
given by

End(E), ={A: E, — E, | Ais C linear}.
We also have the subbundle of skew Hermitian maps End(E, (-,-)) C End(E) with
typical fiber

End(E, (-,))s ={A: E; — E; | Ais Clinear and (Av, w)+(w, Av) =0 Yv,w € E,}.
We have the following Fact :

FACT 3.4. The space of Hermitian connections on a vector bundle (F, (-, -}) is
non empty. In fact it is an infinite dimensional affine space: the difference of two
connections is a End(E, (-, -)) valued 1-form.

DEFINITION 3.5. Let V : I'(T'M) x I'(E) — I'(F) be a connection on a vector
bundle E — M. The curvature RY of the connection is a section of A2(T*M) ®
End(E) (i.e., an End(E) valued 2-form). It is defined by

RV(X, Y)S = Vx(vYS) — Vy(vXS) — V[X’y]s
for all vector fields X and Y and all sections s € I'(E).

If V is a Hermitian connection then its curvature RY is a 2-form with values
in End(FE, (-,-)). Furthermore if E > M is a complex line bundle then

End(E, (-,-)) ~ M x v/—1R

hence
\/%_1RV € Q*(M,R).
That is \/L_—lRV is an ordinary real valued 2-form.
Fix a manifold M and consider the collection D(M) of all triples (L, (-,-), V),
where L — M is a complex line bundle, (-,-) is a Hermitian inner product on L
and V is a Hermitian connection on (L, (-,-)). Then curvature defines a map

2 I v

(3.1) D(M) = Q* (M), (L,{-), V)~ \/__1R
from the collection D(M) to the set of (real-valued) 2-forms Q2(M).

To define geometric prequantization one needs to invert this map. That is, given
a symplectic manifold (M,w) one would like to find a Hermitian line bundle with
a Hermitian connection V so that

1
V-1

However there are two problems: (1) the map (BI]) is not 1-1 and (2) not all
symplectic forms are in the image of the map. The first problem has to do with
the fact that taking curvature of a connection is very much like taking the exterior

RY = w.
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derivative of a 1-form. So recovering connection from its curvature is also like
recovering a 1-form from its exterior derivative.

The second problem is topological. It has to do with the fact that (isomorphism
classes of) complex line bundles are parametrized by degree 2 integral cohomology
classes, that is, elements of H?(M,Z). Moreover the cohomology class ¢1(M) of a

line bundle E — M and the de Rham class | QW\l/_—lRV] defined by the curvature

RY of a Hermitian connection V on E are closely related: [#HRV] is the image

of ¢1(FE) under the natural map

v H*(M,Z) — H*(M,Z) @ R ~ H35(M).
1
N
in M has to be an integer. Hence the only symplectic forms that can be prequantized
(that is, can occur as curvatures) are the forms whose integration over integral 2-
cycles give integers. And if a symplectic form w is integral (that is, the de Rham
class [w] lies in the image of the map ¢ above), the lift of [w] to H?(M,Z) need
not be unique. A solution to these problems (independently due to Kostant and to

Souriau) can be stated as follows:

Consequently the integral of the 2-form 1Rv over any smooth integral 2-cycle

THEOREM 3.6. Suppose the de Rham cohomology class of a closed 2-form o
on a manifold M lies in the image of v : H*(M,Z) — H3s(M). Then there
exists a Hermitian line bundle E — M with a Hermitian connection V such that

1 A
o TIR =o0.

There is another solution to this problem that I find more satisfactory and to
which Theorem is a corollary. It has the additional merit of allowing one to
prequantize orbifolds as well. It involves thinking of D(M) not just as a set but
as a collection of objects in a category and upgrading the map ([BI]) to a functor.
The target of this functor is a category of differential cocycles: the objects of this
category involve integral cocycles and differential forms. The functor will turn out
to be an equivalence of categories. So it can be easily inverted (up to homotopy).
We will take this up in the last section of the notes. In the mean time we proceed
with prequantization.

DEFINITION 3.7. Suppose (E — M, (-,-),V) is a Hermitian line bundle with
connection such that w := 27T—\1/_—11fiV is symplectic. The prequantization is a linear
map

Q: C*(M) —» Hom(I'(E),I'(E)), [ Qy
where the operator @) is defined by
Qy(s) = Vz,s =21V ~1f s
for all functions f € C*°(M) and all section s € I'(E). Here, as before, =, denotes

the Hamiltonian vector field of f with respect to the symplectic form w.

REMARK 3.8. Our definition of @ differs from a more traditional one by /—1.
The physicists like to identify the Lie algebra of the unitary group with Hermitian
matrices (and operators).

We next prove:

LEMMA 3.9. The prequantization map Q : C*°(M) — Hom(I'(E),T'(E)) is a
map of Lie algebras:

[Qr Qgls = Q.38
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for all sections s € I'(E) and all functions f,g € C*(M).

PROOF. Since w := 27(\1/__1RV7 we have, by definition of curvature that

([Vx,Vy] = Vixy))s = 2myV/—1w(X,Y) - s

for all vector fields X,Y on M and all sections s € I'(E). Hence

[Vz,.Vz,]s = Viz, z,)5 + 20V —1w(Ef,Zy) - 5
for all f,g € C*°(M). Since w(Zf,Zy) = {f, g} and since [Zf,=Z ] = E 53 we get
(3.2) [Vz,,Vz,]s = Vg{fyg}s—i-Q?r\/—_l{f,g}s.
Next observe that
Qr(Qgs) = Qs (Vz,s — 2mV/~1g - 5)

=Vz,(Vg,s — 2my/—1g - 5) — 2w/ —1f - (Ve,s— 2my/—1g - 5)

=g

)

=Vz,(Vg,s) = 2nvV—1Z;(g) - s — 27V —1gVz,s — 21V ~1fVz, s — 412 fg- s
Similarly,
Qq(Qys) = Vs, (Vz,s)—2mV—12,(f)-s—2nV/—1fVz, s—2m/—1gVz,s—4r’g- f-s.
Hence

[Qr, Qgls = Qr(Qqs) — Qq(Qys)
Vz,,Vz,]s —20vV—=1({f, 9} — {9, f})s
Vz,,Vz,]s - 4/ =1{f, g}s
Va8 +2mV=1{f g}s — dnv/=1{f,g}s by B2)
= Va5~ 2mV=1{f,g}s = Qf.9}5

O

DEFINITION 3.10. Let (M,w) be a symplectic manifold of dimension 2m and
(E — M, (-,-,)) be a Hermitian line bundle as before. A section s € I'(E) is square
integrable if the integral [, (s, s) w™ converges.

Clearly any section s with compact support is square integrable. Moreover,
for any two compactly supported sections s,s’ of E — M the function (s,s’) is
compactly supported, hence the integral [ A (8,8") W™ converges.

NoOTATION 3.11. We denote the space of compactly supported sections of the
bundle £ — M by I'.(E):

I'.(E) :={s €T(E) |supp(s) is compact }.

The space I'.(F) of compactly supported sections carries a natural Hermitian inner
product defined by

for all s,s" € T'o(E).

DEFINITION 3.12. The prequantum Hilbert space associated with a prequan-
tum line bundle (E — M, (-,-,)) is the completion of the inner product space
(T(E), {{-,-))) with the respect to the corresponding L? norm:

Ho := the completion of T'.(E).
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LEMMA 3.13. The prequantization map Q : C>*°(M) — Hom(I'.(E),T.(E)) is
skew-Hermitian:

{Qyrs, ")) + ({5,Qs8") =0

for all compactly supported sections s,s’ of E — M.

PROOF. Observe that
2nv/—1fs,8") + (s,2mvV—=1fs") =0

for all functions f € C°°(M,R) and all square-integrable sections s, s’. Next note
that since the connection V is Hermitian we have

/(ngs,s/>wm+/ <S,V5fs/>wm:/ (s, s Hw™.
M M M

Since the Lie derivative Lz,w of the symplectic form with respect to any Hamil-
tonian vector field =y zero (see Lemma [IT]), we have Lz, w™ = 0 as well. Hence

Lz, ((s,s)w™) = Lz, ((s,5))w™ + (s,5) L=, (w™) = Ef(s,s)w™ + 0.
On the other hand by Cartan’s magic formula, for any top degree form p we have

Lz, = UE))dp + d(E,)) = du(Ep)),
since du = 0. We conclude that

/(ngs,s’>wm+/ (s,ngs’>wm:/ (s, s Hw™
M M M

M

where the last equality holds by Stokes’ theorem. The result follows. |

REMARK 3.14. Note that the operators Q)¢ are not bounded in the L? norm
since they involve differentiation. So they do not extend to bounded operators on
the completion Hy. However, they are elliptic operators, and consequently extend to
closed densely defined operators on Hg. Not surprisingly their domain of definition
consists of square integrable sections with square integrable (distributional) first
derivatives.

4. Polarizations

Recall that geometric prequantization associates to an integral symplectic man-
ifold (M, w) a Hilbert space Ho and to each real-valued function f on M a skew-
Hermitian operator Qs : Ho — Ho. Unfortunately this is not correct physics.

ExXAMPLE 4.1. Suppose our classical configuration space is R, the real line. This
is the example with which we started these lectures. The corresponding classical
phase space is the cotangent bundle M = T*R with the canonical symplectic form
w = dp A dq. The corresponding prequantum line bundle F is trivial: £ = T*R x
C — T*R. Hence the prequantum Hilbert space is Hg is the space L?(T*R,C)
of complex valued square integrable functions. Quantum mechanics tells us that
the correct Hilbert space consists of square-integrable functions of one variable
L?(R,C), not of functions of two variables.
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A standard solution to this problem is to introduce a polarization. To define
polarizations we start with linear algebra.

DEFINITION 4.2. A Lagrangian subspace L of a symplectic vector space (V,w)
is a subspace satisfying two conditions:
(1) L is isotropic: w(v,v’) = 0 for all vectors v, v’ € L;
(2) L is maximally isotropic: for any isotropic subspace L’ of V' containing L
we must have L = L.

REMARK 4.3. A standard argument shows that if L C (V,w) is Lagrangian
then

dim L = % dim V.

ExAMPLE 4.4. If (V,w) = (R?,w = dpA dq) then any line L in V is Lagrangian.
The analogous definition for submanifolds is as follows:

DEFINITION 4.5. An immersed submanifold L of a symplectic manifold (M, w)
is Lagrangian if T,,L C (T, M,w,) is a Lagrangian subspace for each point = € L.

DEFINITION 4.6. A (real) polarization on a symplectic manifold (M,w) is a
subbundle F C T'M of its tangent bundle such that
(1) F is Lagrangian: F, C (T,M,w,) is a Lagrangian subspace for all points
re M.
(2) F is integrable (or involutive): for all local sections X,Y of F — M, the
Lie bracket [X,Y] is again a local section of F. This conditions is often
abbreviated as [F, F] C F.

REMARK 4.7. If 7 C TM is an integrable distribution, then by the Frobenius
theorem there exists a foliation £ of M tangent to the distribution F. If in addition

F is Lagrangian then the leaves of Lr are immersed Lagrangian submanifolds of
M.

ExAMPLE 4.8. Suppose the symplectic manifold M is a cotangent bundle of
some manifold N: M = T*N with its standard symplectic form. Then M has a
polarization F given by the kernel of the differential of 7 : T*N — N:

F =ker(dm) : T(T*N) — TN.

In local coordinates (qi,...,qn,D1,---,pn) : T*U — R™ x R™ (U C N open) on
T* N this polarization is given by

- 0
F = i i € c>*(U .
By e
The polarization F is called the vertical polarization of T*N.

EXAMPLE 4.9. Consider the punctured plane M := R?\ {0} with the symplec-

tic form dp A dq. The collection of circles {Cr ={(p,q) e M | p*+¢*= r2}}r>0

forms a Lagrangian foliation of M. The tangent lines to the circle define a polar-
ization F of M.

REMARK 4.10. Real polarizations need not exist. Here is an example. It is not
hard to show that any real line bundle over the two-sphere S? has to be trivial,
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hence has to have a nowhere zero section. Thus if S? has a polarization then it has
a nowhere zero vector field, which contradicts a well-known theorem.

Since real polarization need not exist for interesting classical systems, one gen-
eralizes the notion of a real polarization to that of a complex polarization. A
complex polarization on a symplectic manifold (M,w) is a complex Lagrangian in-
volutive subbundle of the complexified tangent bundle T'M ® C. We will not discuss
them further. There is a well-developed theory of complex polarizations that an
interested reader may consult.

Finally there are examples due to Mark Gotay [6] of symplectic manifolds that
admit no polarizations whatsoever, real or complex. One can reconcile oneself
to this fact by thinking that not all classical mechanical systems have quantum
counterparts.

DEFINITION 4.11. Let F be a polarization on (M,w) and (L = M, (-,-),V)
a prequantum line bundle. A section s € I'(L) is covariantly constant along F if
Vxs =0 for all sections X € I'(F).

NoTATION 4.12. We denote the space of sections of the prequantum line bundle
L — M covariantly constant along a polarization F by I z(IL). Thus

I'r(L):={seT'(L) | Vxs=0forall X € I'(F)}.

REMARK 4.13. It is common to refer to the space I'z(LL) as the space of polarized
sections.

ExaMPLE 4.14. If M = T*N, L = T*N x C and F C TM is the vertical
polarization, then the space I'z(IL) C C*°(T*N,C) consists of functions constant
along the fibers of 7 : T*N — N. Thus I'x(L) = 7*C>°(N, C).

EXAMPLE 4.15. Consider again the punctured plane M = R? \ {0} with the
polarization F defined by circles. We may take the trivial bundle L = M x C —
M as the prequantum line bundle. Its space of sections is simply the space of
complex valued functions on M. The Hermitian inner product on L is defined by
the standard Hermitian inner product on C.

For any real-valued 1-form o on M the map V : I'(TM) x C*(M,C) —
C*°(M,C) defined by

Vxf=Xf+V-1a(X)f
is a Hermitian connection. Now consider the real-valued 1-form « on on M given in
polar coordinates (r, ) by the equation a = r2df. A section f € C>°(M,C) of L is
covariantly constant along the polarization defined by the circles (cf. Example [£.9)
if and only if
(4.1) Z_g — DTy

A function f solves the above equation if and only if it is of the form
f(r.6) = g(r)e "1
for some function g(r). Such an f is a well-defined function on the punctured plane

only if % € Z. Thus (&) has no nonzero smooth solutions.

Let us go back to the general situation: a prequantum line bundle (L, (-, ), V)
over a symplectic manifold (M, w) and a real polarization F C TM. We now make
several assumptions:
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(1) The space of leaves N := M /F is a Hausdorff manifold and the quotient
map 7 : M — M/F = N is a submersion.
(2) The space of polarized sections I'#(L) is nonzero.

REMARK 4.16. If we assume that the quotient map 7 : M — M/F is proper
then it places very severe restrictions on what the connected components of the
leaves of F can be: they have to be compact tori. See Duistermaat [4], for example.
In particular the fact that compact leaves of the polarization of a punctured plane
turned out to be circles (i.e., one dimensional tori) should come as no surprise
(q.v. Example [LT5]). More generally the leaves of a Lagrangian fibration are open
subsets of quotients of the form V/I" where V is a finite dimensional real vector
spaces and I' C V' a discrete subgroup. That is, V/T' ~ (R¥/Z*) x R! for some k, [
with K+ =dim V.

The issue with existence of nonzero parallel sections reduces to the holonomy of
the connection being trivial along the leaves. Since the curvature of the connection
vanishes identically on each leaf, the obstruction to the existence of nonzero parallel
(polarized) sections lies in the representations of the fundamental groups of the
leaves. This is why it is not uncommon for the fundamental groups of the leaves
to be assumed away. Fortunately there are examples of fibrations with simply
connected leaves that are slightly more general than the cotangent bundles. They
are the so-called “twisted cotangent bundles” and amount to the following. Let Q
be a manifold with an integral closed two-form 7 (which may be degenerate) and let
M =T7*Q. It is not hard to check that the two-form w = 7*7 +wr-¢ is symplectic.
Here 7 : T*Q) — @ is the canonical projection and wr+¢ is the canonical symplectic
form on T*Q (q.v. Example 2H]). The Lagrangian foliation of (T*Q,w) is provided
by the fibers of 7, which are contractible.

DEFINITION 4.17. Given a polarization F C T M, the space of polarization
preserving functions is the space C3 (M) defined by
CEM):={feC®M)|[E;,X]el(F)forall X e I'(F)},
where, as before, = denotes the Hamiltonian vector field of the function f.

REMARK 4.18. It is not hard to show that if f is a polarization preserving
function then the flow of its Hamiltonian vector field = preserves the leaves of the
foliation defined by the distribution F.

REMARK 4.19. If Z¢ € I'(F) then, since F is involutive, f € C¥®(M). Using
again the fact that F is Lagrangian, it is not hard to show that if f = 7*h for some
h € C*(M/F) then Z¢ € I'(F). In particular the space C¥ (M) is non-trivial.

LEMMA 4.20. The subspace C¥ (M) of C>(M) is closed under the Poisson
bracket.

PRrROOF. Suppose f,g € C¥(M) and X € I'(F). Then

Eifgy = [Ef,Eg)-
Hence
(X, E(r.0] = (X, [Ef, Egll = [[X, B Zg] + By, [X, E]
where the second equality hold by the Jacobi identity. Since [X, =], [X,E ] € ['(F)

by assumption, and since I'(F) is a subspace of I'(T'M) that is closed under brackets,
we have [X,Z¢f 3] € T'(F). O
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LEMMA 4.21. If f € C(M) is a polarization-preserving function then the
operator Q¢ defined by the prequantization map Q : C°° (M) — End(I'(L)) preserves
the space T (L) of F polarized sections, the sections covariantly constant along F.

Hence we get a map of Lie algebras

Q: CF(M) — End(T'#(L)).

ProOF. Note first that for any vector field X € I'(T'M) and any function
fe = (M)
X(f) = df(X) = («(Ep)w)(X) = w(X,Zf).
To prove the lemma we need to show that

Vx(Qs) =0

for all vector fields X € I'(F), all functions f € C¥ (M) and all polarized sections
s € Tz(L). Now

Vx(Vz,s —2mvV/—1fs) = Vx(Vz,s) — 2rvV—-1X(f) s — 2mvV/—1fV xs.
Note that by assumption 27v/—1fV xs = 0. By definition of curvature,
Vx(Vz,s) = Vz,(Vxs) + Vixz,s + RV (X, Ef)s.
By assumption on X, f and s, the first two terms are 0. Also, by definition of the

connection
RY =21V —1w.
We conclude that

Vx(Vz;s) =0+0+ 21V —1w(X,Ef)s.
Putting it all together we see that
Vx(Qrs) =2rvV—1w(X,Ef)s—2rvV—-1X(f) s = 2nvV—-1(w(X,Ey)—w(X,=Z¢))s = 0.
|

We would now like to define an inner product on the space I'#(LL) of polarized
sections. If the fibers of # : M — M/F are compact, then as before we can
define an inner product on a subspace of I'z(L) consisting of square integrable
sections — c.f. Definition B.I0] and the subsequent discussion. The completion of
this space would give us the desired Hilbert space. However, as we have seen in
Example [L.T5] the space of (smooth) polarized section can be 0. This is not just
an accident of the particular example, but is fairly typical, since fibers of proper
Lagrangian fibrations are tori. The solution to this problem — the lack of nonzero
smooth polarized sections — is to consider distributional polarized sections. We
will not say anything further on this topic in these notes. A curious reader may
consult the discussion of distributional sections in [12].

If the leaves of the polarization on a symplectic manifold (M,w) are not com-
pact (as is the case of the vertical polarization on a cotangent bundle T*N) then
none of the polarized sections are square integrable with respect to the symplectic
volume form w™ (m = %dim M). On the other hand, the Hermitian inner product
(s,s') of two polarized sections s,s’ € T'z(L) is constant along the fibers of the
submersion 7 : M — M/F, hence descends to a function on the leaf space M/F.
Thus it is tempting to push the function (s, s’) down to M/F and integrate it over
the leaf space. The problem is that the leaf space M/F has no preferred measure
or volume. For instance suppose (M, w) is a 2-dimensional symplectic vector space
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(V,wy). Here we think of wy as a constant coefficient differential form. Then any
line £ C V defines a polarization whose space of leaves is the quotient vector space
V/¢. While the vector space V/{ is one dimensional in this example, and thus iso-
morphic to the real line R, there is no preferred identification of V/¢ with R and
no preferred measure on V/¢.

Let us recap where we are. We have an integral symplectic manifold (M,w), a
prequantum line bundle L. — M with connection V whose curvature is 2mv/—1w,
a Lagrangian foliation F of M so that the space of leaves M/F is a Hausdorff
manifold, the quotient map 7 : M — M/F is a fibration and the holonomy rep-
resentation of the fundamental groups of the leaves with respect to the connection
V are trivial. In this case the prequantum line bundle I. -+ M descends to a Her-
mitian line bundle L/F — M/F. We now consider the new complex line bundle
L/F @ |T(M/F)|*/?, the bundle LL/F twisted by the bundle of half densities on
M/F (q.v. Definition [B.I1). We have an isomorphism

(42)  D(L/F@|T(M/F)|'?) = T(L/F) @c sz D(IT(M/F)|V?)

of C>*(M/F) modules.

It makes sense to talk about the sections of L/F @ |T(M/F)|*/? being square
integrable, and it makes sense to define a sesquilinear pairing of two square in-
tegrable sections. This is done as follows. As we observed in Remark [B.14], the
bundle |T(M/F)|*/? of half densities is trivial, that is, it has a nowhere zero global
section. Hence any section of L/F @ |T(M/F)|'/? is of the form s ® u where
s € I(L/F) ~Tx(L) and u is a 1/2 density on M/F. Now given a polarized
section s € I'z(L) and a 1/2 density p on M/F we can form a 1 density

(s, 8)fun = ||s]? |l
on M/F. Moreover the map
(L/F) @c sz TIT(M/F)2) = [M/FI, s @ pe |Is]P|uf?

is well-defined. Here, as in Appendix [Bl |M/F|' denotes the space of 1-densities
on the manifold M/F, which is the space of sections of the bundle |T'(M/F)|* of
1-densities. It is not hard to show that the space of compactly supported polar-
ized sections of the twisted prequantum line bundle forms a vector space with a
Hermitian inner product given by

((s1® p1, 52 @ pa)) = / (s1,s2) 1 pt2-
M/F
The completion of this complex vector space with respect to ({-,-)) is the intrinsic
quantum space associate with the data (L — M, V, F, (-,-)). A bit more effort gives
a representation of the Lie algebra C'%°(M) on this quantum space. See [13],[12]
or [16].

5. Prequantization of differential cocycles

Let L 5 M be a complex line bundle, (-,-) a Hermitian inner product and
V a Hermitian connection. In Lecture 1 we were trying to find a section of the
curvature map

(5.1) curv: (L5 M,{-,-),V) — \/%_IRV € Q*(M),
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which is neither 1-1 nor onto. Recall that a Hermitian line bundle with connection
over a manifold M defines a principal S' bundle with a connection 1-form and
conversely. Since 1-forms obviously pull back, it will be convenient for us to replace
the problem of finding the section of (5.IJ) by the problem of finding a section of

(5.2) curv: (S' = P — M, A€ QYP,R)S") = Fu € Q2(M,R),

where F4 denotes the curvature of the connection 1-form A. Note that here we
think of the circle S' as R/Z and not as the group U(1) of unit complex numbers.
Hence now our connection 1-forms are R-valued.

For a given manifold M, the collection of all principal S*-bundles with connec-
tion 1-forms over M forms a category, which we will denote by DBS (M ) More
precisely the objects of the category DBS!(M) are pairs (P, A), where P is a prin-
cipal S! bundle over M and A € Q'(P) is a connection 1-form on P. Given two
objects (P, A), (P', A’) of DBS'(M) the set Hom((P, A), (P’, A")) of morphisms
between them is defined by

Hom((P, A),(P',A")) ={¢: P — P'| ¢ is S' equivariant,
¢ induces identity on M, ¢*A" = A}.

Notice that all morphisms are invertible, so the category DBS(M) is a groupoid
by definition (see Appendix [A]).

Our solution of non-invertability of the curvature map proceeds along the fol-
lowing lines. We will construct a category DC(M) of differential cocycles, so that:

(1) The objects of DC(M) involve differential forms.

(2) There is an equivalence of categories DBS* (M) bt DC(M).

Since equivalences of categories are invertible (up to natural isomorphisms) this
will achieve our objective The construction of the category DC(M) was carried
out as a toy example in a paper by Hopkins and Singer [9], which is where we
copy the definition from. In constructing the functor DCh we will follow [11I]. The
construction of DC requires several steps.

Step 1: Categories from cochain complexes. Let A® = {A4°® 4 ALy
be a cochain complex of abelian groups. For example, A®* = Q°*(M), the complex
of differential forms on a manifold M. For each index n > 0 there is a category
H™(A®) with the set {z € A™|dz = 0} of cocycles of degree n being its set of objects.
The set of morphisms Hom(z, z) for two cocycles z, 2’ is defined by

Hom(z,2') = {(2, [b]) € ker(d : A™ — A" ™) x A" 1 /dA" 2 | 2/ = 2 + db}
~{[p] € AV 1/dA"? | 2 = 2 + db}
The composition of morphisms is addition +:
(2, [t']) o (2, [b]) = (2, [0+ "]).
The category H™(A®) is a groupoid with the set mo(H"™(A*®) of equivalence classes
of objects being the cohomology group H™(A®). The category H™(A®) may also be

IThis is not a standard notation. The BS! (M) is supposed to remind the reader of the clas-
sifying space BS', maps into which classify principal S bundles. The D stands for “differential,”
i.e., the connection.

2A reader who is not fluent in category theory may wish at this point to contemplate Exam-
ple [A23] of two rather different looking but equivalent categories.
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viewed as an action groupoid for the action of A?~!/dA"~2 on ker(d : A™ — A"*1)
by way of d : A1 — A",

Next suppose we have a contravariant functor from the category Man of man-
ifolds and smooth maps to the category CoChain of cochain complexes (such a
functor is often called a presheaf of cochain complexes):

A® : Man®? — CoChain, M — A*(M).

An example to keep in mind is the functor that assigns to each manifold the complex
of differential forms and to a map of manifolds the pullback of differential forms.
Then each smooth map f : M — N between manifolds induces a functor
H(f) : H"(A*(N)) = H"(A* (M)
with
/

I * * .
“ e ¢ P2 ™)

Step 2: The presheaf of differential cocycles. We need to introduce more
notation. Denote by C*(M,Z) the complex of (C*°) singular integral cochains on a
manifold M and by C*(M,R) the complex of (C*°) singular real-valued cochains.
We have maps of complexes

C*(M,Z) - C*(M,R) and Q*(M)— C*(M,R).

The second map sends a differential k-form o to a functional on the space of real
k-chains: the value of this functional on a chain s is the integral f ,0- We would
like to find a complex DC®(M) that fits into the diagram

DC*(M)——--->Q%(M)
|
| |
¢
C*(M,Z) —— C*(M,R)
We define this complex as follows:
DC*(M) = {(¢, h,w) € CHF(M,Z) x C*"}(M,R) x Q*(M) |w =0 for k < 2}
with the differential d defined by
d(c, h,w) = (6c,w — ¢ — dh, dw).

Note that in defining d we suppressed the maps C*(M, Z) — C*(M,R) and Q* (M) —
C*(M,R). In particular, when we think of a differential k-form 7 as a real cochain,
we write its differential as §7. That is, for any k£ 4+ 1 chain v we have

o7(7) :AdT.

dod=0.

It is not hard to show that

Indeed,

d(d(c, h,w)) = d(d¢,w — ¢ — 6h, dw) = (§%¢, dw — ¢ — §(w — ¢ — 6h), d>w) = (0,0,0).
We are now ready to define the category DC(M) of differential cocycles by

setting

DC(M) := H*(DC*(M)).
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By construction the set of objects DC(M)g of this category is
DC(M)o = {(c,h,w) € C*(M,Z)x C*(M,R)xQ*(M) | 6¢ =0, dw = 0, w = c—5h}
and the morphisms are defined by

Hom((c, h,w), (¢/, b/, w"))

c —c=de
=< e, k,0] |[e € CH(M,Z), k€ CO(M,R) and h' —h=—0k—e
w—w =0

The following theorem then holds (it is presented as a warm-up example in [9]):

THEOREM 5.1. For each manifold M there exists an equivalence of categories
DChys : DBSY(M) — DC(M)
with DChp (P, A) = (e(P,A),h(P,A),Fa) for each principal circle bundle with

connection (P, A). Here as before Fy denotes the curvature of a connection A.

REMARK 5.2. The functor that assigns a prequantum line bundle to a differ-
ential cocycle is the “homotopy inverse” of the functor DChy;.

Finally here is an outline of an argument as to why this theorem is true and
how you would go about writing down the functor DCh. I will be following the
presentation in [ITI]. Here are the main ideas:

(1) Do it for all manifolds at once.
(2) Restate the theorem for presheaves of categories:
There exists a morphism DCh(.y : DBS*(-) — DC(-) of presheaves
of categories with the desired properties.
Here the - is a place holder for a manifold.
(3) Write down the functor DCh explicitly for the sub-presheaf of trivial
bundles DBS}., () C DBS*(-). This is not hard. The set of objects of

triv

the presheaf DBS}.,, () on a manifold M is the set
DBS}E. (M) = {(M x S*,a+df)|a € Q (M)},
The set of morphisms is
Hom((M x S*,a+df),(M x S*,a’ +df)) = {f : M — S*|a =d’ + f*db}.

For each manifold M we therefore define the functor DChys : DBS}., (M) —
DC(M) as follows: on objects

DChy (M x S*,a+ df) = (0,a,da),
on morphisms
DChJVI(f M — Sl) = [5(f~) - f*dga.fa O]a

where f: M — Ris any lift of f (not necessarily continuous). We think
of f as a real O-cochain:

f Z Np | = Z npf(p)
peEM

for any zero chain ) n,.
pEM
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The rest of the argument uses the following facts (see [11] for details):
(1) The functor DChys : DBS},;, (M) — DC(M) is bijective on Hom’s (that

triv
is, it is a fully faithful functor).

(2) If M is contractible (e.g. an open ball) then DChys is essentially sur-
jective. Of course, for a general manifold M not all bundles over M are
trivial, but they are all locally trivial.

(3) Any bundle with a connection can be glued together out of the trivial
ones.

(4) Differential cochains glue like bundles. Showing this requires work.

These last two facts amount to saying that the two presheaves DBS(-) and DC(")
are stacks over Man, the category of Manifolds.

The presheaf DBS}.,, is not a stack since gluing a bunch of trivial bundles
together need not result in a trivial bundle. There is an operation on presheaves
of categories called stackification. This is a version of sheafification for sheaves of
categories. The stackification of DBSL ., , not surprisingly, is DBS*. Therefore, by

the universal property of stackifications there is a unique functor DCh : DBS*(-) —
DC(-) making the following diagram

DBS()
T
o >
DC(+)
DCh
DBStlriv(.)

commute. The resulting functor
DCh : DBS'(-) — DC(-)

is an equivalence of categories since it is an equivalence of categories locally.

Appendix A. Elements of category theory
A.1. Basic notions.

We start by recalling the basic definitions of category theory, mostly to fix our
notation. This appendix may be useful to the reader with some background in
category theory; the reader with little to no experience in category theory may
wish to consult a textbook such as [2].

DEFINITION A.1 (Category). A category A consists of

(1) A collectiorl Ag of objects;

(2) For any two objects a,b € Ag, a set Homa(a,b) of of morphisms (or
arrows);

(3) For any three objects a,b,c € Ag, and any two arrows f € Homa(a,b)
and g € Homa (b, ¢), a composite go f € Homa(a,c), i.e., for all triples of
objects a, b, c € Ay there is a composition map

3A collection may be too big to be a set; we will ignore the set-theoretic issues this may lead

to.
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o: Homa(b, c) x Homa(a,b) — Homa(a, ¢),

Homa (b, ¢) x Homa(a,b) 3 (g, f) = go f € Homa(a,c).
This composition operation is associative and has units, that is,
i. for any triple of morphisms f € Homa(a,b), g € Homa(b,c) and
h € Homa(c, d) we have

ho(gof)=(hog)of;

ii. for any object a € Ay, there exists a morphism 1, € Homa(a,a),
called the identity, which is such that for any f € Homa(a,b) we
have

f=fol,=lyof.
We denote the collection of all morphisms of a category A by A;:

A= |_| Homa (a, b).
a,beAg

REMARK A.2. The symbol “o” is customarily suppressed in writing out com-
positions of two morphisms. Thus

gf=golf.

EXAMPLE A.3 (Category Set of sets). The collection Set of all sets forms a
category. The objects of Set are sets, the arrows of Set are ordinary maps and the
composition of arrows is the composition of maps.

EXAMPLE A.4 (Category Vect of vector spaces). The collection Vect of all real
vector spaces (not necessarily finite dimensional) forms a category. Its objects are
vector spaces and its morphisms are linear maps. The composition of morphisms
is the ordinary composition of linear maps.

EXAMPLE A.5 (The category Mat of coordinate vector spaces). The objects
of this category are coordinate vector spaces 0 = R%,R! ..., R"™.... The set of
morphism from R™ to R" is the set of all n x m matrices. The composition of
morphisms is given by a matrix multiplication.

REMARK A.6. For a category A there are two maps from the collection A;
of its arrows to the collection Ay of objects called source and target and denoted
respectively by s and ¢. They are defined by requiring that

s(f)=a and t(f) =0 forany f € Homa(a,bd).
DEFINITION A.7. A subcategory A of a category B is a collection of some objects
Ag and some arrows A; of B such that:

e For each object a € Ag, the identity 1, is in Aq;
e For each arrow f € A; its source and target s(f),t(f) are in Ag;

e for each pair (f,g) € Ag X Ag of composable arrows a La & " the
composite g o f is in A; as well.

REMARK A.8. Naturally a subcategory is a category in its own right.

ExAMPLE A.9. The collection FinSet of all finite sets and all maps between
them is a subcategory of Set hence a category. The collection FinVect of real finite
dimensional vector spaces and linear maps is a subcategory of Vect.
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EXAMPLE A.10. A subcategory FinVect’* is defined to have the same objects
as the category of FinVect. Its morphisms are isomorphisms of vector spaces. Since
the composition of two linear isomorphisms is an isomorphism FinVect’* is a sub-
category of FinVect.

Note that for any object V in FinVect®®, that is, for any finite dimensional
vector space V, the set of morphisms Hom(V, V) in FinVect’*® is GL(V), the Lie
group of invertible linear maps from V' to V.

Compare this to the fact that in the category FinVect the set of morphisms
Hom(V, V) is End(V), the space of all linear maps from V to itself.

DEFINITION A.11 (isomorphism). An arrow f € Homa(a,b) in a category A is
an isomorphism if there is an arrow g € Hom g (b, a) with go f =1, and fog = 1,.
We think of f and g as inverses of each other and may write g = f~1. Clearly
g = f~! is also an isomorphism.

Two objects a,b € Ag are isomorphic if there is an isomorphism f € Homa (a, b).
We will also say that a is isomorphic to b.

DEFINITION A.12 (Groupoid). A groupoid is a category in which every arrow
is an isomorphism.

EXAMPLE A.13. The category FinVect’* is a groupoid.

DEFINITION A.14 (Functor). A (covariant) functor F': A — B from a category
A to a category B is a map on the objects and arrows of A such that every object
a € Ag is assigned an object Fa € By, every arrow f € Homa(a,b) is assigned an
arrow F'f € Homg(Fa, F'b), and such that composition and identities are preserved,
namely

F(fog)=FfoFg, Fl,=1p,.

A contravariant functor G from A to B is a map on the objects and arrows of
A such that every object a € Ay is assigned an object Ga € By, every arrow
f € Homa(a, b) is assigned an arrow G f € Homg(Gb, Ga) (note the order reversal),
such that identities are preserved, and the composition of arrows is reversed:

G(fog)=G(g)oG(f)
for all composable pairs of arrows f, g of A.
ExAMPLE A.15. There is a natural functor ¢ : Mat — FinVect which is the
identity on objects and maps an n X m matrix to the corresponding linear map.
EXAMPLE A.16. The functor (—)* : FinVect — FinVect that takes the duals,
that is, (V N W) — (V* & W*) is a contravariant functor.

REMARK A.17. Since functors are maps, functors can be composed.

DEFINITION A.18. A functor F': A — B is
(1) fullif F: Homa(a,a’) — Homg(Fa, Fa') is surjective for all pairs of ob-
jects a,a’ € Ag;
(2) faithful if F: Homa(a,a’) — Homg(Fa, Fa') is injective for all pairs of
objects a,a’ € Ag
(3) fully faithful if F: Homa(a,a’) — Homg(Fa, Fa') is a bijection for all
pairs of objects a,a’ € Ap;
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(4) essentially surjective if for any object b € By there is an object a € Ay and
an isomorphism f € Homg(F(a),b). That is, for any object b of B there
is an object a of A so that b and F(a) are isomorphic.

EXAMPLE A.19. The functor ¢ : Mat — FinVect is fully faithful (since any linear
map from R™ to R™ is uniquely determined by what it does on the standard basis)
and essentially surjective (since any real vector space of dimension n is isomorphic
to R™).

DEFINITION A.20 (Natural Transformation). Let F,G: A — B be a pair of
functors. A natural transformation 7: F = G is a family of {7,: Fa — Ga}.ca,
of morphisms in B, one for each object a of A, such that, for any f € Homa(a,a’),
the following diagram commutes:

Ff
Fg———Fb

Fg

Ga—Gb

If each 7, is an isomorphism, we say that 7 is a natural isomorphism (an older term
is natural equivalence).

DEFINITION A.21 (Equivalence of categories). An equivalence of categories con-
sists of a pair of functors

F:A—-B, E:B—=A
and a pair of natural isomorphisms
a:1lp=FoF f(:1g= FoFE.

In this situation the functor F' is called the pseudo-inverse or the homotopy
inverse of E. The categories A and B are then said to be equivalent categories.

PROPOSITION A.22. A functor F: A — B is (part of) an equivalence of cate-
gories if and only if it is fully faithful and essentially surjective.

PROOF. See |2 Proposition 7.25] O

ExAMPLE A.23. The categories Mat of matrices and FinVect of finite dimen-
sional vector spaces are equivalent categories since the functor ¢ : Mat — FinVect
(q.v. Example[ATH)) is fully faithful and essentially surjective. Note that the functor
L is not surjective on objects.

Appendix B. Densities

In this section we borrow from a manuscript by Guillemin and Sternberg [8].

B.1. Densities on a vector space. Consider an n-dimensional real vector
space V. Recall that a basis {v1,...,v,} defines a linear isomorphism v : R® — V
by v(z1,...,2,) = Y x;v;. Conversely any linear isomorphism v : R™ — V defines
a basis {v1,...,v,} of V by setting the i'" basis vector v; to be the image v(e;) of
the standard i*" basis vector e; of R® under the isomorphism v. From now on we
will not distinguish between a basis of V' and a linear isomorphism from R"™ to V.
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DEFINITION B.1 (Frame). We denote the space of bases of an n dimensional
real vector space V by Fr(V) and refer to it as the space of frames of V.

Note that there is a natural right action e of the Lie group GL(n,R) = GL(R"™)
on the space of frames Fr(V') of an n-dimensional vector space V' by composition
on the right:

veA:=voA

for all isomorphisms v : R® — V and all A € GL(n,R). Moreover this action is free
and transitive: given v,v' € Fr(V) and A € GL(n,R)
veA=v ifandonlyif A= (v 'oV).

REMARK B.2. A space X with a free and transitive action of a group G is
called a G torsor.

With these preliminaries out of the way we are ready to define a-densities on a
vector space.

DEFINITION B.3 (a-density). Let o denote a complex number. An a-density
(also called a density of order @) on an n-dimensional real vector space V' is a map

T:Fr(V) - C with 7(veA)=r7(v)|det(A4)|*
for all ve Fr(V) and all A € GL(n,R).

NoOTATION B.4. Since a-densities on a fixed vector space V are complex valued
functions, they form a complex vector space. We denote it by |V|®. In other words

VI :={r:Fr(V) = C| 1(veA) = 7(v)|det(A)|* for all v e Fr(V),A € GL(n,R)}.

REMARK B.5. Alternatively one may view the space of frames Fr(V) as a
principal GL(n,R) bundle over a point. An a-density is then a section of the asso-
ciated bundle (Fr(V) x C)/GL(n,R), where GL(n,R) acts on C by the character
A — | det A|*. Since (Fr(V) x C)/GL(n,R) is a complex line bundle over a point,
it is a one dimensional complex vector space. Hence the space of sections of this
bundle, i.e., the space of densities |V|%, has complex dimension 1. In particular we
have proved:

LEMMA B.6. The space |V|* of a-densities on a vector space V is a complex
1-dimensional vector space.

REMARK B.7. Any nonzero n-form w € A™(V*) on an n-dimensional real vector
space V defines an a-density |w|® by the formula

|wl*(v1, -+ vn) o= fw(vr, .o on) [

for all frames {vy,...,v,} € Fr(V).

Conversely, since the space |V|® of a densities is 1-dimensional, any density
T € |V|* is of the form 7 = c|w|* for some nonzero n-form w € A™(V*) and a
constant ¢ € C.

REMARK B.8. Densities pull back under linear isomorphisms. If 7: W — V is

an isomorphism of n-dimensional vector spaces and 7 € |V|* is a density then its
pullback T*r : Fr(W) — C is defined by

T (wy, ... wy) = 7(Twy,...Twy,)
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for any frame w = {wy,...,w,} € Fr(W). Note that since T is an isomorphism
the tuple (Twy,...Twy,) is a frame of V, so the definition of pullback does make
sense.

REMARK B.9. Densities can be multiplied: if p € [V|* and 7 € |V|? are two
densities of order o and [ respectively then their product defined by

(p-7)(v) = p(v)7(v)
is easily seen to be a density of order a+f. Since the multiplication map (p, 7) — p-7
is C bilinear, we get a C linear map
VI* @ V|7 = [V[**P,

Since the map is nonzero, it is an isomorphism of vector spaces by dimension count.
In particular we have a canonical isomorphism

VY2 VIS v

REMARK B.10. It makes sense to take a complex conjugate of a density. If
p € |V]“ is an a-density then p: Fr(V) — C defined by
p(v) = p(v)
for all v e Fr(V) is easily seen to be an a-density.
Therefore we can define on the space |[V|'/2 of half-densities a |V|'-valued
Hermitian inner product by
(n,7) i= it
B.2. Densities on manifolds. Recall that for any real vector bundle £ — M
of rank k over a manifold M we have the principal GL(k,R) bundle Fr(E) — M,
the so-called frame bundle of E — M. A typical fiber Fr(E), of this bundle above
a point ¢ of M consists of the frames of the fiber E, of the bundle E:

Fr(E)q = Fr(E,).

Recall also that we can think of Fr(E) as an open subset of the vector bundle
Hom(M x R¥ E) — M; Fr(E) consists of isomorphisms. There is a natural right
GL(k,R) action of Fr(F) making it a principal GL(k,R) bundle.

Next recall that given a principal G-bundle G — P — M over a manifold M
and a (complex) representation p : G — GL(W), we can build out of this data a
complex vector bundle P x? W — M over M. This bundle is the quotient of the
trivial bundle P x W by a free and proper left action of G:

PxPW:=(PxW)/G, g-(pw):=(pg" p(g)w).

It will be useful to recall that the space of sections of the associated bundle I'( P x?
W) is isomorphic to the space of equivariant W-valued functions on P:

L(Px?W)~{p:P—=W|olp-g)=plg) e}

DEFINITION B.11 (densities on a manifold). We define the complex line bundle
|TM|* — M of a-densities on a manifold M to be the associated bundle

ITM|® := Fr(TM) x!4t1™" C,
where the representation |det |~* : GL(k,R) — GL(C) is defined by
|det |T“(A)z :=|det A|”%z forall AeGL(k,R),zeC.
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We refer to the sections of the bundle |TM|* — M as a-densities on the manifold
M. We denote the space of a-densities on a manifold M by |M|*:
|M|* == T(Fr(TM) x4 C).

REMARK B.12. We may and will identify the space of a-densities on a manifold
M with the space of equivariant complex functions on its frame bundle:

‘741

|[M|¥ ~{7: Fr(TM) — C|7(ve A) =|det A|*7(v)
for all A € GL(m,R),v e Fr(TM)}.

REMARK B.13. Note that by design the fiber of the bundle |TM|* — M at
a point ¢ is the 1-dimensional complex vector space |T,M|* of a-densities on the
tangent space T, M.

REMARK B.14. By construction the transition maps for the complex line bundle
|TM|* — M take their values in positive real numbers. It follows that |[TM|* — M
is a trivial bundle but not canonically. In particular its space of sections |M|“ is
a rank 1 C°°(M,C) module. Since the space of sections of the tensor product is
isomorphic to the tensor product of sections (as C°° (M) modules), it follows that
for any complex line bundle L. — M, a section of L ® |TM|* is of the form s ® 7
for some section s € I'(LL) of L — M and some «-density 7.

REMARK B.15. Since densities on a vector space pull back under a linear
isomorphism, densities on a manifold pull back under local diffeomorphisms: If
F: N — M is alocal diffeomorphism between two manifolds and 7 : Fr(TM) — C
an a-density on M, the pullback F*r € |N|® is defined as follows: for any point
g € N and any frame (v1,...,v,) of TyN

(F*T)q(vla s >vn) ‘= TF(q) (qu'Ul, ey qu’l)n).

REMARK B.16. For any open subset U of R™ we have the canonical a-density
|dz1 A -+ dxpm|® (q.v. Remark [B). Here, of course, x1,. ..,z are the Cartesian
coordinates on R™. This density defines an isomorphism UxC — |TU|“. Therefore,
for any a-density 7 on U there exists a unique function f, € C°°(U) with

T = frldey A - da, |

0 0]
fT—T(a—xl,...,%>.

Putting the preceding remarks together we note that for a diffeomorphism
F :U — V of open subsets of R™ and an a-density f(y)|dy; A... Adym|® on V we
have

(B.1)  F*(f()ldyi A ... Adym|®) = F(F(2))|det dFy|%|dzy A -+ A dan]®.

Formula (B)) is a reason why 1-densities can be integrated over manifolds. The
story parallels the familiar story of integration of top degree forms on oriented
manifolds. The 1-densities have the advantage that the manifold doesn’t have to
be oriented (or even be orientable) for their integrals to make sense.

The story proceeds as follows. If U C R™ is an open set and 7 € |U|' a
1-density, then, as remarked above,

T = frldzy AL Aday|

Indeed,
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for a unique complex valued smooth function f; on U. One defines the integral

JuT by
ol

/f|d:v1/\.../\da?n|::/fdxl...da:n
U U

for any smooth integrable function f on the set U. This is a complex valued integral.
If M is a manifold of dimension m, ¢ : U — R™ a coordinate chart and 7 is a
1-density on M with support in U one defines

/MT - /d)(U)(ag-l)*T.

If ¥ : U — R™ is another coordinate chart, then

W)= f(y) ldys A+ A dyp]

for some f € C>°(y(U)). Consider the diffeomorphism F = ¢o¢p~! : ¢(U) — (U).
We have

Or, if you prefer,

(6717 = 6 o) r = FH ().
By (B.)
((;5*1)*7' = f(F(z))|det DF,||dz1 A -+ A dxy,|.
Therefore

/ (071 J(F(x)) | det DFy|dy -~ ey,
o(U) #(U)

- / F(y) dys - dyn = / (W),
F(o(U))=v(U) PU)

where the second equality holds by the change of variables formula for functions
on regions of R™. Therefore integrals of 1-densities supported in coordinate charts
are well-defined.

Next one makes sense of integrability of non-negative densities. A 1-density 7
on a manifold M is non-negative if its value at any frame {vy,...v,,} C T,M is
a non-negative real number. It is not hard to see that “non-negativity” is well-
defined. Now choose a locally finite cover {U,} of M by coordinate charts and
choose a partition of unity {p,} subordinate to the cover. We say that a non-
negative 1-density is integrable if the sum

%:/MPOLT_EO;/UQ paT

converges. We then define [ 7 to be the sum:

/MT::§/UQPQT.

The rest of the definition of integration of 1-densities proceeds just like for functions.
A given real-valued 1-density 7 can be written as a difference of two (continuous)
non-negative 1-densities 74 and 7_:

T=Ty—T-.
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We call 7 integrable if [, 74 and [, 7_ are finite. We then set [,, 7 = [,, 74 —
I} u T—- Finally we define a complex valued 1-density 7 integrable if its real and
imaginary parts are integrable; we define its integral to be the sum

/M T = /M Re(1) + \/—_1/M Im(T).

B.3. The “Intrinsic” Hilbert space. Suppose (L — M, (-,-)) is a Hermit-
ian line bundle. Then given a 1-density 7 on M we can define a Hermitian pairing
pairing of sections of I by

(5.5 = [ (5.5

There is an associated Hilbert space of “square integrable” sections, which, of
course, depends on the choice of our density 7. There is also a more intrinsic pairing
of sections of a slightly different bundle. Consider the tensor product of complex
line bundles L ® |M|*/? — M. By Remark [B.14a section of L. ® |M|'/2 — M is of
the form s®u, where s € I'(L) and p is a %—density. Now given two sections s1 ® 1
and sy ® g we can pair them to get a 1-density (s1, so)fiipe (q.v. Remark [BI0).
Hence the Hermitian inner product

(L@ [M[V2) x DL ® [M[Y2) 5 R, ({51 ® 52 ® pz)) = / (1, 52) s
M

makes sense (whenever the integral converges). It is easy to see that the integral
above does converge for all sections in the space

L2(Le|M|"?, M)NT(Le|M|'/?) = {s @upelN(Le|MY?) ‘ / (s,8) |ul? < oo}.
M

The completion of the space with respect to the Hermitian inner product gives us
the “intrinsic Hilbert space of square-integrable sections” L?(IL @ |M|'/2, M).
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Lectures on group-valued moment maps
and Verlinde formulas

Eckhard Meinrenken

1. Introduction

The theory of g-Hamiltonian G-spaces has its origins in the theory of Hamilton-
ian loop group actions, which in turn is motivated by moduli spaces of flat bundles
over surfaces with boundary (cf. [10, [59]).

It is a well-known guiding principle that loop groups for compact, simply con-
nected Lie groups G behave in many ways like compact Lie groups. The role of
the co-adjoint action of G' on the dual of the Lie algebra g* is played by the gauge
action of LG on the space Lg* = Q(S!, g) of connections on the trivial G-bundle
over S, where the pairing with Lg = Q°(S!, g) is given by integration over S*
(using an invariant inner product on the Lie algebra g). See e.g. [61]. The action of
the based loop group LoG C LG on Lg* is free, with quotient Lg*/LoG the group
G and quotient map the holonomy of a connection. Given an infinite-dimensional
Hamiltonian LG-manifold M, with symplectic form ¢ and equivariant moment
map ¥: M — Lg*, the action of LoG on M is again free (by equivariance), and
we obtain a space M = M/LyG, with an action of G = LG/LyG, and with an
equivariant map ®: M — G induced by W:

M — Lg*

v
l/LOG l/LOG
M — G

Under suitable properness assumptions on W, the space M is finite-dimensional and
compact. The original idea of q-Hamiltonian geometry is to replace the infinite-
dimensional space M with the finite-dimensional space M, regarding ® as a moment
map. An obstacle is that the symplectic form o on M is not LyG-basic, and hence
it does not descend, in general. It was observed in [3] that there is nevertheless a
2-form w on M, canonically determined by o, and satisfying a G-valued moment
map condition. The 2-form w is neither closed nor non-degenerate, in general, but
both properties are replaced by precise conditions involving the moment map.
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176 ECKHARD MEINRENKEN

The axioms for g-Hamiltonian spaces [3] seemed a little strange at first, but
led to useful theory with remarkably good properties. A few years later, Ping Xu
[73] and Bursztyn-Crainic [19] provided a more conceptual interpretation of group-
valued moment maps in terms of Dirac geometry. This led to major simplifications
of the proofs (e.g. [2, [56]), and paved the way for applications involving non-
compact groups or in complex-holomorphic settings (e.g. [15], 20}, 23]).

These notes will give an overview of the theory of group-valued moment maps,
avoiding loop groups. Particular emphasis will be on the subject of quantization
of group-valued moment maps, and its application to Verlinde formulas for moduli
space. The notes are based on lectures at the ‘Summer School on Quantization’ at
Notre Dame University, May 31-June 4, 2011. Some additional material is included
from a lecture series at the IGA workshop in Adelaide, September 2011. The
audience for the summer school were postdoctoral and graduate students, with a
variety of backgrounds. I made an effort to keep the lectures at a moderate pace,
and to present motivation and foundational material, without going into technical
details. These notes, while more detailed than the actual lectures, are written with
a similar audience in mind.

2. Motivation: Moduli spaces of flat bundles

Suppose G is a compact, simply connected Lie group, and - an invariant inner
product (‘metric’) on its Lie algebra g. Let 3 be a closed, connected, oriented
2-manifold of genus h

M =

Since G is assumed to be simply connected, any principal G-bundle over X is trivial.
Let A(X) = Q!(X, g) be the infinite-dimensional affine space of connections on the
trivial G-bundle over ¥. (We are treating infinite-dimensional manifolds in an
informal manner; in any case we will soon pass to a finite-dimensional picture.)
The group G(3) = Map(X, G) acts on A(X) by gauge transformations,

g.A=Ad,(A) — g*o".

(We denote by 6%, 0L € Q'(G,g) the right-invariant Maurer-Cartan form on G.)
The curvature

curv(A) = dA + L[4, A] € Q*(%, g)

transforms nicely under this action: curv(g.A) = Ad,curv(A). In particular, the
subset Agas = {A € QL1(2, g)| curv(A4) = 0} of flat connections is gauge invariant.
Let

M(E) = Agat (2)/G(2)

be the moduli space of flat connections on the trivial G-bundle over . As observed
by Atiyah-Bott [11, [I0], the space M(X) carries a natural symplectic structure,
depending only on the choice of the metric - on g. Here the symplectic form is
obtained by symplectic reduction, as follows. (We suggest the book [21] for back-
ground on symplectic reduction; this particular example is discussed on p. 158 of
the book.) First, the affine space A(X) carries a symplectic form, given on tangent
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vectors a,b € TAQ' (2, g) = QY(2, g) by

wala,b) = /Za~b.

The action of the gauge group G(X) preserves this 2-form, and is in fact Hamilton-
ian, with moment map the curvature curv: A(X) — Q2(%, g). That is,

w(éarx),) = —d/ curv -£.

b

Here the integral on the right hand side is the function A — [ curv(A)-¢, and ‘d’
is the exterior differential on the infinite-dimensional manifold A(X). The moduli
space is hence recognized as a symplectic reduction

M(D) = A(X)/G(2) = curv™1(0)/G().

To see that M(X) is finite-dimensional, choose a base point zy on ¥, and
let G(X,20) C G(X) be the gauge transformations that are trivial at the base
point. For any flat connection A on X, its holonomy along a based loop in X
depends only on the homotopy class of that loop. It hence determines a group
homomorphism x(A): m(2;20) — G. Under the gauge action of g € G(¥),
k(g.A) = Adg(z,)(k(A)). Conversely (using that G is simply connected), any homo-
morphism 7 (;z9) — G arises from a flat connection. Hence there is a canonical
identification,

Afat (2)/G(E, x0) = Hom(m (25 20), G),
equivariant for the action of G(X)/G(X, xo) = G. In particular,
M(E) = Hom(m (25 20), G)/G.

To be more explicit, we use a presentation of the fundamental group. This is done,
as usual, by cutting the surface along A-cycles (winding around the handles) and
B-cycles (going along the handles), as in the picture:

Bg A1
A2 Bl

B2 A1
A2 Bl

After cutting, the surface becomes a polygon with 4h sides, where h is the genus
(number of handles) of the surface. Each handle gives rise to a word A;B;A; ' B; ',

and we obtain the relation H?:l AiBiAlefl = 1 since the boundary of the poly-
gon is contractible. Thus

h
7T1(E;£L’0) = <A1,B1,...,Ah,Bh| HAZBZA;13;1>
i=1

is a presentation of the fundamental group. Letting a;,b; € G be the holonomies
of a connection along the paths A;, B; we obtain,

Hom(m (25 20), G) = & (e)
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178 ECKHARD MEINRENKEN

where ®: G?" — G is the map
h
(I)(ala bla <oy Qhy bh) = Haibiaflb;la
i=1

and finally
M(E) =3 1(e)/G.

From this description, it is evident that M(X) is a compact space. If h > 2, then
the subset ®~'(e),eq of points whose stabilizer in G equals the center Z(G) C G,
is open and dense in ®!(e). One may check that ® has maximal rank at such
points. It follows that ® ' (e),e/G is a smooth symplectic manifold of dimension
(2h —2)dim G.

In the 1990s, the holonomy picture was used as a starting point for finite-
dimensional constructions of the symplectic form on the moduli space, and an
investigation of its cohomology. Important references include [35], [37, 38|, [42]
[44), [45], [71]. Jeffrey and Huebschmann [38], [42] developed an approach where
the logarithm of the map ® is viewed as a moment map, proving that M(X) can
be written as a symplectic quotient of a finite-dimensional Hamiltonian G-space.
Unfortunately, since the ‘logarithm’ is not globally defined, one cannot take this
Hamiltonian space to be compact, and consequently many of the standard tech-
niques of Hamiltonian geometry do not apply. One of the purposes of the theory of
group-valued moment maps is to provide a more natural framework, in which the
holonomy map ®(aq,b1,...,an,bp) = H?:l aibiaflbjl (rather than its logarithm)
is directly viewed as a moment map.

3. Group-valued moment maps

Given a Lie group G, we denote by 6% € QY(G,g) the left-invariant Maurer-
Cartan form and by 6% € QY(G,g) the right-invariant Maurer-Cartan form. In
terms of a matrix representation of GG, we have

or = g_1 dg, oF = dgg_l.

Suppose g carries an Ad(G)-invariant non-degenerate symmetric bilinear form (‘met-
ric’), denoted by a dot ‘-’. Thus Ady(&1) - Adg(&) = &1 - & for all &,& € g. We
denote by

= 351070 0% € Q*(G)

the Cartan 3-form. Since 0% = Ad, 6% and since - is invariant, we may also write
n = 15[0%,0%] - 7. Thus n is a bi-invariant form on G, and hence it is closed:
dn = 0.

DEFINITION 3.1 (Alekseev-Malkin-M [3]). A ¢-Hamiltonian G-space (M,w, @)
is a G-manifold M, with a G-invariant 2-form w € Q?(M) and a G-equivariant map
® € C(M,G), called the moment map, satisfying

(i) (éar)w = —3@*(0F +07) & Eeg
(ii) dw = —P*n,
(iii) ker(w) Nker(d®) = 0.

Here the G-equivariance of ® is relative to the conjugation action on G.
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REMARK 3.2. In the original definition [3], an alternative version of condition
(iil) was used, requiring

(iii") ker(wm) = {&pm(m)] Adgm) & = =&}
However, assuming conditions (i), (ii) one may show that (iii’) is equivalent to (iii).
This was observed by Bursztyn-Crainic [I9] and Xu [73], independently.

REMARK 3.3. In [3], the theory of group-valued moment maps was developed
under the assumption that the metric - on g is positive definite, which only happens
if the adjoint group G/Z(G) is compact. Using the more conceptual approach via
Dirac geometry, initiated by [19], the main results all generalize to possibly non-
compact groups (e.g. semi-simple Lie groups with - the Killing form on g), as well
as to the holomorphic category. For details, see [2, [56].

Let us contrast the definition of g-Hamiltonian spaces with the usual definition
of a Hamiltonian G-space. The latter is given by a G-manifold M with an invariant
2-form w and an equivariant map ®: M — g* satisfying the conditions,

(i) e(éar)w = —(d®,§),
(ii) dw =0,
(iii) ker(w) = 0.

REMARK 3.4. Assuming (i),(ii), the condition ker(w) = 0 can be shown to be
equivalent to the condition ker(w) Nker(d®) = 0.

We will now discuss the main examples and basic properties of g-Hamiltonian spaces
parallel to their Hamiltonian counterparts.

3.1. Examples.
3.1.1. Coadjoint orbits, conjugacy classes. The first examples of Hamiltonian
G-spaces are the orbits O C g* of the co-adjoint action

g.p=(Adg-1)"'p, g€G, peg"

(The choice of an invariant metric on g identifies the coadjoint and adjoint actions;
hence we will denote the coadjoint action also by Adg p := (Ady-1)*p.) The mo-
ment map is the inclusion ®: O — g*. The 2-form on the coadjoint orbit O is
determined by the moment map condition, and is given at any point p € O by the
formula

w(éo, o) = (1. [6,¢]), &€ €0.

Similarly, the first examples of g-Hamiltonian G-spaces are the orbits of the con-
jugation action on G. The moment map for a conjugacy class is the inclusion
®: C — G, and the 2-form is uniquely determined by the moment map condition:

w(sCa glc)a = %(Ada - Ada*1)§ : f/'
Since d® is injective in this example, condition (iii) is automatic. Note that the
2-form w may well-be degenerate: If elements of C square to central elements, the
2-form is even zero. Note also that conjugacy classes may be odd-dimensional (e.g.
the conjugacy class C = S! of O(2) consisting of reflections in the plane) or non-
orientable (e.g. the conjugacy class C = RP(2) of SO(3) consisting of rotations by
7). On the other hand, one can show that connected g-Hamiltonian G-spaces for
connected, simply connected groups G are always even-dimensional and oriented

(see [T, 4]).

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



180 ECKHARD MEINRENKEN

3.1.2. Cotangent bundles, the double. The cotangent bundle T*G, with the
cotangent lift of the G x G-action on G, (g1, ¢2).a = glaggl, is an example of a
Hamiltonian G x G-space. Using left trivialization TG = G x g* of the cotangent
bundle, the cotangent action reads (gi,g2).(a, ) = (gragy ', Ady, ). The two
components of the moment map are ®4(a, ) = Ad, (1), P2(a,p) = —p.

Similarly, an example of a g-Hamiltonian G' x G-space is the double D(G)
G x G, with action

~)

(91,92)-(a,b) = (g1ag5 ', gabg; ")
moment map components

®1(a,b) = ab, ®y(a,b)=a b1,

and 2-form

w= %a*@L b 0% 4 %a*ﬁR b ot
(here we view a,b as maps D(G) — G). Replacing the variable b with d = ba
makes this look similar to the action on T*G in left trivialization; for instance
P, = Ada(d), P, = d—1.

One can also consider T*G with the cotangent lift of the conjugation action,
with corresponding moment map (a, 1) — Ad, g — . The g-Hamiltonian analogue
is the double D(G) = G x G I with the action g.(a,b) = (Ady(a), Ady(b)), with
moment map the Lie group commutator

®(a,b) = aba b1,
and with the 2-form
w=1a*0" b 0% + £a 0" - b 0" + F(ab)*0" - (a0 1)*O".
This is a special case of the fusion operation to be discussed below.

3.1.3. Linear spaces, spheres. The space C" = R?", with its standard sym-
plectic form, is a Hamiltonian U(n)-space. Similarly, the even-dimensional sphere
S2" is a g-Hamiltonian U(n)-space, where the action is defined by the embedding
U(n) < SO(2n) € SO(2n + 1). This example was found independently in [7],
[40] for n = 2, and generalized to higher dimensions by Hurtubise-Jeffrey-Sjamaar
[39]. There is a similar pair of examples, due to Eshmatov [27], of a Hamiltonian
Sp(n)-action on the quaternionic space H", and a g-Hamiltonian Sp(n)-action on
quaternionic projective space HP(n).

3.1.4. Moduli spaces of surfaces with boundary. Assume G simply connected.
Let X be a compact, connected surface with a single boundary component. Fix a
base point zg € 9(2) on the boundary, and let

M(E) = Agar (X)/G (25 20)

be the moduli space of flat connections on X, up to gauge transformations that
are trivial at zo. The space M(X) carries a residual action of G(X)/G(3;z0) = G,
and the map taking the holonomy around 0% descends to a G-equivariant map
O: M(X) — G. A generalization of the Atiyah-Bott gauge theory construction dis-
cussed above gives 2-form w on M(X), making (M(X),w, @) into a q-Hamiltonian
G-space. More generally, if 3 has r boundary components, fix one base point on
each boundary component. Then the moduli space M(X) of flat connections mod-
ulo based gauge transformations is a g-Hamiltonian G"-space. It turns out that the

1We use the bold face notation to indicate that we consider the double as a G-space, rather
than as a G x G-space.
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space associated to a cylinder (2-punctured sphere) is isomorphic to D(G), while
the space associated to a 1-punctured torus is isomorphic to D(G).

3.2. Basic constructions: products. Given two Hamiltonian G-spaces, their
direct product, with the diagonal G-action and with the sum of moment maps and
2-forms, is again a Hamiltonian G-space. For g-Hamiltonian spaces, the product
operation uses the product of the moment maps, but it is necessary to modify the
sum of the 2-forms.

PropPOSITION 3.5. [3] Suppose (M;,w;, ®;), i = 1,2 are two ¢-Hamiltonian
G-spaces. Then their fusion product

(M7 x Ma,w; +ws + 3050% - @307, @1 @),
is again a q-Hamiltonian G-space.

Here the modification of the 2-form is required due to the following property
of the 3-form 7 under group multiplication Mult: G x G — G,

Mult*n = pr} 5+ pryn — 3dprj 0% - pr; 6%,
where pry, pry: Gxg — G are the two projections. More generally, if (M, w, (®1, P2))
is a g-Hamiltonian G x G-space, then we obtain a q-Hamiltonian G-space

(Mfusawfusa (I)fus)u

where Mg, is M with the diagonal G-action, ®¢,s = ®1P2 and wpys = w+ %@TQL .
oo

REMARK 3.6. The fusion property finds a natural proof within the framework
of Dirac structures [2, 19}, [56] . Here, the axioms of a q-Hamiltonian are absorbed
into a morphism of Manin pairs (strong Dirac morphism) from M into G, equipped
with the so-called Cartan-Dirac structure. Since group multiplication in G is again
a morphism of Manin pairs, the fusion operation becomes simply a composition of
morphisms.

As an application, the space G2, with G acting diagonally by conjugation and
with moment map ®(ay,b1,...,an,by) = H?zl aibia;lbjl carries the structure of
a ¢-Hamiltonian G-space as an h-fold fusion of the double D(G). The following
nice way of looking at the 2-form was described by Pavol Severa in [64]. For any
manifold X, the space C(X,G) x Q2(X) has a group structure

(qhwl)(qluwZ) = (QIQ27W1 + w2 + %CITGL : qseR)
Take X = G?", with elements © = (a1,b1,...,an,bp), and let q1,...,qun: G29 — G
be the maps

T al,bl,afl,bfl,ag,bg,agl,bgl,...,agl,bgl.

Then (q1,0) -+ (qan,0) = (®, w) defines the g-Hamiltonian 2-form w € Q?(G?")
and the moment map ®.

The name ‘fusion’ corresponds to the fusion of surfaces, as in the following
example. See [59] for a similar discussion for Hamiltonian loop group actions.

ExaMpPLE 3.7 (Fusion of moduli spaces). Suppose G is simply connected. For
any compact, oriented surface ¥ with boundary component, with a marked point on
each boundary component, we denote by M(X) the moduli space of flat connections
on X, up to gauge transformations that are trivial at the marked points. (See
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SectionB.I4l) Suppose ¥ has (at least) two boundary components. For instance, ¥
could be a disjoint union of two surfaces ¥; and X5 with one boundary component,
as in the following picture.

S VR

Then the fusion M(X)y,s is naturally identified with the moduli space M (Xys)
of the surface Xy,

which is obtained by joining the two boundary components of ¥ by a pair of pants:
the two pant legs are attached to two boundaries.

@

For example, the moduli space of flat connections on the cylinder can be identified
with the double D(G) = G x G, a q-Hamiltonian G x G space. Fusing D(G) with
itself, we obtain the moduli space D(G) of flat connections on the punctured torus.

£om

One can construct the punctured surface of genus h by joining h copies of the
punctured torus together with A — 1 pairs of pants.

©
@@ 3

@

Thus, the moduli space of flat g-connections on the punctured surface of genus A is
M(Z) :=D(G) x --- x D(G) = G*".

h

3.3. Reduction. Symplectic reduction of g-Hamiltonian G-spaces works just
the same as for ordinary Hamiltonian spaces. Suppose (M, w, ®) is a q-Hamiltonian
G-space, such that the group unit e is a regular value of the moment map. Then it
is automatic that the G-action on ®~!(e) has discrete stabilizers. If G is compact
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(or more generally if the action is proper), it follows that the quotient
MG =o""(e)/G

is an orbifold. Furthermore, the pull-back of w to ®~1(e) is basic, and the resulting
2-form on M//G is symplectic — even though w itself was neither closed nor non-
degenerate. This is possible because w,, is non-degenerate for all m € ®~!(e), and
since its pull-back to ®~!(e) is closed. If e is a singular value of ® the space M//G
is a singular symplectic space in the sense of Sjamaar-Lerman [66].

As an application of reduction, we obtain a symplectic structure on the moduli
space of flat G-bundles, viewed as a symplectic quotient,

M) = G2 )G

Note that e is never a regular value of ®: G?* — G, since ®~*(e) contains the point
(e,...,e) whose stabilizer is the entire group G. More generally, if Cy,...,C,. C G
are conjugacy classes,

(3.1) M(Z5.C,. . C) = (GH < Cy x -+ < C) )G

is the moduli space of flat G bundles over a surface with » boundary components,
with holonomies around boundary circles in prescribed conjugacy classes C;.

G Co Cs

One of the main results in [3] asserts that, for G compact and simply connected,
the symplectic structure obtained by g-Hamiltonian reduction coincides with that
coming from the Atiyah-Bott construction.

3.4. Convexity theorem. We next describe some convexity results for g-
Hamiltonian spaces. Here we assume that the group G is compact and simply
connected.

3.4.1. Weyl chamber, alcove. We fix a maximal torus T" in G, with Lie algebra
t C g. An open Weyl chamber in t is a connected component of the set

{€et] ker(adg) =t} ={¢ €t| Ge =T},
while an open alcove is a connected component of the set
{€et] ker(e™s —1) =t} = {£ € t| Gexpe =T},

here G¢ resp. G4 are the stabilizers of ( € g resp. g € G under the adjoint action.
Pick an open Weyl chamber, let t; be its closure, and let 2 be the unique closed
alcove with 0 € 2 C t4.

{€ | ker(adg) = 1) [ er(ec — 1y — g
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Let t. be the image of t; under the isomorphism t = t* defined by the invariant
metric on g. (This does not depend on the choice of metric.)

The fundamental Weyl chamber labels the set of coadjoint orbits O C g*, in
the sense that every such orbit is of the form G.u for a unique element p € t7}.
(See [17), Ch. IX, §2, Proposition 7].) Similarly, the fundamental Weyl alcove labels
the conjugacy classes C C G, in the sense that every conjugacy class is of the form
G.exp¢ for a unique £ € A. (See [17), Ch. IX, §5, Corollary 2].)

3.4.2. Convezity theorem. The following result is known as the Hamiltonian
convezity theorem.

THEOREM 3.8 (Atiyah [9], Guillemin-Sternberg [32}, 34], Kirwan [49]). Let
(M,w,®) be a compact connected Hamiltonian G-space. Then

(1) the fibers of ® are connected,
(2) the set

A(M) ={pet | pe M)}
s a conver polytope.

Similarly, the q-Hamiltonian convexity theorem states:

THEOREM 3.9 (M-Woodward [59]). Let (M,w,®) be a compact connected g-
Hamiltonian G-space. Then

(1) the fibers of @ are connected,
(2) the set

A(M) ={§ e | exp e D(M)}

is a convex polytope.

The result was phrased in [59] in terms of Hamiltonian loop group actions; the
formulation in terms of g-Hamiltonian spaces follows using the equivalence theorem
in [3].

3.4.3. FEigenvalue problems. The Hamiltonian convexity theorem has nice ap-
plications to eigenvalue problems. Let R’ be the set of A € R" with Ay > --- > A,,.
For a complex Hermitian n x n matrix A, let A(A) € R’ be its ordered tuple of
eigenvalues. One then has:

COROLLARY 3.10 (Horn polytope). Let pu,p’ € R be given. Then the set
v € R for which there exist Hermitian matrices A, A" with

)‘(A) =K, A(A/) = Mla A(A + A/) =7
is a convex polytope.

In short, the possible eigenvalues of a sum of Hermitian matrices with prescribed
eigenvalues form a convex polytope. Corollary BI0follows by identifying Hermitian
matrices with u(n)*, the cone R’} with the positive Weyl chamber t’ , and matrices
with prescribed eigenvalues with coadjoint orbits @ C u(n)*. The Corollary is
then an immediate consequence of the Hamiltonian convexity theorem applied to
a product of coadjoint orbits O x @’. A description of the faces of this polytope in
terms of explicit eigenvalue inequalities was known as the Horn conjecture, this was
solved by Klyachko [50] in 1994. For more general compact groups, the inequalities
for the moment polytopes of products of coadjoint orbits in general were determined

by Berenstein-Sjamaar [13].
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The g-Hamiltonian convexity theorem has applications to multiplicative eigen-
value problems. The eigenvalues of any special unitary matrix A € SU(n) may be
written in the form e2™V=1M(A) " e2mV=TA(A) for o unique A(A) € R™ with

Zn:)\i(A) =0, M(A) > > M\ (A) > A (A) - L.

COROLLARY 3.11 (M-Woodward). Given p,u’ € R™, the set
{y €R"| 3A, A" € SU(n): A(A) =, AA) =, A(AA) =},
is a convex polytope.

In short, the possible eigenvalues of a product of special unitary matrices with
prescribed eigenvalues forms a convex polytope. The corollary is obtained by apply-
ing Theorem to a fusion product of two conjugacy classes, C x C’. The problem
of determining the faces of this polytope was solved by Agnihotri-Woodward [1].
The moment polytope for products of conjugacy classes in a general compact simply
connected Lie group was determined by Teleman-Woodward [67].

3.4.4. Connectivity of the fibers. Let us also note the following consequences of
the first part of Theorem 3.9 concerning connectivity of the fibers of the moment
map.

COROLLARY 3.12. Let G be a compact, simply connected Lie group, and (M,w, ®)
a compact connected q-Hamiltonian G-space. Then the symplectic quotient M /|G
is connected.

In particular, the moduli spaces (B]) are connected.

COROLLARY 3.13. For any compact, simply connected Lie group G, the fibers
of the commutator map G x G — G, (a,b) — aba=*b~1 are connected.

This follows by applying Theorem B0lto the double D(G). Note that this result
is not easy to prove ‘by hand’.

3.4.5. Multiplicity-free spaces. An interesting class of Hamiltonian G-spaces are
the multiplicity-free spaces. These are spaces such that the map M/G — A(M) is a
homeomorphism; equivalently, the symplectic quotients are 0-dimensional. In case
G is a torus, Delzant [22] proved that multiplicity-free spaces are determined by
their moment polytopes. This result was extended by Woodward [72] to ‘reflective’
multiplicity-free spaces for non-abelian groups. The classification of multiplicity-
free spaces in general is more involved, and was completed only recently by F. Knop
[61] following Losev’s proof of the ‘Knop conjecture’. The definition of multiplicity-
free spaces carries over verbatim to the g-Hamiltonian setting. For instance, the
g-Hamiltonian SU(n)-space S?* and the g-Hamiltonian Sp(n)-space HP(n) are
multiplicity free. The following picture shows the moment polytopes for a reflective
multiplicity free Hamiltonian SU(3)-space (left) and a reflective multiplicity free g-
Hamiltonian SU(3)-space (right). These examples are due to Chris Woodward.
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3.5. Volume forms. The Liouville form of a symplectic manifold (M,w) is
the volume form defined as I' = %w”, or equivalently as the top degree part of the
exponential of w,

I' = (expw)top)-
In local Darboux coordinates qi,pi,...,Gn,Pn, one has w = > dg; A dp;, and
the Liouville form is dg; A dpy -+ A dg, A dp,. Given a compact Hamiltonian G-
space (M, w, ®), one defines the Duistermaat-Heckman measure [26] to be the push-
forward on g* of the associated measure, m = ®,|T'|. It has interesting properties,
and may be calculated using localization techniques.

For a g-Hamiltonian G-space (M,w,®), we saw that the 2-form w may be
degenerate or even zero. Assuming that G is compact and simply connected, it turns
out that there is nevertheless a distinguished volume form on M. In particular, M
carries a canonical orientation. The construction involves a certain differential form

on G.

PRrROPOSITION 3.14. For any compact, simply connected Lie group G, the func-
tion g — det(AdgH) admits a smooth global square root, equal to 1 at g = e.
Furthermore, there is a well-defined smooth differential form v € Q(G), given on
the set where det(Ad, +1) # 0 by

1+Ad, Ad, —1
W = det'/2(H5%2) exp(f 550" - 0").

Note that the set where det(Ady +1) # 0 is open and dense in G. Note that the
2-form inside the exponential becomes singular on the subset where det(Ad, +1) =
0, but the scalar factor in front of the exponential has zeroes there. The Proposition
says that the zeroes compensate the singularities, so that the form extends smoothly
across the set det(Ady +1) = 0.

THEOREM 3.15. [7] Suppose G is compact and simply connected. For any g-
Hamiltonian G-space (M,w,®), the top degree part of the form exp(w)®*Y is a
G-invariant volume form,

I'= (ewq>*1/})[t0p].

In particular, M is even-dimensional and carries a canonical orientation. A
conceptual explanation of the volume form is given in [2], [56], where the differen-
tial form v is identified as a pure spinor, and the Theorem is interpreted as the
non-degeneracy of a pairing between two pure spinors. As shown in [7], the push-
forward m = @, |I'| € £'(G) plays the role of a Duistermaat-Heckman measure, with
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properties similar to the Hamiltonian Duistermaat-Heckman measure. In partic-
ular, it encodes volumes of symplectic quotients, and for G compact and simply
connected it can be computed by localization [5].

3.6. Kirwan surjectivity. There are many other aspects of the Hamilton-
ian theory that carry over the q-Hamiltonian setting, with suitable modifications.
One result of central importance for Hamiltonian spaces is the Kirwan surjectivity
theorem. We assume that G is compact. For any G-manifold M, let H (M) be
its equivariant cohomology ring with coefficients in R. It may be realized as the
cohomology of the Cartan complexr (28(M),dq) where

OG(M) = P (S'e" @ Y (M))°.
2i+j=k
Viewing elements of Q¢ (M) as G-equivariant polynomial maps 3: g — Q(M), the
differential is given by

(dep)(€) = dB(&) —uEm)B(E), E€u.

ExAaMPLE 3.16. (1) If (M,w,®) is a Hamiltonian G-space, then w® =
w+® € Q%(M) is an example of a closed equivariant 2-form.
(2) If G carries an invariant metric -, then

n%(€) =n+ 10" +60%) ¢

defines a closed equivariant 3-form n“ € Q2(M). Conditions (i),(ii) in
the definition of a g-Hamiltonian G-space may be combined into a single
condition dgw = —®*n%.

THEOREM 3.17 (Kirwan [48]). Let (M,w,®) be a Hamiltonian G-space, with
0 a regular value of the moment map ®. Then the pull-back map

Hg(M) — He(®71(0)) = H(M//G)
is a surjective ring homomorphism.

Thus, all cohomology classes on the symplectic quotient are obtained from
equivariant cohomology classes on the unreduced space. For instance, the class [w¢]
descends to the class of the symplectic form on M//G. This result is the starting
point for the calculation of intersection pairings on M //G using localization on M,
see e.g. [43], [68].

For a g-Hamiltonian G-space, the map Hg(M) — Hg(® 1(e)) = H(M//G)
need not be surjective, in general. There are in fact examples where HZ (M) = 0, so
that the class of the symplectic form on M //G need not lie in the image of this map.
It turns out that the correct version of the surjectivity theorem involves the topology
of the group G. We assume that G is compact and simply connected. As is well-
known, the inclusion of bi-invariant differential forms (Ag*)® = Q(G)“*¢ — Q(G)
induces an isomorphism in cohomology. Since the de Rham differential restricts to
zero on bi-invariant differential forms, it follows that

H(G) = (rng")“.

On the other hand, it is known that the invariants (Ag*)® are an exterior algebra
over a graded subspace P* C (A*g*)% of primitive elements.

(Ag")¥ = AP.
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Here dim P = [ equals the rank of GG, and all homogeneous elements in P are of
odd degree. Let n1,...,m € Q?*%~1(G) be a homogeneous basis of P, where 7, is
the Cartan 3-form. For instance, if G = SU(n + 1), the generators of (Ag*)“ are
of degree 3,5,7,...,2n + 1. It turns out that each of the 7; admits an extension
n¢ € Qédi*l (@) to an equivariantly closed form. These may be constructed using an
equivariant version of the Bott-Shulman complex [41] (see also [55]). In particular,
g =n°.

Suppose now that (M, w, ®) is a -Hamiltonian G-space. Define a new complex,

Qc(M) = Qa(M)[uy, . ..,

where [ug,...,u] denotes the graded ring of polynomials in given variables u; of
degree 2d; — 2, and with the differential

l
deg =dg + Z@*nfai.
=1

(Here ®*n¢ acts by exterior multiplication, raising the degree by 2d; — 1, while the

differentiation % lowers the degree by 2d; — 2. We hence see that d¢g raises the

degree by 1, as required.) The cohomology of this complex is denoted H S(M). Let
(3.2) QG (M) = Qu(27H(e)) = Q27 (e))

be the cochain map, given by pull-back followed by the augmentation map for
[u1,...,u;] (setting these variables equal to zero). For instance, the element

w + uy

is a cocycle (since dgw = —®*n%), and its image under the map ([B.2)) is simply the
pull-back of w to ®~*(e) (a closed, basic form).

THEOREM 3.18 (Kirwan surjectivity for g-Hamiltonian G-spaces). Suppose
(M,w,®) is a g-Hamiltonian G-space, where G is compact and simply connected,
and suppose e is a reqular value of ®. Then the map

HE(M) — HE (@ (e) = H(M//G)
is a surjective ring homomorphism.

The surjectivity result was originally proved by Bott, Tolman and Weitsman
[16] in terms of Hamiltonian loop group actions. In unpublished work with A. Alek-
seev, we obtained the reformulation above, using a ‘small model’ for the equivariant
cohomology of the loop group space. As an application, one obtains generators for
the cohomology rings of moduli spaces, see e.g. [55].

4. Quantization of Hamiltonian G-spaces

Our aim in these lectures is to explain the quantization of g-Hamiltonian G-
spaces. In this Section, we set the stage by reviewing aspects of the quantization
of ordinary Hamiltonian G-spaces. The term ‘quantization’ will be used in a wide
sense. Ideally, the quantization of a symplectic manifold should be Hilbert space,
and a Hamiltonian G-action (thought of as classical symmetries) should be quan-
tized to define a representation of G' by unitary operators on the Hilbert space
(thought of as quantum symmetries). The method of geometric quantization pro-
duces such G-representations, but requires further data and additional assumptions.
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Rather than dealing with concrete Hilbert spaces, we will be content with isomor-
phism classes of G-representations. That is, we will take the quantization of a
Hamiltonian G-space to be a certain element of the representation ring of G.

4.1. Background in representation theory. In this Section, we take G
to be compact and connected. For any G-representation 7: G — Aut(V), let
xv € C°°(G) be its character, v (g) = tr(m(g)). Characters have the properties

Xvew = XV +Xw, Xvew = XVXW, XV: = Xy,
hence they form a subring R(G) C C*°(G) of the ring of complex-valued functions,
invariant under the involution *. As an additive group, R(G) is the Z-module
spanned by the characters of irreducible representations, also called the irreducible
characters.
Fix a maximal torus T' C G, with Lie algebra t C g, and let P C t* be the (real)
weight lattice. Thus p € t* lies in P if and only if the Lie algebra homomorphism

t—u(1), &€~ 2/ =11, &)

exponentiates to a group homomorphism e, : T'— U(1). For any G-representation
m: G — Aut(V), we define the weight spaces V,, = {v € V|Vt € T: n(t)v =
eu(t)v}, p € P, and the set of weights

P(V)={ue P|V, #0}.

Let £} C t* be a choice of fundamental Weyl chamber. It is known that if V' is
irreducible, then there is a unique weight p € P(V) such that p 4 € has maximal
length, for any e € int(t} ). This element 4 € P(V) Nt} is called the highest weight
of V. By H. Weyl’s theorem, this sets up a 1-1 correspondence between the set of
irreducible representations and the set

of dominant weights of G. Thus, as a Z-module we have
R(G) = Z[Py],

with basis the irreducible characters x, indexed by dominant weights y € P,. In
the figure below, the shaded area is the fundamental Weyl chamber for the group
SU(3), while the dominant weights are indicated as dots.

4.2. Quantization of Hamiltonian G-spaces. Suppose now that (M, w, @)
is a Hamiltonian G-space, with moment map ®: M — g*.

DEFINITION 4.1. A pre-quantum line bundle L — M is a G-equivariant Her-
mitian line bundle with connection V, such that

(1) curv(V) = w,
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(2) The g-action on L is given by Kostant’s formula

€r = Lifty (§mr) + (2,€)0p
where dp € X(L) generates the S'-action on L.

REMARKS 4.2. (1) The existence of a pre-quantum line bundle is equiv-
alent to the integrality of the 2-form w.

(2) If G is simply connected, the existence of the pre-quantum lift of the G-
action from M to L is automatic. Indeed, the formula for £;, defines a Lie
algebra action of g on L by infinitesimal Hermitian automorphisms, and
this Lie algebra action integrates to a Lie group action.

(3) If a G-equivariant pre-quantum line bundle exists, then the choice of L is
unique up to a flat G-equivariant line bundle.

Given an equivariant pre-quantization, we obtain an element Q(M) of the rep-
resentation ring, as follows. Let J: TM — T'M be a G-invariant compatible almost
complex structure, i.e. g(v, w) = w(Jv,w) is a Riemannian metric. (In other words,
every tangent space admits an isomorphism T},,M — C" = R?" taking w,, to the
standard symplectic structure ZZL:I €21 N eg; and J,, to the standard complex
structure eg;_1 > eg;, €2; — —eag;—1.) The space of G-invariant compatible almost
complex structures is well-known to be contractible; hence the particular choice of
J is unimportant for what follows. Let TM® = TYO0M @ T9' M be the decomposi-
tion into +i eigenbundles of J. Then AT%!'M is a spinor module over the Clifford
bundle C1(T M), where the Clifford action of T%!M is by exterior multiplication
and that of T1YM is by contraction. (See Section [[ below.) Tensoring with L one
obtains a new spinor module,

S=AT""MxL

Let §: T'(S) — TI'(S) be the associated Dirac operator, given by the covariant de-
rivative V: T'(S) — I'(T*M ® S) followed by the Clifford action of T*M = TM C
CHTM) on S. Then @ is a G-equivariant elliptic operator, and hence it has a
G-equivariant index. Let ST, S~ be the even, odd part of the spinor bundle.

DEFINITION 4.3. The quantization Q(M) € R(G) of the pre-quantized Hamil-
tonian G-space (M, w, ®) is the G-index

Q(M) = indexa(P) = Xker@|ss) — Xker@|o_)-

For any given L, the construction of ¢ involves a few choices such as the choice
of J and of connections; however, the stability property of indices guarantees that
Q(M) is independent of those choice. (In fact, it turns out that for G' connected,
even the choice of L does not affect Q(M). This is immediate from the equivariant
index formula of Berline and Vergne [14], cf. [64].) The basic properties of the
quantization are as follows:

(1) QMU My) = Q(My) + Q(Ma),

(2) Q(M; x Ms) = Q(M;)Q(M>),

(3) QM) = Q(M)*,

(4) Borel-Weil-Bott (weak version): G.u, pu € t is pre-quantized if and only
if p € Py. In this case,

QG.u) =
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Property (d) is a weak version of the Borel-Weil-Bott theorem: the strong
version uses Kahler quantization, and realizes the irreducible representation corre-
sponding to u as a space of holomorphic sections of the pre-quantum line bundle.

Let R(G) — Z, x — x¢ be the group homomorphism defined on basis elements
by ij = 0,0 That is, x“ is the coefficient of the basis element yo in x. The map
x + X% may be regarded as the ‘quantum counterpart’ to symplectic reduction
(taking the coefficient of = 0 corresponds to setting the moment map value equal
to 0). The following fact was conjectured by Guillemin-Sternberg in the 1980s. (In
[33], Guillemin and Sternberg gave a full proof of a similar statement for Kahler
quantization.)

THEOREM 4.4 (Quantization commutes with reduction).
QM) = Q(M))G).

REMARK 4.5. The right hand side of this result requires some explanation. If
0 is a regular value of the moment map, and G acts freely on the zero level set
®~1(0), then M//G is a symplectic manifold with pre-quantum line bundle L//G =
L|g-1(0)/G. In this case, the right hand side is defined as the (non-equivariant)
index of the corresponding Spin_-Dirac operator. If the action on the zero level set
is only locally free, then L//G becomes an orbifold line bundle over the orbifold
M//G, and the index has to be interpreted accordingly (using Kawasaki’s index
theorem for orbifolds). In the most general case, one can define the right hand
side by a partial desingularization of M //G, reducing to the orbifold case. In this
generality, the result was proved in [58].

EXAMPLE 4.6. Let Ny, 1, for pi, po, 13 € Py be the tensor coefficients, de-
fined by
Xpa Xpz = Z Ny popia Xy
p3€EPy

Equivalently, Ny, mus = (Xu1 Xus Xps )¢+ Let O; be the coadjoint orbits of p; € Py
Then
Nmuzus = Q(Ol x Og % 03//G)7

realizing the tensor coeflicients as an index.

Given a pre-quantized Hamiltonian G-space (M,w,®), let N(u) € Z be the
multiplicity of x,, in the quantization Q(M),

QM) = > N(p)xu-
nePy
Thus N(0) = Q(M)®. For any p € t7, let M//,G = ®~'(u)/G, be the symplectic
quotient at level o € g*. The shifting trick expresses M//,,G as a reduction at 0:
M) ,G = (M x (G.p)") [ G;
here (G.u)* denotes the coadjoint orbit G.x with minus the standard symplectic
structure and minus the inclusion as a moment map. Suppose p € P, C g*. Since

QUG.1)") = AG-1)" = Xp

Theorem 4] shows that the multiplicity of 0 in Q(M x (G.u)*) equals the multi-
plicity N(p) of g in Q(M). Thus

N(p) = QM) ,G).
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4.3. Localization. In most cases, the ‘quantization commutes with reduction’
theorem is not very practical for the calculation of weight multiplicities in Q(M).
Instead, the result is often used in the opposite direction: One obtains the indices of
symplectic quotients Q(M//,,G) from the knowledge of Q(M). The main technique
for the computation of Q(M) is localization.

The Atiyah-Segal-Singer equivariant index theorem for elliptic operators, spe-
cialized to the case of Spin_-Dirac operators gives the formula
-3 [t

D]R (vr,9)

FcM9

where the sum is over fixed point manifolds F© C M9 for the action of g. Here £
is the ‘Spin,-line bundle’ £ = L? @ K1, with K the canonical bundle, and v is
the normal bundle to F. The terms A(F), Ch(£L|r, g)'/2, and Dy (v, g) are certain
characteristic classes of TF, L|p, vp. (For details, see e.g. [57) Section 5.3].)

REMARK 4.7. The fixed point formula can also be written in ‘Riemann-Roch
form’,

Td(F) Ch(L|Fr, 9)
Dc(vr, g)

e = Y [

FcMs /T

which is often easier to use for computations. However, the ‘Spin, -form’ will be
more convenient for our discussion.

REMARK 4.8. If one tries develop a similar quantization procedure for g-
Hamiltonian G-spaces (M,w,®), one is faced with several obstacles. First, the
2-form w need not be closed, hence it cannot be the curvature form of a line bun-
dle. Secondly, since w can be degenerate, there is no obvious notion of ‘compatible
complex structure’. (In fact, there are examples of conjugacy classes C of compact,
simply connected Lie groups not admitting any Spin,-structure.) Hence, there is
no suitable Dirac operator in sight. In the following sections we will explain how
to get around these problems.

5. The level k fusion ring

From the correspondence with Hamiltonian loop group spaces, we expect that
the result of the quantization procedure of g-Hamiltonian spaces should be an
element not of the representation ring but of the fusion ring of G, at suitable level.

For the remainder of these lecture notes, we will assume that G is compact,
simply connected and simple. We fix a maximal torus 7" and a fundamental Weyl
chamber t . Recall that P, = PNt} are the dominant weights. Let § € P be the
highest root, i.e. the highest weight of the adjoint representation of G on g€. The
fundamental alcove has the following description

A={ ety (0,6 <1}.

We denote by p € P, the unique shortest weight in P, Nint(t} ); equivalently 2p
is the sum of the positive roots of G. The basic inner product - on g is the unique
invariant inner product such that -6 = 2 (using the identification g = g* given by
the inner product). We will use the basic inner product to identify g and g*. The
dual Cozeter number of G is the positive integer defined by

hY =14+6-p.
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For G = SU(N) one has hY = N.

DEFINITION 5.1. Let k € {1,2,...}. The level k weights of G are the elements
of
P, = P kL.

The following pictures show the set of level k& weights, as well as the weights
p, 0, in two examples. The shaded area is k2.

G = Spin(5)
k=4

For A\ € P, define the special element

ty = exp(k’\ﬁpv) eT.

DEFINITION 5.2. The level k fusion ring (Verlinde algebra) is the quotient
R (G) = R(G)/1x(G)
by the level k fusion ideal, I;(G) = {x € R(G)| x(tx) =0 ¥ X € Py}.

The fusion ring R (G) plays an important role in conformal field theory (see
e.g. [28]). It is also known as the level k Verlinde algebra, after the physicist Erik
Verlinde [69].

REMARK 5.3. Ry (G) is also the fusion ring of level k projective representations
of the loop group LG. However, we will not need this interpretation here.

Some basic properties of the level k fusion ring are as follows:

(1) the unit and involution of R(G) descend to a unit and involution of Ry (G),

(2) Ri(G) has finite Z-basis the images 7, of x,, u € Pj. Thus

Ri(G) = Z[Py].
(3) Rik(G) has a trace,
RL(G) = Z, 7+ 7€
where 7& = 6, 0.
(4) The integers
N;(Llngug = (TNITHZTNS)G7 pi € Py
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are called the level k fusion coefficients. They encode the multiplication
in Rk(G)
_ k *
Ty Tpe = Z NL(HBMMSTMS'
n3EPy

If p1, po, s € Py are fixed, the fusion coeflicients become independent of
k for sufficiently large k, and coincide with the tensor coefficients:

N& =N,

Hip2 43 M2 3 k>>0.

EXAMPLE 5.4. For G = SU(2), it is not difficult to determine the level & fusion
ring ‘by hand’. Identify t = R in such a way that Py = {0,1,...}. Here m > 0
is realized as the dominant weight for the m-th symmetric power of the defining
representation, S™C2. We have p = 1, # = 2, and the alcove is the interval
[0,1] € R. Hence P, = {0,1,...,k}. The product in R(SU(2)) is given by the
well-known formula

XiXm = Xi+m T Xi4m—2 T - + X|i—m|-
Equivalently, the tensor coefficients are given by
Nipymoms =1

if mq1 + mae + msg is even with m; < %(ml + ms + mg) for ¢ = 1,2,3, and are
zero in all other cases. One finds that the level k fusion ideal is I} (SU(2)) =
(Xk+1), and the quotient map R(G) — Ry (G) is ‘signed reflection’ across indices
E+1, 2k+3, 3k+5,....

To illustrate, if &k = 5 we find 7374 = 73 + 71 since

X3X4 = X7+ X5 + X3+ X1,

and because y7; — —75, X5 — 75 under the quotient map. For mq,mo,mg €
{0,1,...,k}, the SU(2) fusion coefficients at level k are given by

E
Nr(nl)mgmg = 1
provided mq 4+ mg + mg3 is even with
m; < 5(my +my+ms3) <k
for i = 1,2,3, and are zero in all other cases.

For a general compact simple Lie group G, the quotient map R(G) — Ri(G)
is a ‘signed reflection’ for a shifted Stiefel diagram. We illustrate the quotient map
for G = SU(3) and level k = 3. Consider the set Py of level k weights
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One can show that the weights Py, shifted by p, are exactly the weights in the
interior the shifted alcove at level k + hV:

Pi+p=Pn(k+h")int(2A).

The affine reflections across the faces of the shifted alcove (k + hY)2l — p alcove
generate the p-shifted level k +hY Stiefel diagram, shown in the following picture.

The shifted affine Weyl group is the group of transformations of t, generated by
reflections across these affine hyperplanes:

The last picture shows the weights that can be reflected into Py. If u € Py lies on
the walls of the shifted Stiefel diagram, then x, lies in the kernel of the quotient
map Ry(G). Otherwise, the quotient map takes x, to £7,, where v € Py is the
unique level k weight related to pu by a sequence of affine reflections, and where the
sign (plus or minus) is given by the parity (even or odd) of the required number of
reflections.
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REMARK 5.5. It was shown by Gepner [31] and Bouwknegt-Ridout [18] that
for G = SU(N), the level k fusion ideal has the description
Ik(G) = <X(k+1)w13 o 7X(k+N—1)w1>a

where wy (the first fundamental weight) is the highest weight of the defining rep-
resentation of SU(N) on CV. There is a similar presentation of the fusion ideal for
the symplectic group Sp(r). Explicit presentations of the fusion rings for the other
simple groups, with small numbers of generators, were obtained by C. Douglas in

By definition of the ideal I (G), the evaluation maps
R(G) = C, x+ x(tx)
for A\ € Py, vanishes on Ij(G), hence they descend to the fusion ring:
Ri(G) = C, 7= 7(ty).

After complexification, we obtain a new additive basis 7, u € Py, of Ri(G) ® C,
characterized by the property
7~'u(t/\) = 5Mt-

In the new basis, the product is diagonalized: 7,7, = 0,,7,. The two bases are
related by the S-matriz

S € End(C[Py]).
The S-matrix is the unique wnitary matrix with properties
Sp,l/ - Sl/,,UJ SO,y >0
for u,v € Py, and such that
Ty = Z Soii S Tvi
veP;

In terms of the S-matrix, the fusion coefficients take on the form,

N(k) _ § : SuhVSHzWSMSW
Bip2ps T :

S
vEPy, v

6. Pre-quantization of g-Hamiltonian spaces

While the 2-form w for a g-Hamiltonian G-space (M,w, ®) is not closed, in
general, the pair (w,—n) defines a relative cocycle for the map ®. To explain in
more detail, we recall the cone construction from homological algebra.

6.1. Relative cohomology.

DEFINITION 6.1. Let F*: S®* — R® be a cochain map between cochain com-
plexes. The algebraic mapping cone is the cochain complex

cone®(F) = RF"1q S*, d(x,y) = (f(y) — dz, dy).

Its cohomology is denoted H®(F'), and is called the relative cohomology of the
cochain map F°.
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The short exact sequence of cochain complexes 0 — RF~1 — cone®(F) — S —
0 gives rise to a long exact sequence of cohomology groups,

oo — H*"Y(R) - H*(F) — H*(S) = H*(R) — - --

The connecting homomorphism H®(S) — H*(R) is just the map induced by F.

Given a smooth map ®: M — N between manifolds, we define Q°(®) =
cone® (®*) to be the algebraic mapping cone for the pull-back of differential forms,
O*: O°(N) — Q°(M). Its cohomology H®(P) := H*(P*) is called the relative de
Rham cohomology of the map ®. The usual isomorphism with the singular coho-
mology with real coefficients carries over the the relative setting, and there is a
coefficient homomorphism

H*(D,7) — H*(D) = H*(3,R).

6.2. Definition of pre-quantization. For a g-Hamiltonian G-space, we have
dw = —®*n and dn = 0. Hence

(wv _77) € Qg(q))

is a cocycle. (In fact, working with equivariant forms the pair (w,—ng) is an
equivariant relative cocycle in Q2 (®), using the algebraic mapping cone for the
Cartan complexes.) Suppose G simple, simply connected, - the basic inner product.

DEFINITION 6.2. [52], [57] Let (M, w, ®) be a g-Hamiltonian G-space, ®: M —
G. A level k pre-quantization of (M,w, ®) is an integral lift of

E[(w,—n)] € H3(®,R).

There is an equivariant version of this condition, but for simply connected
compact groups G the equivariance is automatic. Indeed, in this case the natural
map HE(X,Z) — H*(X,Z) for a G-space X is an isomorphism in degrees < 2, while
for any G-map ® the map H%(®,Z) — H*(®P,Z) is an isomorphism in degrees < 3.
Cf. Krepski [52] Section 3].

REMARK 6.3. The geometric interpretation of the pre-quantization condition
involves ‘gerbes’. Loosely speaking, the pre-quantization of the condition d(kw) =
—k®*n is given by a gerbe over G, with 3-curvature form kn, together with a
trivialization of the pull-back of this gerbe to M, with kw the curvature form of
the trivialization. See Shahbazi [65] for further details.

6.3. Basic properties, examples. One has the following criterion for the
integrality of the relative form k(w, —n) € Q3(®). For any manifold M, let Cy(M)
be the chain complex of smooth singular chains on M (i.e. Cy(M) consists of Z-
linear combinations of smooth maps A* — M, where A* is the k-simplex). Recall
that a closed differential form o € QF(M) is integral (i.e. its class [a] € H*(M,R)
lies in the image of H"(M,Z)) if and only if [ o € Z for all k-cycles & € Z,(M).
This criterion extends to the relative case, so that we have:

PROPOSITION 6.4. A g-Hamiltonian G-space (M,w,®) is pre-quantizable at
level k if and only if for all ¥ € Zy(M), and any X € C3(G) with ®(X) = 0X,

k(/zw—k/xn)ez.
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Note that for given X, it suffices to check for any X, due to the integrality of
7. In particular, the criterion is satisfied if the second homology group Hs(M,Z) is
zero. Indeed, in this case we can take X = ®(Y) with Y € C3(M), 9Y = X, and
the criterion holds true by Stokes’ theorem.

EXAMPLE 6.5. The double D(G) = GxG, ®(a,b) = aba b~ is pre-quantizable
for all k € N, since Ho(D(G),Z) = 0.

EXAMPLE 6.6. The g-Hamiltonian SU(n)-space M = S?" and the q-Hamiltonian
Sp(n)-space M = HP(n) are pre-quantized at all levels k € N, since Hy(M,Z) =0
in these examples.

Recall that conjugacy classes C C G are parametrized by points in the alcove,
where £ € 20 corresponds to the conjugacy class C = G.exp&. We have:

EXAMPLE 6.7. The level k pre-quantized conjugacy classes C C G are those

indexed by
&€ %Pk C A.
The following picture shows the pre-quantized conjugacy classes for SU(3) at
level k = 3.
G =S5U(3)
k =3

In all these examples, the torsion subgroup of H?(M,Z) is trivial, hence the
pre-quantization is unique.

Pre-quantizations are well-behaved with respects to products: If My, My are
level k-pre-quantized g-Hamiltonian G-spaces, then their fusion product M; X
Ms inherits a level k pre-quantization. In particular, the g-Hamiltonian G-space
D(G)" xCy x - -+ xC, has a level k pre-quantization, provided the conjugacy classes
C; have level k pre-quantizations.

Furthermore, if M is a level k pre-quantized g-Hamiltonian G-space, then the
symplectic quotient M //G inherits a pre-quantization at level k, i.e. for the k-
th multiple of the symplectic form. (If the symplectic quotient is singular, this
statement should be interpreted as in [58].)

7. Twisted Spin_-structures on g-Hamiltonian spaces

Besides the notion of pre-quantization, a key ingredient in the quantization of
Hamiltonian G-spaces is the existence of a canonical Spin_-structure (defined by a
compatible almost complex structure). For q-Hamiltonian G-spaces, there need not
be a Spin,-structure in general, but it turns out that there is a canonical twisted
Spin, -structure.

7.1. Spin_-structures. We will use the following viewpoint toward Spin,-
structures. Given a Euclidean vector space V', let C1(V') denote its complex Clif-
ford algebra. Thus C1(V) is the complex unital algebra with generators v € V
and relations vive + vovy = 2(vi,v9). Using a basis e1,...,e, € V to iden-
tify V. = R™, the Clifford algebra has basis the products e = e;, ...e;, for

k
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I={iy,...;ig} C{1,...,n} with ¢; < --- < iy, with the convention ey = 1. Thus,
Cl(V) = A(V) ® C as a vector space. The Clifford algebra carries a Zo-grading,
where the even (resp. odd) part is spanned by products of an even (resp. odd)
number of elements of V.

DEFINITION 7.1. Suppose dim V' is even. A spinor module over C1(V') is a Zo-
graded Hermitian vector space S, together with an isomorphism C1(V') — End(S)
preserving Zs-gradings and involutions .

A concrete spinor module is obtained by the choice of an orthogonal com-
plex structure J € End(V): Let V& = V10 & V01 be the decomposition into +i
eigenspaces of .J, the space AV®! is a spinor module, with Clifford action of gen-
erators v = v10 4+ v%1 given by t(v10) + €(v?!) (here ¢ denotes contraction, € is
exterior multiplication). One has the following fact:

PROPOSITION 7.2. For any two spinor modules S,S" over C1(V'), the space
HomCI(V)(S, SI)
of linear maps S — S’ intertwining the Clifford actions is 1-dimensional.

These definitions generalize to Euclidean vector bundles V' — M in an obvi-
ous way. In particular, we define a spinor module over C1(V) to be a Zs-graded
Hermitian vector bundle S — M, together with an even isomorphism of x-algebra
bundles C1(V) — End(S). Given an orthogonal complex structure J on V, the
bundle AV%! — M is such a spinor module.

DEFINITION 7.3. A Spin_-structure on an even rank Euclidean vector bundle
V' — M is a spinor module S over C1(V'). A Spin_-structure on an even-dimensional
Riemannian manifold is a Spin,-structure on T'M.

REMARKS 7.4. (1) A Spin,-structure on a Euclidean vector bundle V' of
rank n can also be defined as an orientation on V' together with a lift of the
structure group from SO(n) to the group Spin,(n). The two definitions
are equivalent [60].

(2) For Euclidean vector bundle of odd rank, one can define a Spin,-structure
on V to be a Spin -structure on V @ R.

(3) There are two topological obstructions to the existence of a Spin,-structure
on V. The first obstruction w!(V') € H'(M, Zs) is simply the obstruction
to orientability of V. The second obstruction W3(V) € H3(M,Z) is
the third integral Stiefel-Whitney class, given as the image of w?(V) —
H?(M,Zs) under the Bockstein homomorphism. Note that W?3(V) is 2-
torsion, which is consistent with the fact that V& V =V ® C carries a
Spin,-structure.

(4) If S is spinor module, then so is the graded S ® L for any Zs-graded
Hermitian line bundle L. (A Zs-grading on a complex line bundle L — M
is just the assignment of an even or odd parity over each component of
M) Proposition generalizes to the fact that any two Spin_-structures
S,S" on V differ by a Zs-graded Hermitian line bundle:

S =5S® L, L= HOHI(Cl(V)(S, S,)
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7.2. Dixmier-Douady theory. Given a separable Hilbert space H, we de-
note by K(H) the x-algebra of compact operators on H, i.e. the norm closure of the
algebra of operators of finite rank. One may think of K(H) as an appropriate notion
of infinite matrices. The action of the unitary group U(H) by conjugation on K(H)
descends to the projective unitary group PU(H) = U(#H)/U(1), and in fact it is
known that

Aut(K(H)) = PU(H),
where PU(H) carries the strong topologyE

DEFINITION 7.5. A (Zs-graded) Dizmier-Douady bundle over M is a (Zo-
graded) bundle of %-algebras A — M, with typical fiber K(H) for some (Z2-graded)
Hilbert space H. A Morita trivialization of the Dixmier-Douady bundle A is a bun-
dle of (Zs-graded) Hilbert spaces & — M with an even isomorphism of *-algebra
bundles A — K(&).

ExXAMPLE 7.6. For an even rank Euclidean vector bundle V' — M, the Clifford
bundle C1(V) is a Zs-graded Dixmier-Douady bundle. A Zs-graded Morita trivi-
alization of C1(V') is the same thing as a spinor module S over C1(V), i.e. it is a
Spin,-structure on V.

Generalizing this example, one finds that for any two Morita trivializations
E,&" of a Zs-graded DD-bundle A — M, the bundle Hom 4(&,&’) is a Zg-graded
Hermitian line bundle, and conversely any two Morita trivializations differ by such
a line bundle

E'=E®L; L=Homyu(&E).

Given a DD-bundle A — M, there is an obstruction DD(A) € H3(M,Z) to the
existence of a Morita trivialization &£, called the Dizmier-Douady class. In the Zo-
graded setting, there is an additional obstruction in H'(M,Zs) to introducing a
compatible Zs-grading on £.

REMARK 7.7. One viewpoint towards the DD-class is as follows. Consider the
principal PU(H)-bundle P — M associated to A. Choose a trivializing open cover
U, of M, so that P is described by transition functions x.s: Uy N Ug — PU(H).
Over triple overlaps, XagXgyXay = 1. Lift to U(H)-valued functions Xag. Then
Yapy = )ng)”z;wl%ag is a U(1)-valued function on triple overlaps. On quadruple
overlaps one has, by definition of v,

—1 —1
VBy6VansVapsop, =1,

which means that 1 is a Cech cocycle, defining a class in H?(M,U(1)) = H3(M,Z).
For a detailed discussion of Dixmier-Douady theory, see [62].

More generally, if Hi,Ho are two Hilbert spaces, we have the Banach space
K(H1,Hs2) of compact operators from H; to Hs, again defined as the norm closure
of finite rank operators. It is a bimodule:

K(H2) © K(Hy, Ha) © K(Hy).
If H; carry Zs-gradings, then this bimodule structure is compatible with Zs-gradings.
2In the following discussion, some subtleties are being ignored. See [57], and references given

there, for a more careful treatment.
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DEFINITION 7.8. Suppose A; — M;, i = 1,2 are two (Zs-graded) Dixmier-
Douady bundles, with typical fiber K(H;). A (Zs-graded) Morita morphism

(D,8): Ay -5 Ay
is a map ®: M; — M, together with a (Zs-graded) Banach bundle & — M; of
bimodules

D A, O E O Ay

locally modeled on K(Hz2) © K(Hq,Hs) O K(Hy).

The composition of two Morita morphisms (®,€): A; --» Ay and
(®',&"): Ay --» A3 has underlying map the composition &' o ®, and bimodule
a completion of the tensor product ®*E’ ®g- 4, £. A Morita morphism is invertible
if ®@ is; the inverse is defined using an ‘opposite’ bimodule.

A Morita trivialization of A — M is equivalent to a Morita morphism
(p,€): A --» C, where C — pt is the trivial DD bundle. Again, Morita mor-
phisms may be twisted by line bundles, and any two Morita morphisms A; --+ A,
differ by a Hermitian line bundle:

L:Hom@Az,Al(fi’,é‘/) — E&'=ERL.

The Dixmier-Douady theorem states that DD-bundles A — M are classified, up
to Morita isomorphisms inducing the identity map on the base, by H3(M,Z). The
result extends to G-equivariant DD-bundles, see [12].

7.3. The Dixmier-Douady bundle A%pin. It is known that
H?*(SO(n),Z) =0, H*(SO(n),Z) = Z, H(SO(n),Z2) = Z>

forn =3 and alln > 5. If V is a Euclidean vector space of dimension dim V' > 5, we
denote by Agovy — SO(V) the SO(V)-equivariant Zj-graded DD-bundle whose
characteristic classes in H3(SO(V),Z) and H'(SO(V),Zs) represent the genera-
tors. Since H2(SO(V),Z) = 0, the particular choice of this DD-bundle does not
matter. If V' C V' is a subspace of a larger Euclidean vector space, then Ago v
is canonically Morita isomorphic to the pull-back of Ago(y+) under the inclusion
SO(V) < SO(V’). Consequently, we may extend the definition to dimV < 5
by taking Agovy to be the pull-back of Ago(y+y, where dim V' > 5. (E.g., take
V' = V@R?). An explicit construction of this bundle may be found in Atiyah-Segal
[12], see also [4] for a discussion of their result.

Given a compact, connected Lie group G, with an invariant inner product on
g, we let

Azpin -G

be the pull-back of ASC(®) under the adjoint representation G — SO(g). (The
notation is motivated by a relationship with the spin representation of the loop
group.) A nice property of Azpin is that it is multiplicative: there is a Morita
morphism Azpin X Azpin - ,ASGpin covering group multiplication on G, and with
an associativity property.

REMARK 7.9. If G is compact, simple and simply connected, so that HZ.(G,Z) =
H3(G,7Z) = 7Z, it is known that DD(ASGpm) represents the hV-th multiple of the gen-
erator of H3(G,Z), where hY is the dual Coxeter number.
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7.4. Twisted Spin,-structure.

THEOREM 7.10 (Alekseev-M [4]). Let G be a compact Lie group, with a posi-
tive definite invariant metric - on its Lie algebra. For any q-Hamiltonian G-space
(M,w,®), there is a distinguished G-equivariant Zo-graded Morita morphism

in Spin
(®,E5P): CTM) --» AP™.

Keeping in mind that a Morita trivialization C1(T'M) --» C is a Spin_-structure,
we think of this morphism as a twisted Spin,-structure (following the terminology

from [70]).

REMARK 7.11. The restriction of AZP™ to the group unit e is G-equivariantly
Morita trivial, and the Morita trivialization is essentially unique (since there are no
non-trivial G-equivariant line bundles over pt.) By composing the twisted Spin, -
structure with this Morita trivialization, it follows that the restriction T'M|g-1(c)
inherits an ordinary Spin.-structure. It turns out [4] that this is equal to the
Spin_-structure defined by the non-degenerate 2-form given by the restriction of w
to TM|g-1(c), hence it induces the correct Spin -structure on M //G.

In the Hamiltonian setting, the next step is to twist the Spin_-structure coming
from the almost complex structure by the pre-quantum line bundle L. Similarly,
for g-Hamiltonian spaces we can twist by the pre-quantization. To simplify the
discussion, we will return to the assumption that G is simple and simply connected.
Let .Agf ) = G be any G-DD bundle over G whose Dixmier-Douady class is k times
the generator of HZ,(G,Z) = Z. For example, ,ASGpin may be used as A(C?v). A level
k pre-quantization of (M, w, ®) determines a Morita morphism,

(®,EP79): M x C --» AD).

(Classes in H3(®,Z) may be realized in terms of DD bundles over the target,
together with Morita trivializations of the pull-back under ®.) Tensoring the two
Morita morphisms, we obtain a G-equivariant Morita morphism,

(7.1) (@, £5Pn @ gPrea); CUTM) --» AL

In the following section we will use this Morita morphism to obtain a push-forward
in twisted K-homology.

8. Quantization of g-Hamiltonian G-spaces

8.1. Twisted K-homology. Recall that a C*-algebra is a Banach algebra
with a conjugate linear involution *, isomorphic to a norm closed subalgebra of
the algebra B(H) of bounded operators on a Hilbert space, with * induced by the
adjoint. For instance, K(H) is a C*-algebra. If A — X is a G-equivariant Dixmier-
Douady bundle, the space

A=Ty(X,A)
of sections vanishing at infinity (i.e. the closure of the space of sections of compact
support) is a G-equivariant C*-algebra.

DEFINITION 8.1 (Donovan-Karoubi [24], Rosenberg [63]). The twisted G-equi-
variant K-homology of X with coefficients in A is defined as

KJ(X,A) = K&(To(X, A)),
the equivariant K-homology of the G-C*-algebra I'y (X, A).
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REMARK 8.2. Here we are working with Kasparov’s definition of the K-homology
of G-C*-algebras [46, [47]. Let us very briefly sketch Kasparov’s approach; an ex-
cellent reference for this material is the book [36] by Higson and Roe. Let A be a
Zo-graded C* algebra. A Fredholm module over A is a Zs-graded Hilbert space H
with a s-representation 7: A — B(H), together with an odd element F' € B(H),
s.t. Ya € A

(1) [r(a), F] € K(H),

(2) (F?2+ I)m(a) € K(H).
Kasparov defines the K-homology group K°(A) as the set of all Fredholm modules
over A, modulo a suitable notion of ‘homotopy’. (For A = C(X) the continuous
functions on a compact Hausdorff space, a definition along similar lines had been
proposed by Atiyah [8].) One puts K'(A) = K°(A® CI(R)). It is a contravariant
functor in C*-algebras, hence Ko(X) = K*(C(X)) is a covariant functor in spaces
X. The definition has a straightforward extension to G-C*-algebras, defining groups
K2 (A).

The twisted K-homology groups are functorial with respect to Morita mor-
phisms of Dixmier-Douady-bundles.

EXAMPLE 8.3. There is a canonical ring isomorphism K§ (pt) = R(G), where
the ring structure on the left hand side is given by push-forward under the map
pt X pt — pt.

EXAMPLE 8.4. Suppose D is an equivariant skew-adjoint odd elliptic differential
operator acting on a Za-graded Hermitian vector bundle V =V+ &V~ — M over
a compact manifold M. It has an equivariant index indexg(D) := Xker Dly: —
Xker DJ,_ - The pair

— _ D
H=Tp(M,V), F= L

with the natural action of C(M) defines a K-homology class [D] € K§(M). The
index is a push-forward under the map p: M — pt to a point:

p«[D] = indexg (D).

ExaMPLE 8.5. Let M be a compact Riemannian G-manifold of even dimension.
Then there is a fundamental class

[M] € K§(M,CITM)),

represented by the de Rham Dirac operator on I'(M, AT*M). A Spin_-structure on
M defines a Morita trivialization of C1(T'M) and a Spin -Dirac operator @ps. The
class [@as] is the image of [M] under the resulting isomorphism K§ (M,CI(TM)) —
K§(M). Thus C1(TM) plays the role of an ‘orientation bundle’ in K-theory.
Compare with singular homology: Any compact manifold, regardless of orientation,
has a fundamental class in the homology group Hgim as (M, 0pr) with coeflicients in
the orientation bundle op; = det(T'M). An orientation on M trivializes the bundle
on, and identifies the fundamental class as an element of Hgim s (M). Recall
also that there is an isomorphism Hagip, ar(M,0n7) = HY(M,Z), taking [M] to 1.
Similarly, for an even-dimensional Riemannian manifold there is an isomorphism

(8.1) K§(M,CITM)) = K(M)
with equivariant K-theory, taking [M] to the element 1 € K2 (M).
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ExAMPLE 8.6. Let G be compact, simply connected, and simple. Denote by
A(Cé) — G a G-Dixmier-Douady bundle at level [ € Z = H*(G,Z). K§ (G, Ag)) has
a ring structure defined by (Multg),. (Note that Mult}, A® is Morita isomorphic

to pr] A(Cl;) ® prs A(G) since the two bundles have the same Dixmier-Douady class;

the specific choice of Morita isomorphism is unimportant since HZ(G x G,Z) = 0. )
The theorem of Freed-Hopkins-Teleman [29] shows that for all non-negative integers
k > 0, there is a canonical isomorphism of rings

(8.2) K§(G,AG™)) = Ry(G)

where Ry (G) is the level k fusion ring (Verlinde ring).

8.2. Quantization as a push-forward. Suppose G is a compact, simple,
simply connected Lie group, and (M, w, ®) is a level k pre-quantized q-Hamiltonian
G-space. The Morita morphism ([ZI]) defines a push-forward in twisted K-homology,

®,: K&(M,CATM)) — KE(G, ALy,
Using the isomorphism (§I]) and the Freed-Hopkins-Teleman result ([82]), we have
constructed an R(G)-module homomorphism
®,: K§ (M) — RL(G).

DEFINITION 8.7. [57] The quantization of a level k pre-quantized q-Hamiltonian

G-space (M, w, ®) is the element
Q(M) = .(1) € Re(@Q).

As shown in [57], the quantization of q-Hamiltonian spaces has properties par-

allel to those for Hamiltonian spaces:

(1) QM1 U Mz) = Q(My) + Q(Mz),

(2) QM x Ms) = Q(M;)Q(M),
(3) QM*) = Q(M)*,
(4) Let C be the conjugacy class of exp(%u), € P. Then
Q(C) = 7,.
Recall the trace Ry (G) — Z, T+ 7¢ where Tf =0,.0-

THEOREM 8.8 (Quantization commutes with reduction). Let (M,w,®) be a
level k prequantized g-Hamiltonian G-space. Then

Q(M)¢ = QM/G).

This result is a combination of the [Q, R] = 0 theorem for Hamiltonian loop
group actions, due to Alekseev-M-Woodward [6], with the localization theorem for
g-Hamiltonian spaces, Theorem [R5 below. In [6] the quantization of a Hamiltonian
loop group space is essentially defined in terms of fixed point data, and the [@Q, R] =
0 theorem was proved in those terms. On the other hand, Theorem identifies
the fixed point formula with the more satisfactory definition of Q(M) as a K-
homology push-forward.

Similar to Example we have:

ExaAMPLE 8.9. Let C; be the conjugacy classes of exp(%,ui), i € Pg. Then
Q(C1 x C2 x C3//G) = (TmeTua)G =NH

H1p2 3"
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ExAMPLE 8.10. The double D(G) = G x G, ®(a,b) = aba~'b~! has level k
quantization
ADG) = Y T
HE Py,
REMARK 8.11. The Hamiltonian analogue of the double is the non-compact
Hamiltonian G-space T*G, with the cotangent lift of the conjugation action. Any
reasonable quantization scheme for non-compact spaces gives

QAT G) = > XuXp
HePy
the character for conjugation action on L?(G), defined as an element of a completion

of R(G).

Since Q(M; x My) = Q(M;)Q(Ms), we also get the quantization of iterated
fusions of copies of D(G) and of level k prequantized conjugacy classes C;. To work
out the product, it is convenient to re-write these results in terms of the basis 7,
of Ri(G) ® C, where 7,(tx) = dx

Sh
QG explt)) = 7= ¥ s,
0,v
veE Py ’
1
vE Py 0w

Using Q(M; x Msy) = Q(M;)Q(Ms) this gives
PROPOSITION 8.12. Let fi1,. .., ftr € Py, and C; = G. exp(%uj). Then the level
k quantization of D(G)9 x Cy x - -+ x C,. is given by the formula,

Q(D(G)g X Cp X -+ ><CT) -y %ﬁ,

vEPy, 0,v

Hence, using the g-Hamiltonian ‘quantization commutes with reduction’ theo-
rem, we obtain,

THEOREM 8.13 (Symplectic Verlinde formulas). Let pi1, ...,y € Py, and C; =
G. exp(%uj). The level k quantization of the moduli space

M(X0,Cy, .., C) = (D(G)? X Cy X -+ % Cp) |G

is given by the formula

O(M(Zy, €1 C)) = 3 S-S 55200

vePy,
C Co Cs
- - -

REMARK 8.14. The choice of a complex structure on 3, compatible with the
orientation, defines a Kahler structure on the moduli space, and its pre-quantization
is given by a holomorphic line bundle (using an appropriate interpretation in case
the moduli space is singular). The more common setting for the Verlinde formulas
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is as the dimension of the space of holomorphic sections of the pre-quantum line
bundle (i.e. the Kéhler quantization). Provided the higher cohomology groups
vanish, this dimension equals the index computed above.

8.3. Localization. As in the case of Hamiltonian spaces, the main technique
for actually calculating the quantization of g-Hamiltonian spaces is by localization.
Let (M,w,®) be a level k pre-quantized g-Hamiltonian G-space. Since the pull-
back of the Cartan 3-form 1 € Q23(G) to the maximal torus 7' C G vanishes, the
map in cohomology H3(G,R) — H?*(T,R) is the zero map. Due to the absence of
torsion, this is also true with integer coefficients, proving that AR+ |7 is Morita
trivial. In fact, by considering the pull-back of the generator of HZ(G,Z) = Z to
a class in H3(T,Z) (see [67), Section 5.1]), one finds that it is Tk pv-equivariantly
Morita trivial, where Ty ynv C T is the finite subgroup generated by the elements
tx, A € Py. (Note that while the conjugation action of T1hv on T is trivial, there is
still a non-trivial action on A*+h") |7.) Let us choose any such Morita trivialization,
with the additional property that the resulting Morita trivialization of A(k+hv)\e
is G-equivariant. Even with this additional normalization the choice is not quite
canonical: One may still twist by a line bunde over T' with a trivial T-action.

Suppose now that ¢ € T is a regular element (i.e. G; = T), and let (M,w, )
be a g-Hamiltonian G-space. If ' C M" is a component of the fixed point set, then
O(F) C T, by T-equivariance of the moment map. By composition, we obtain a
Ty +hv-equivariant Morita morphism

CUTM|p) --» A*TM) | 25 C,

or equivalently a T pv-equivariant Spin,-structure on TM|p. Thus, even though
M itself does not carry a global Spin_-structure, one does have Spin_-structures
along the fixed point manifolds. Consequently, the fixed point contributions from
the equivariant index theorem for Spin,-Dirac operators are well-defined, even
though there is no globally defined operator.

We specialize to the case t = ty, A € P,. Recall again (Section [l that the
evaluation of elements 7 € Rj(G) at the points ¢y is well-defined, and 7 can be
recovered from the values 7(t)).

THEOREM 8.15. Let (M,w,®) be a level k pre-quantized g-Hamiltonian G-
space. For \ € Py,

F)Ch(Lp,ty)"/?
oM = 2 / DR VFFtA))\)
FCM?®A ’
where L is the Spin,-line bundle for TM|p.

REMARK 8.16. As mentioned before, in [6] quantization of a Hamiltonian loop
group space was defined in terms of fixed point data, and this definition was used
to establish its main properties. However, it was unclear in [6] what the ‘equi-
variant object” might be of which the right hand side of this formula are the lo-
calization contributions. The definition of Q(M) as a push-forward in twisted
equivariant K-homology provides an answer to this question, avoiding the use of
infinite-dimensional manifolds and loop groups.

As a typical application of Theorem BI5] consider the case M = D(G)" = G*".
Since the G-action on M is just conjugation, and t) is regular, the fixed point set
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is simple F' = T?" ¢ G2 with ®(T?") = {e} and with a trivial normal bundle
vr = (g/t)*". Since the geometry is so simple, the evaluation of the fixed points
contributions poses no problems. See [6] or [67] for the calculation.

REMARK 8.17. Since G is compact and simply connected, its center Z(G) is
finite. Let Z C Z(G) be a central subgroup, and G’ = G/Z. The 2-form and
moment map for the fused double D(G) = G x G (cf. Section BI.2) are Z x Z-
invariant, hence they descend to give the structure of a g-Hamiltonian G-space
on

DG =G xG', &:D(G)—G.

Put differently, the g-Hamiltonian G’-space D(G’) may be regarded as a g-Hamilton-
ian G-space, using the canonical lifting of the moment map. The symplectic quo-
tients D(G’) x - - - xD(G") J/G may be interpreted as moduli spaces of flat G’-bundles
over closed surfaces. More generally, one can consider surfaces with boundary, and
moduli spaces of flat G’-bundles with prescribed holonomies around boundary cir-
cles. The quantizations of thus spaces are expected to be given by Verlinde-type
formulas, conjectured by Fuchs-Schweigert [30]. However, pre-quantizibility condi-
tions, and the evaluation of the fixed point contributions, are much more involved
than in the case of simply connected groups. For G’ = SO(3) the results are worked
out in full generality in Krepski-M [53]; the higher rank case will be considered in
forthcoming work.
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Quantization and automorphic forms
Tatyana Barron

ABSTRACT. This short survey is based on my talk given at the Conference
on Mathematical Aspects of Quantization at the Center for Mathematics at
Notre Dame in June 2011.

1. Introduction

The relationship between automorphic forms and quantization is a recurrent
topic in quantization literature. See, for example, monographs [Hul, [P], [U1],
[U2].

The main purpose of this paper is to give a brief explanation (which, hopefully,
is easy to understand) of how exactly automorphic forms appear in Berezin-Toeplitz
quantization. We also mention some results that provide explicit constructions of
automorphic forms via Poincaré series. At the end of the paper there are some
remarks on deformation quantization.

This survey emphasizes the complex geometry point of view rather than
representation-theoretic or arithmetic or analytic aspects of the relationship be-
tween automorphic forms and quantization.

Section 2 contains relevant definitions and facts from the theory of automorphic
forms. The discussion that involves quantization is in Section [3
Acknowledgements. I thank the referee for helpful suggestions.

2. Automorphic forms
2.1. One complex variable. The upper half plane

H ={z € C| Im(z) > 0} is biholomorphic to the unit disc D = {z € C | |z] <
1}. The group SL(2,R) acts on H by fractional-linear transformations: for v =

a b
(c d)GSL(2,R),z€H

. az+b
1z z =
" " cz+d
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212 TATYANA BARRON

(we denote the automorphism H — H defined by a matrix v by the same letter, -,
to simplify notations). Note that the complex Jacobian of v
d(v2) 1

T0y2) = dz (cz+d)?’

(=

Ql

The group SL(2,R) is isomorphic to the group SU(1,1) = {<c_g
C,lal?> — |b|* = 1} which acts on D by

)|a,b€

az+b
2y = ———
bz+a
z€D,y= (% 2) € SU(1,1). Note that the complex Jacobian is 1/(bz + a)?.

Let T be a discrete subgroup of SL(2,R) such that the quotient X = I'\H is
smooth and compact. Thus X is a compact Riemann surface of genus g > 1.

Denote by K the holomorphic cotangent bundle on H, by Kp the holomorphic
cotangent bundle on D, and by Kx the holomorphic cotangent bundle on X.

Let k be a non-negative integer.

DEFINITION 2.1. A function f : H — C is called a (holomorphic)
I'-automorphic form of weight £ if f is holomorphic and satisfies

(2.1) f(y2) = f(2)(cz + d)** vy = (CCL 2) el,z€H.

Condition (21 is often called the automorphy law and can be restated as

f(’YZ)J(%Z)k =f(z) Vyel,z € H.

The assumption that f is holomorphic may be modified (e.g. it can be replaced
by the requirement that f is an eigenfunction of the hyperbolic Laplacian). The
assumption that X is smooth and compact can be removed (in fact, this has to be
done in order to consider the case when I' is SL(2,Z) or a congruence subgroup),
but then another condition on f is usually added. Also, instead of (cz + d)%*
the automorphy factor can be taken to be (cz + d)*x(v), where x : I' — C is a
normalized character on T'. See, for example, [B] and [Bu] for details.

IfT" = SL(2,Z) then the term ”automorphic form” is usually replaced by ”mod-
ular form”. Also, if k¥ = 0 then the terms ”automorphic function” and ”modular
function” are used.

Finally, let’s observe that a holomorphic function f satisfies (2]) if and only
if the holomorphic k-differential f(z)dz* is [-invariant. A holomorphic I'-invariant
section f(z)dz* of K}?}k can also be viewed as a holomorphic section of K}‘?k, i.e. an
element of the complex vector space HO(X, K¢*) (which has dimension g if k = 1
and dimension k(2g — 2) — (g — 1) for k > 2).

Here is a quick example of a function that satisfies an automorphy law.

ExXAMPLE 2.2. Let I be the cyclic subgroup generated by the matrix vy =

((1) 1) that corresponds to the transformation H — H defined by z — 2z + 1.

The quotient X = I'\ H is an infinite cylinder. The automorphy law (ZI)) becomes
the condition f(z 4 1) = f(z) Vz € H. Note that k does not play any role. The
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QUANTIZATION AND AUTOMORPHIC FORMS 213

function f(z) = *™%* is a holomorphic function on H that satisfies the automorphy
law, and e®™**dz* is a holomorphic I'-invariant section of K?}k . d

In this example the quotient T'\ H is of infinite volume. Explicit examples of
I that provide compact quotients can be found in [I], [KI, see also discussion and
references in [VGS].

The definition of an automorphic form is similar for the disk:

DEFINITION 2.3. A function f : D — C is called a (holomorphic)
I'-automorphic form of weight £ if f is holomorphic and satisfies

a

(2.2) f(v2) = f(2)(bz + a)* ¥y = (b b> el,zeD.

a

As before, a holomorphic function f satisfies ([2.2]) if and only if the holomorphic
k-differential f(z)dz* is I'-invariant.

2.2. Several complex variables. For n > 2 there are several kinds of auto-
morphic forms of n complex variables. In this note we shall consider only C-valued
holomorphic automorphic forms on irreducible bounded symmetric domains.

Let D be an irreducible bounded symmetric domain in C™ (n is a positive inte-
ger). Thus D = G/K, where G is a real semisimple Lie group and K is a maximal
compact subgroup of G. There is a classification of bounded symmetric domains
(four series corresponding to the classical matrix Lie groups plus two exceptional
domains). For n = 1, D is isomorphic to the unit disc SU(1,1)/U(1) (i.e., in-
formally speaking, there is only one bounded symmetric domain for n = 1). The
action of G on D is induced by the action of G on itself by left multiplication. Let’s
denote an element of G and the corresponding automorphism D — D by the same
letter. For v € G J(v, z) will denote the determinant of the n x n Jacobi matrix

9(v2);
(So52)-
EXAMPLE 2.4. Let G = SU(n,1) = {A € SL(n+1,C) | AlcA = ¢}, K =
S(U(n) xU(1)), where o = (1"5" _01) Then D is the unit ball in C™. Tt is also

called the n-dimensional complex hyperbolic space. G acts on D by fractional-linear
transformations: for v = (a;x)

v:D—D
G1121 + ... + Q1p2Zp + A1 nt1
An4+1,121 + o« + Qnt1.n2n + Cntint+1 ’
Ap121 + - + Apn2n + Apptl

ceny

Ap4+1,121 + -« + Qnt1.n2n + Cntint+1
1
and J(v,2) = 1/(ant1.121 + oo + @Gnt1n2n + Gnp1 )" O

Let T" be a discrete subgroup of G such that the quotient X = I'\D =T'\G/K
is smooth and compact. There are explicit examples of such manifolds X for any n.
D has a G-invariant Kéahler structure, so X is naturally a compact K&hler manifold.
Let Kp denote the canonical bundle of D, i.e. Kp = A" T*/D, where T*' D is the
holomorphic cotangent bundle. Let K x denote the canonical bundle on X. Denote
by w the Kéhler form on X, normalized so that ¢;(Kx) = [w].

As before, let k£ be a non-negative integer.
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214 TATYANA BARRON

DEFINITION 2.5. ([Bal, [PS]) A function f : D — Cis called a (holomorphic)
I'-automorphic form of weight £ if f is holomorphic and satisfies

(2.3) f(v2)J(v,2)F = f(z) vy €T,z € D.

As in the case n = 1, the assumptions of f being holomorphic and X being
smooth and compact can be relaxed. Also, f is a holomorphic I'-automorphic form
of weight k on D if and only if the corresponding holomorphic section f(z)(dz1 A
o N dzy)®F of K%k is I'-invariant. Thus, there is a natural isomorphism between
HO(X, K$*%) and the space Sy (I") of holomorphic I'-automorphic forms of weight k
on D.

2.3. Poincaré series. A well-known way to construct automorphic forms is
via Poincaré series. For a function F' : D — C the associated Poincaré series is
formally defined as

(2.4) 0 (2) = Y F(v2)J(1,2)".
~el
If F is holomorphic and integrable (i.e. F is in the weighted Bergman space
A®)(D)), and k is sufficiently large (e.g. for n = 1, k > 2), then the series converges
absolutely and uniformly on compact sets, @gf) is in Sk(I"), and the Poincaré series
map A*)(D) — Si(T) is surjective.

REMARK 2.6. The essense of the idea utilized in (2.4]) can be seen in the follow-
ing simple observation. Suppose N is a finite group that acts on a set S. How can
one construct an N-invariant (complex-valued) function on S ? Take any function
F: S — C and define a new function as follows: 0p(z) =3 n F(gz), z € S. It’s
easy to see that 0 is N-invariant.

Similarly one can begin with an integrable holomorphic section s of ng and
construct a I-invariant holomorphic section of K gk as Z'yEF s(vz) (assuming that
k is sufficiently large, to ensure convergence). Representing sections of K%k by
functions on D, one obtains the Poincaré series (2.4]). O

REMARK 2.7. There is a modification of this construction, called relative Poincaré
series, with the summation taken over [')\I', where 'y is a subgroup of I'. O

The following theorem, due to Petersson, tells us how to construct explicitly
all automorphic forms forn =1, k > 2.

THEOREM 2.8. ([Pe], [H]) Let T C SU(1,1) be such that X = T'\D is smooth
and compact and let k > 2. Let g be the genus of X. Then any holomorphic T'-
automorphic form of weight k on D is 3 cp p(v2)J (v, 2)k, where p is a polynomial
in z of degree < k(2g — 2).

The following generalization of this statement was proven in [F2]:

THEOREM 2.9. Let D, T' be as above and k be sufficiently large. Let f € Si(T).
Then f(z) = Zwerp(vz)J(’y,z)k where p = p(z) is a polynomial in z1,..,z, of
degree not higher than k™ vol,» (X).

Note that for n = 1 the upper bound for the degree of the polynomial in
Theorem [Z0is k(2g — 2), i.e. we recover Theorem
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3. Quantization

3.1. Automorphic forms as quantum-mechanical states. Recall that
the setting of Berezin-Toeplitz quantization (which is also called Kéhler quantiza-
tion) is as follows. Let X be a compact Ké&hler manifold. Assume that the Kéhler
form w is integral. Let L — X be a holomorphic Hermitian line bundle such that
the curvature of the Hermitian connection is equal to —27miw (we observe: it follows
that ¢ (L) = [w] and also that L is ample). X, with the symplectic form on it, is
viewed as the classical phase space. The complex vector space H°(X, L®¥) is inter-
preted as the space of quantum-mechanical wave functions. The positive integer k
is formally regarded as 1/k, where f is the Planck constant, and the limit k¥ — oo
is called the semi-classical limit. ” Quantization” means a way to associate a linear
operator T to a function f € C°°(X) so that a version of Dirac’s quantization con-

ditions holds. The quantum observables T' ;k)

on H(X,L®*). See [Bol, [S2] for details.

Note that Berezin-Toeplitz quantization is, in a sense, a version of geometric
quantization. In geometric quantization the manifold is symplectic but not neces-
sarily Kéhler. See [T], [BMS], [S2] for the relation between operators of geometric
quantization and Berezin-Toeplitz operators.

In the context of Section ] the compact Kéhler manifold X is I'\D, L = Kx
and the space of quantum-mechanical wave functions is Si(I").

Interpretation of wave functions as automorphic forms leads to a more explicit
understanding of the space of wave functions (comparing to other situations of
Kéhler quantization), and, perhaps, gives a better control over analytic properties
of the wave functions.

are Berezin-Toeplitz operators acting

3.2. More on Poincaré series. Relative Poincaré series in the context of
Berezin-Toeplitz quantization appeared in [BPU], where certain sequences of sec-
tions ux € HO(X, L®*) were studied. Here L — X is a quantizing line bundle on
an integral compact Kéhler manifold X (not necessarily a quotient of a bounded
symmetric domain). These sections have meaning of ”delta-functions” in appropri-
ate sense and are associated to Bohr-Sommerfeld Lagrangian submanifolds of X,
equipped with a half-form. The semiclassical asymptotics obtained in this paper
provided valuable information about relative Poincaré series for n = 1. Later these
asymptotics were used in [F1], [F3], to study relative Poincaré series on compact
smooth quotients of the unit ball SU(n,1)/S(U(n) x U(1)).

It was mentioned earlier that the Poincaré series map is a useful tool for con-
structing automorphic forms. There are a number of results that give conditions
under which the Poincaré series of a given function is not identically zero (non-
vanishing problem) or, alternatively, results that provide information about the
kernel of the Poincaré series operator. For n =1 see, in particular, [K1], [K2], [L],
[Mal, [Me].

In a recent paper [AF] we worked in the following setting.

Let 3 be a hyperbolic Riemann surface, with a covering map 7 : D — X. Let
A be a closed subset of ¥ such that 771(X — A) is connected. Denote V =X — A
and U =D — 7 }(A). Let k > 2 be an integer.

In this paper we study spaces of integrable, square-integrable, and bounded
holomorphic k-differentials on V.
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For example, we observe that if A is finite, then the space of integrable holomor-
phic sections of K {? ¥ is isomorphic to the space of integrable meromorphic sections
of ng, with at most simple poles, all in A.

One of the main results of this paper is a description of the kernel of the
Poincaré series operator © : AN(U) — AM(V), where AN (U) (resp. AN (V)
denotes the space of integrable holomorphic sections of K* (resp. of K$¥).

The interpretation in terms of quantization is as before: V is the classical
phase space, A (V) is the space of wave functions (or we can say that P(A(M) (V)
is the space of quantum-mechanical states), k is 1/h. Note that if A is non-empty
then V is non-compact. Hence, this paper provides information about the space of
quantum states for a class of non-compact phase spaces. From the point of view of
physics the case when the classical phase space is non-compact is most interesting.

3.3. Automorphic forms and deformation quantization. Berezin-Toeplitz
quantization is closely related to deformation quantization. Recall that the goal of
deformation quantization is to construct a star product on an algebra of functions
on X. There is a star product on C*°(X) defined via symbols of Berezin-Toeplitz
operators [S1].

Another situation when automorphic forms appear in the context of deforma-
tion quantization arises in the discussion of Rankin-Cohen brackets [Z], [CMZ].

Let n =1 and T' = SL(2,Z). Denote by My the space of weight k& modular
forms. The j-th Rankin-Cohen bracket of two modular forms f € M, and g € M,

is
4 245 —1\ (2545 —1\ dfd
=30 () () B < s
Rankin-Cohen brackets define a star product on the algebra of modular forms
B oM. It was shown in [BTY] that this star product is equivalent to the
Moyal product. In [P1] it is explained how the Rankin-Cohen brackets arise in
the framework of quantization of coadjoint orbits. One possible higher-dimensional
generalization is presented in [DP]. See also surveys [P2] and [P3].
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Noncommutative Poisson structures, derived representation
schemes and Calabi-Yau algebras

Yuri Berest, Xiaojun Chen, Farkhod Eshmatov, and Ajay Ramadoss

ABSTRACT. In this paper, we introduce and study the notion of a derived
Poisson structure on an associative algebra A. This structure is character-
ized by the property of being the weakest structure on A that induces natu-
ral (graded commutative) Poisson structures on the derived moduli spaces of
finite-dimensional representations of A. A derived Poisson structure is repre-
sented by a graded (super) Lie algebra bracket on the cyclic homology HCe (A)
and can be viewed as a higher homological extension of the Ho-Poisson struc-
ture introduced by W. Crawley-Boevey (2011). In the second part of the paper,
we construct a large class of examples of derived Poisson structures arising from
finite-dimensional n-cyclic coalgebras. These examples include linear duals of
finite-dimensional n-cyclic algebras which are n-Calabi-Yau categories in the
sense of Kontsevich and Soibelman (2009).

1. Introduction

Recall that a Poisson structure on a commutative algebra A is a Lie bracket
{-,-}: Ax A — A satisfying the Leibniz rule {a,bc} = b{a,c} + {a,b}c for
all a, b, c € A. For noncommutative algebras, this definition is known to be too
restrictive: if A is a noncommutative domain (more generally, a prime ring), any
Poisson bracket on A is a multiple of the commutator [a,b] = ab — ba (see [FL],
Theorem 1.2). Motivated by recent work on noncommutative geometry (see [Kol,
G|, BL, [CBEG|, VdB]), Crawley-Boevey [CB] proposed a different notion of the
Poisson structure on an associative algebra A that agrees with the above definition
for commutative algebras and has surprisingly nice categorical properties. His idea
was to find the weakest structure on A that induces natural Poisson structures on
the moduli spaces of finite-dimensional semisimple representations of A. It turns
out that such a weak Poisson structure is given by a Lie bracket on the 0-th cyclic
homology HCy(A) = A/[A, A] satisfying some extra conditions; it is thus called an
Hy-Poisson structure in [CB]. The very terminology of [CB] suggests that there
might exist a ‘higher’ homological extension of this construction. The aim of the
present paper is to show that this is indeed the case: our main construction yields
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a graded (super) Lie algebra structure on the full cyclic homology of A:
{—,-}: HC4(A) x HC,(A) — HC,(A)

that satisfies certain properties and restricts to Crawley-Boevey’s Hyg-Poisson struc-
ture on HCy(A). We call such structures the derived Poisson structures on A.

To explain our results in more detail we first recall the main theorem of [CB].
Let A be an associative unital algebra and let V' be a finite-dimensional vector space,
both defined over a field k of characteristic zero. The classical representation scheme
Repy, (A) parametrizing the k-linear representations of A in V' can be defined as a
functor on the category of commutative algebras:

(1) Repy (A) : CommAlg, — Sets, B+ Homy,, (A, B®,EndV) .

It is well known that (d) is representable, and we denote the corresponding com-
mutative algebra by k[Repy (A)]. The group GL(V) acts naturally on Repy (A4),
with orbits corresponding to the isomorphism classes of representations. The closed
orbits correspond to the classes of semisimple representations and are parametrized
by the affine quotient scheme Repy (A)//GL(V) = Spec k[Repy, (A)]Y) (see, for
example, [K]). Now, there is a natural trace map

(2) Try : HCo(A) — k[Repy, (4)]5HY)

defined by taking characters of representations. In terms of (2)), we may state the
main result of [CB] as

THEOREM 1 ([CB|, Theorem 1.6). Given an Hy-Poisson structure on A, for
each V, there exists a unique Poisson structure on Repy (A)//GL(V) satisfying

{Try(a), Try(b)} = Try({a, b}) , V a,be€ HCy(A) .

Our generalization of Theorem [Iis based on results of the recent paper [BKR],
where the trace map () is extended to higher cyclic homology. We briefly review
these results referring the reader to [BKR] (and Section 2 below) for details. Vary-
ing A (while keeping V fixed) one can regard the representation functor (1) as a
functor on the category Alg, of algebras. This functor can then extended to the
category DGAj, of differential graded (DG) algebras, and the scheme Repy (A) can
be derived by replacing A by its cofibrant resolution in DGA. The fact that the re-
sult is independent of the choice of resolution was first proved in [CK]. In [BKRI,
we gave a more conceptual proof, using Quillen’s theory of model categories [Q1],
and found a simple algebraic construction for the total derived functor of Rep;, .
When applied to A, this derived functor is represented (in the homotopy cate-
gory of DG algebras) by a commutative DG algebra DRepy,(A4). The homology of
DRepy (A) depends only on A and V', with Ho[DRepy, (A)] being isomorphic to
k[Repy (A)]. Following [BKR], we will refer to He[DRepy, (A4)] as the representa-
tion homology of A and denote it by He(A, V). The action of GL(V') on Repy (A)
extends naturally to DRepy,(A4), and we have an isomorphism of graded algebras
He[DRepy, (A4)GLMV)] = H, (A, V)2V, Now, one of the key results of [BKR] is
the construction of canonical trace maps

(3) (Try ), : HCp(A) = Hy (A, V)SEY) 1y >0,

extending (2)) to the higher cyclic homolog. In terms of (@), the main result of
the present paper may be stated as a direct generalization of Theorem [l

1We will review this construction in Section Pl below.
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DERIVED POISSON STRUCTURES 221

THEOREM 2. Given a derived Poisson structure on A, for each V, there is a
unique graded Poisson bracket on the graded commutative algebra H.(A,V)GL(V)
such that

{(TrV)O(O‘)v (TIV)O(ﬁ)} = (TIV)O({O‘7 B}) , Va,Be€ HC'(A) .

In fact, we will prove a more refined result (Theorem [IT]), of which Theorem
is an easy consequence. Our key observation is that, when extended properly to
the category of DG algebras, the weak Poisson structures behave well with respect
to homotopy (in the sense that the homotopy equivalent Poisson structures on A
induce, via the derived representation functor, homotopy equivalent DG Poisson
algebra structures on DRepy,(A)). Working in the homotopy-theoretic framework
allows us to give a precise meaning to the claim that the derived Poisson struc-
tures are indeed the weakest structures on A inducing the usual (graded) Poisson
structures under the representation functor (see Remark B3).

The paper is organized as follows. In Section 2] we review basic definitions and
results of [BKR] and [BR] needed for the present paper. In Section B, we extend
Crawley-Boevey’s definition of a NC Poisson structure to the category of DG alge-
bras and introduce a relevant notion of homotopy for such structures. We also prove
our first main result (Theorem [I0) in this section. In Section M we then propose
the definition of a noncommutative P,.-algebra extending the results of Section Bl
to strong homotopy algebras. We show that a noncommutative P..-algebra struc-
ture on A induces a Poo-structure on DRepy, (A) and that the homotopy equivalent
noncommutative Py,-algebra structures induce homotopy equivalent P..-structures
on DRepy,(A). This result is part of Theorem [[2] which is the second main result
of this paper. The proof of Theorem is parallel to the proof of Theorem [0
however the calculations are technically more complicated. Finally, Section Bl pro-
vides an interesting class of examples of derived Poisson structures. These examples
arise from n-cyclic coalgebras (through Van den Bergh’s double bracket construc-
tion) and include, in particular, linear duals of finite-dimensional n-cyclic algebras.
The main result of Section Bl — Theorem [I8] — shows that there is a natural double
Poisson algebra structure on the cobar construction of any cyclic coassociative DG
coalgebra. The finite-dimensional n-cyclic algebras are known to be a special case
of n-Calabi-Yau categories in the sense of [KS|, [Cos]; our results imply that these
algebras carry noncommutative (2 — n)-Poisson structures. We conclude with a
few remarks on string topology clarifying the relation of the present paper to the
recent work of two of the current authors (X. Ch. and F. E.) with W. L. Gan (see
[CEG]).

Acknowledgements. We thank Travis Schedler for useful correspondence, in particular for
explaining to us the proof of Proposition [[4l The results of this paper were announced at the
conference on Mathematical Aspects of Quantization held at Notre Dame University in June 2011.
The first author (Yu. B.) would like to thank the organizers, in particular Michael Gekhtman and

Sam Evens, for inviting him to this conference and giving an opportunity to speak.

Notation and Conventions

Throughout this paper, k denotes a base field of characteristic zero. Unless
stated otherwise, all differential graded (DG) objects (complexes, algebras, mod-
ules, etc.) are equipped with differentials of degree —1. The Koszul sign rule is
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always assumed when we operate with such objects: whenever two DG maps (or
operations) of degrees p and ¢ are permuted, the sign is multiplied by (—1)?4.

2. The Derived Representation Functor and Higher Trace Maps

In this section, we review basic definitions and results of [BKR] and [BR]J.
Our aim is to give a short and readable survey which goes slightly beyond the
preliminaries for the present paper. This survey evolved from notes of the talk
given by the first author at the Notre Dame conference on quantization.

2.1. Representation functors. Let DGA; be the category of associative uni-
tal DG k-algebras, and let CDGAy, be its full subcategory consisting of commutative
DG algebras. The inclusion functor CDGAp < DGA, has a natural left adjoint
which assigns to a DG algebra A its maximal commutative quotient; we denote it

by

(4) (~ )y : DGAg — CDGAg , A A/([A,A]) .

Now, given a finite-dimensional k-vector space V', we introduce the following functor
(5) Y/~ : DGAp — DGAp , A (Ax;EndV)EndV

Here Axj EndV denotes the free product of A with the endomorphism algebra of
V and (—)F"dV stands for the centralizer of End V as the subalgebra in that free
product. Combining () and (&), we define

(6) (~)v: DGA, — CDGA, , A Ay = (VA)y, .

THEOREM 3 ([BKR], Theorem 2.2). For any A € DGAy, the DG algebra Ay
represents the functor

Repy (A): CDGA; — Sets, B+ Hompg, (A, B®; EndV) .
Theorem [3] implies that there is a bijection
(7) HomCDGAk (AV, B) = HomDGAk (A, B Rk End V) y

functorial in A € DGA;, and B € CDGAj. Informally, it suggests that Ay =
E[Repy (A)] should be thought of as a DG algebra of functions on the affine DG
scheme parametrizing the representations of A in V. Letting B = Ay in (), we
get a canonical DG algebra homomorphism

(8) my A= Ay @ EndV |

which is the universal representation of A. Furthermore, for ¢ € GLg(V), we
have a unique automorphism of Ay corresponding under the adjunction () to the
composite map

AT Ay @EndV 2929 4 @ End V.

This defines an action of GLg(V) on Ay by DG algebra automorphisms, that is
functorial in A. Thus, we can introduce the GL(V)-invariant subfunctor of (&l):

(9) (-)$™: DGAg — CDGA , A s AU
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Next, we recall that the categories DGA; and CDGA; carry natural model struc-
turesd in the sense of Quillen [Q1]. The weak equivalences in these model categories
are the quasi-isomorphisms and the fibrations are the degreewise surjective maps.
The cofibrations are characterized in abstract terms: as the morphisms satisfying
the left lifting property with respect to the acyclic fibrations (see, e.g., [H]). Every
DG algebra A € DGAj has a cofibrant resolution which is given by a surjective
quasi-isomorphism QA 5 A, with QA being a cofibrant object in DGAy. In partic-
ular, if A is concentrated in non-negative degrees (for example, an ordinary algebra
A € Alg,,), any almost free resolution R 5 A is cofibrant in DGAy. Replacing DG
algebras by their cofibrant resolutions one defines the homotopy category Ho(DGAy),
in which the morphisms are given by the homotopy classes of morphisms between
cofibrant objects in DGA;. The category Ho(DGAy) is equivalent to the (abstract) lo-
calization of the category DGAj at the class of weak equivalences. The corresponding
localization functor DGA; — Ho(DGAy) acts as the identity on objects while map-
ping each morphism f : A — B in DGAy, to the homotopy class of its cofibrant lifting
Qf: QA — @B.

We can now state one of the main results of [BKR] which combines (part of)
Theorem 2.2 and Theorem 2.6 of loc. cit.

THEOREM 4 ([BKR]). (a) The functor [@) has a total left derived functor
L(-)v : Ho(DGAy) = Ho(CDGAx) , A~ (QA)v, f— (Qf)v ,

which is adjoint to the derived functor EndV ® — : Ho(CDGA;) — Ho(DGAy) .
(b) The functor @) has a total left derived functor

L(-)$%: Ho(DGAy) — Ho(CDGA) , A (QA)GY, f (QHGY .

Here QA is any cofibrant replacement of A and Qf is the corresponding cofibrant
lifting of f.

The point of Theorem [ is that the DG algebras (QA)y and (QA)$Y depend
only on A and V', provided we view them as objects in the homotopy categor
Ho(CDGAy). In particular, for A € Alg,, we set DRepy (A) := L(A)y and deﬁneé
Ho(A,V) := He[DRepy (A)]. This last object is a graded commutative algebra
which we call the representation homology of A. Using the standard adjunction
([@), it is not difficult to show that Ho[DRepy (A)] = k[Repy (A)] whenever A is an
ordinary algebra (see [BKR], 2.3.4). In addition, we have the following property
which shows that homology commutes with taking invariants.

ProposiTION 5 (|[BKR], Theorem 2.6). For any A € DGAy, there is a natural
isomorphism of graded commutative algebras

Ho[L(A)F] 2 Ho(A, V)50V,

2For basic definitions of the theory of model categories and results needed for the present
paper we refer the reader to [BKR], Appendix A. A leisurely introduction to this theory can be
found in [DS].

3Sometimes, we will abuse this notation letting He (A, V) denote He[L(A)y] for any DG
algebra A € DGAy.
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2.2. Higher traces. We now construct the trace maps (B relating cyclic
homology to representation homology. Given an associative DG algebra R with the
identity element 1z € R , we write

R, :=R/[R,R] , C(R):=R/(k 1g+[R,R) .

Both Ry and C(R) are complexes of vector spaces with differentials induced from
R. If A € Alg, is an ordinary algebra, we let HC,4(A) and HC4(A) denote its cyclic
and reduced cyclic homology, respectively. The precise relation between the two is
explained in [L], Sect. 2.2.13; here, we only recall a canonical map

(10) HCo(A) — HC,(A)
which is induced by the projection of complexes CCq(A) — CCq(A)/CC,q(k),
where CC4(A) is the Connes cyclic complex computing HC,(A).

The starting point for our construction is the following well-known result due
to Feigin and Tsygan.

THEOREM 6 ([FT], Theorem 1). For any A € Alg,,, there is an isomorphism
of graded vector spaces

HC,(4) = H[C(R)]
where R = QA is a(ny) cofibrant resolution of A in DGA.

For a simple conceptual proof of this theorem, we refer to [BKR], Section 3.

Now, for any R € DGAj, consider the composite map

R ™ Ry ® EndV 2910 Ry,

where 7y is the universal representation of R in V' (see (8)), and Tr: EndV — k
is the usual matrix trace. It is clear that this map factors through Ry and its image
lies in RSL. Hence, we get a map of complexes

(11) Try(R)e : Ry — R{Y,
which extends by multiplicativity to the map of graded commutative algebras
(12) Try(R)e : A(Ry) — RG™

where A denotes the graded symmetric algebra over k. We will need the following
result which is a generalization of a well-known theorem of Procesi [P] to the case
of DG algebras.

THEOREM 7 (|BRJ, Theorem 3.1). For any R € DGAy, the algebra map [I2) is
degreewise surjective.

Now, let A € Alg, be an ordinary algebra, and let R = QA be a cofibrant
replacement of A in DGAg. The trace map (II)) descends to a map of complexes

(13) Try(R)e : C(R) — RS,

where R$L is the deunitalization of R}, The long homology sequence arising from
the short exact sequence

0—k— RS - RUE 0
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shows that H,(R$Y) = H,,(R$L) for all n > 1. Then, with the identifications of
Proposition [l and Theorem [f] and in combination with ([I0), the map (I3) induces

(14) Try (A), : HC,(A) = Hy (A, V)GV -y >

which are the higher trace maps [B]) discussed in the Introduction. We remark that
these trace maps may be nontrivial even when A is a commutative algebra (see,
e. g., Section [54] below).

2.3. Stabilization. We now explain how to ‘stabilize’ the family of maps (4
passing to the infinite-dimensional limit dimg V' — co. We will work with unital
DG algebras A which are augmented over k. We recall that the category of such
DG algebras is naturally equivalent to the category of non-unital DG algebras, with
A corresponding to its augmentation ideal A. We identify these two categories and
denote them by DGAj /.. Further, to simplify the notation we take V' = k? and
identify EndV = My(k), GL(V) = GLg(d) ; in addition, for V = k%, we will write
Ay as Ag. Bordering a matrix in My(k) by 0’s on the right and on the bottom
gives an embedding My(k) < Mgi1(k) of non-unital algebras. As a result, for
each B € CDGAy, we get a map of sets

(15) Hompgn, (A, Ma(B)) — Hompga, ,, (A, Mas1(B))

defining a natural transformation of functors from CDGA; to Sets. Since B’s are
unital and A is augmented, the restriction maps

(16) HomDGAk (A7 Md(B)) :> HomDGAk/k (A7 Md(B)) ) @ = <p|A

are isomorphisms for all d € N. Combining (I5]) and (I6]), we thus have natural
transformations

(17) HOHID(;Ak (A, Md(*)) — HochAk (A, Md_;,_l(*)) .

By standard adjunction (7)), (I7) yield an inverse system of morphisms {pg+1.q :
Agy1 — Ag} in CDGAg. Taking the limit of this system, we define

Ao := lim Ay .
o A

Next, we recall that the group GL(d) acts naturally on A4, and it is easy to check
that pgs1.4: Aa+1 — Aq maps the subalgebra Adcﬂj of GL-invariants in Ag44; to
the subalgebra AG™ of GL-invariants in A4. Defining GL(00) := lim GL(d) through
the standard inclusions GL(d) — GL(d+1), we extend the actions of GL(d) on A4

to an action of GL(c0) on Ay and let ASE) denote the corresponding invariant
subalgebra. Then one can prove (see [T-T'T])

(18) AGH) 2 Jim AGHD
deN

This isomorphism allows us to equip AgOL(OO) with a natural topology: namely, we

put first the discrete topology on each ASL(d) and equip [[gen ASL(d) with the

GL(d)

*) with a subspace in [Tien Aq via

product topology; then, identifying AOGOL(

([I8)), we put on AS’OL(OO) the induced topology. The corresponding topological DG
algebra will be denoted ASL.
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Now, for each d € N, we have the commutative diagram

C(4)

Trg4+1(A)e Trq(A)e

Hd+1,d

Agh A5t

where C(A) is the cyclic functor restricted to DGA/j, (cf. Section [2.2]). Hence, by
the universal property of inverse limits, there is a morphism of complexes Tr.(A), :
C(A) — ASF that factors Trg(A)e for each d € N. We extend this morphism to a

homomorphism of commutative DG algebras:
(19) Troo(A)e 1 A[C(A)] — ASE .

The following lemma is one of the key technical results of [BR]; it should be
compared to Theorem [7in the finite-dimensional case (d = dimy V).

LemMA 1 ([BR], Lemma 3.1). The map ([I9) is topologically surjective: i.e.,
its image is dense in AGF.

Letting AL denote the image of (IJ)), we define the functor
(20) (~)2 : DGAp/x — CDGA, , A AN .

The algebra maps ([[9)) then give a morphism of functors
(21) Troo(—)e: AlC(H)] = () -

Now, to state the main result of [BR] we recall that the category of augmented
DG algebras DGAy /i, has a natural model structure induced from DGA;. We also recall

the derived Feigin-Tsygan functor LC(—) : Ho(DGAj ;) — Ho(CDGAg) inducing the
isomorphism of Theorem [Gl

THEOREM 8 ([BRJ, Theorem 4.2). (a) The functor Q) has a total left derived
functor L(-)1 : Ho(DGAy %) — Ho(CDGA) .
(b) The morphism 1)) induces an isomorphism of functors

Troo( —)e: A[LC(-)] = L( ).
By definition, L(-)I is given by L(A)T' = (QA)L', where QA is a cofibrant
resolution of A in DGAy/; . For an ordinary augmented k-algebra A € Alg, iy We
set
DRep. (A)™ := (QA)1T .
By part (a) of Theorem 8 DRep. (A4)T" is well defined. On the other hand, part
(b) implies

COROLLARY 1. For any A € Algy ks Troo (A)e induces an isomorphism of
graded commutative algebras

(22) A[FIC(A)] = H[DRep,. (4)™] .

In fact, one can show that He[DRep,, (A)™] has a natural structure of a graded
Hopf algebra, and the isomorphism of Corollary [l is actually an isomorphism of
Hopf algebras. This isomorphism is analogous to the famous Loday-Quillen-Tsygan
isomorphism computing the stable homology of matrix Lie algebras gl,,(A) in terms
of cyclic homology (see [LQ}, [T]). Heuristically, it implies that the cyclic homology
of an augmented algebra is determined by its representation homology.
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3. NC Poisson structures and DG representation schemes

In this section, we propose a definition of a NC Poisson structure on an associa-
tive DG algebra A € DGAj. Our definition generalizes the notion of a noncommu-
tative Poisson structure in the sense of [CBJ. We show that our noncommutative
DG Poisson structures induce (via the natural trace maps) DG Poisson algebra

structures on A‘%L(V) for all V. Subsequently, in the next section, we will intro-
duce an NC P, -structure, which is a strong homotopy version of the notion of a
NC Poisson structure. We note that our definition of and results relating to NC
Poisson algebras and NC P,,-algebras may be mimicked to give definitions of, and
corresponding results for, NC n-Poisson algebras and NV n — P, algebras for every
n. At the level of homology, our construction gives a higher extension of Crawley-
Boevey’s notion of an Hy-Poisson structure on an algebra A. Indeed, suppose that
A has a cofibrant resolution R € DGAj which is equipped with a NC n-Poisson
structure. Then, this last structure on R induces a graded Lie algebra structure
{~,~}4 on the (shifted) cyclic homology HC,.(A)[n], and we will refer to {-,~}; as
a derived n-Poisson structure on A.

The following result is a direct generalization of Theorem [2 stated in the In-
troduction.

THEOREM 9. Let A be an algebra equipped with a derived n-Poisson structure.
Then, there exists a unique graded n-Poisson algebra structure {—, -} on Hq(A, V)G
such that

(Trv)e({a, BYy) = {(Trv)e(a), (Trv)e(8)}
for all a, 8 € HC4(A).

Theorem [ is a consequence of the more fundamental Theorem [I0 that we will
prove in this section. In fact, we show (see Theorem [I0 (i)) that a NC n-Poisson
structure on a DGA R induces DG n-Poisson structures on RGT (via natural trace
maps) in a functorial manner. In Theorem [ the graded n-Poisson structure on
H, (A, V)G is precisely the one induced on homology by the DG n-Poisson structure
on R$Y coming from Theorem [I0i).

Further, we give a reasonable definition of the “homotopy category” of NC
Poisson algebras and prove a stronger statement (Theorem [I0 (ii)) at the level of
homotopy categories.

3.1. NC Poisson algebras. Fix A € DGAy, and let Der(A)% denote the sub-
complex of the DG Lie algebra Der(A) comprising those derivations whose image
is contained in [A, A]. It is easy to see that Der(A4)® is a DG Lie ideal of Der(A),
so that Der(A), := Der(A)/Der(A)% is a DG Lie algebra.

Now, let V' be a representation of Der(A)y, i. e. a DG Lie algebra homomor-
phism ¢ : Der(A), — End, V.

3.1.1. Definitions. By Poisson structure on V we will mean a DG Lie algebra
structure on V' whose adjoint representation ad : V' — End, V factors through g:
i. e., there is a morphism of DG Lie algebras i : V' — Der(A); such that ad = poi.

For any DG algebra A, the natural action of Der(A4) on A induces a Lie algebra
action of Der(A), on A;. A NC Poisson structure on A is then, by definition,
a Poisson structure on the representation Ay. It is easy to see that if A is a
commutative DG algebra, a NC Poisson structure on A is exactly the same thing
as a Poisson bracket on A.
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Let A and B be NC Poisson DG algebras, i.e. objects in DGA; equipped with
NC Poisson structures. A morphism f : A — B of NC Poisson DG algebras is
then a morphism f : A — B in DGA such that f, : Ay — By is a morphism of DG
Lie algebras. We can therefore define the category NCPoissy.

Further, note that if B is a NC Poisson DG algebra and €2 is the de Rham
algebra of the affine line (¢f. [BKR], Section B.4), then B ® Q can be given the
structure of a NC Poisson DG algebra via extension of scalars. Indeed, since [B ®
Q, B =[B,B ®Q, we have (B® Q); = B; ® Q. The DG Lie structure on
By ®Q is simply the one obtained by extending the corresponding structure on Bj.
The structure map i : By ® Q — Der(B ® Q) is simply the composite map

B, ®Q 22, Der(B @ Q)a,y — Der(B® Q) ,

where Der(B® Q)q := Derg (B ® Q) /Derg (B ® Q)" and Derg, (B ® ) denotes the
DG Lie algebra of Q-linear derivations from B ® Q into itself, with Der,,(B ® Q)*
being the Lie ideal of derivations whose image is contained in By ® (2.

We can now introduce the notion of P-homotopy along the lines of [BKRI,
Proposition B.2 and Remark B.4.3. To be precise, we call two morphisms f,g: A —
B in NCPoiss P-homotopic if there is a morphism h : A — B®Q such that h(0) = f
and h(1) = g (see Proposition B.2 of [BKR] for the definitions of h(0), h(1)). It is
easy to check that P-homotopy is an equivalence relation on Homyepoiss(A, B) for
any A and B in NCPoissy. Thus, we can define Ho*(NCPoiss) to be the category
whose objects are the cofibrant (in DGA;) DG algebras equipped with NC Poisson
structures, with Homge« (ncpoiss) (A4, B) being the space of P-homotopy classes of
morphisms in Homyepeiss(A4, B).

Notation. In what follows, for a DG algebra A with a NC Poisson structure, the
symbol [, -] shall be used to denote the corresponding Lie bracket on A;. The
symbol {—, —}; shall be used to denote the induced Lie bracket on Hq(Ay).

3.2. The main theorem. The following theorem is the first main result of
this paper.

THEOREM 10. (a) The functor (-)GY : DGAy — CDGAj enriches to give the
following commutative diagram

—\GL

(23) NCPoiss;y &> Poissy,

| e

DGA;, ———— CDGA,
where the vertical arrows are the forgetful functors.
(b) The functor (-)$Y : NCPoissy — Poissy, descends to a functor L*( )l :
Ho*(NCPoissy) — Ho(Poissy). Further, L(-)$Y : Ho(DGAy) — Ho(CDGAy) en-
riches to give a commutative diagram

L*(— GL
(24) Ho*(NCPoissy) # Ho(Poissy)

L e ]

1

Ho(DGAj ) —————— Ho(CDGA,)
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The next section, Section [3.2.7] shall have certain preliminaries we require for
the proof of Theorem [0l Section shall contain the proof of Theorem [0l

3.2.1. From DG Lie to DG Poisson algebras. The following proposition is a
(minor) generalization of Theorem 3.3 of [S].

PROPOSITION 11. (i) One has a functor
Lie — Poiss, V — A(V)

from the category of DG Lie algebras to the category of DG Poisson algebras.

(i) Further, for any DG Poisson algebra A and a morphism f:V — A of DG Lie
algebras, one has a unique morphism f : A(V) — A of DG Poisson algebras such
that f = f o where v : V — A(V) is the obvious inclusion.

PrOOF. Clearly, A(V) is a commutative DG algebra. We extend the Lie
bracket on V' to a Poisson bracket on A(V) via the ruled]

[u, v.w] = [u,v]w 4+ (=D [u,w],  [u, 0] = (1), ).

That this indeed gives a well defined DG Poisson structure on A(V) is a special
case of Proposition [[3] from Section 4 (which in turn is a part of Theorem 3.15 of
[S]). Given a morphism f : V — W of DG Lie algebras, one gets the morphism
A(f) : A(V) — A(W) in CDGAg. We verify that F' := A(f) is a morphism of DG
Poisson algebras as follows.

First, suppose that F([u,v]) = [F(u),F(v)] and F([u,w]) = [F(u), F(w)].

Then,
F(lu,va]) = F((u, o) + (—1)17 F(w.fu, w))
= F([u,v]).F(w) + (~=1)FONFOIE ). F([u, w])
= [F(u), F(v)].F(w) + (1) FNEOIE@).[F (), F(w)]
= [F(u), F(v).F(w)] = [F(u), F(ow)].
Hence, by induction, it suffices to verify that F([z,y]) = [F(x), F(y)] on V. Since

Fly = f, the latter is indeed true. This proves (i).
Note that there exists a unique extension f of f to a morphism A(V) — A

in CDGAg. By the above computation, f is a homomorphism DG Poisson algebras.
This proves (ii). O

Two morphisms f, g : V — W of DG Lie algebras are L-homotopic if there exists
a morphism h : V — W ® Q of DG Lie algebras] such that h(0) = f, h(1) =

LEMMA 2. If f is L-homotopic to g, A(f) is P-homotopic to A(g).

PRrROOF. Indeed, the natural inclusion W ® Q — A(W) ® Q is a morphism of
DG Lie algebras. Hence, its composition with h is a morphism of DG Lie algebras.
By Proposition [ (ii), there exists a unique morphism h: AV) > AW)®Q
of DG Poisson algebras extending h. Since h(0)|y = A(f)|v, h(0) = A(f) by
Proposition[IT (ii). Similarly, (1) = A(g). This proves the desired proposition. [

4|u| denotes the degree of a homogenous element u in A(V).
5The DG Lie structure on W ® € is obtained from that on W by extension of scalars.
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3.2.2. Proof of Theorem [MO It follows from Proposition [[I] and Lemma
that if f,g : A — B are P-homotopic morphisms of NC Poisson algebras, then,
A(fy), Algy) : A(Ay) — A(By) are P-homotopic morphisms of DG Poisson alge-
bras. The following proposition shows that the DG Poisson structure of A(Ay)
induces one on AgL via Try (A),.

LEMMA 3. If (Try)e(B8) = 0, then for any a € A(Ay), (Try)e([a, B]) = 0.

PROOF. Since
[aras, B] = tou.[as, B] £ [a1, Bl.az,
and since (Try ), is a morphism in CDGAg, it suffices to prove the desired proposition
for o € Ajy. In this case, viewing o as an element of Ay[1], consider the element
i(o) € Der(A)y. Choose any J, € Der(A) whose image in Der(A)y is i(e). By
Lemmalflof Section 4 (which may be read independently of the rest of that section),
there is a (graded) derivation v, of A$Y such that

(Try)e(0a(B)) = Ya((Trv)e(B))
for all 8 € A;. Hence,

(Trv)e([c; B]) = Ya((Trv)e(B))

for all B € Ay. Since (Try ) ([, —]) as well as o ((Try)e(—)) are derivations with
respect to (Try )., it follows that

(Trv)e([cv; B]) = Ya((Trv)e(8))
for all 8 € A(Ay). The right hand side of the above equation indeed vanishes when
(Trv)e(B) = 0. O

By Lemma [3] the antisymmetric pairing on AgL given by

{f.9} = (Trv)o([(Trv) (), (Trv) 3 (9)])

is well defined. That {—, —} equips AgL with the structure of a DG Poisson algebra
follows from Proposition [[1] (i) and Theorem [7

Further, the following argument shows that if f : A — B is a morphism of NC
Posson algebras, then fG¥ : A{Y — BSL is a morphism of DG Poisson algebras.
Indeed, since A(f;) is a morphism of DG Poisson algebras, (Try)e o A(f;) = fGlo
(Try)e and

[(Trv)a(@), (T )a(B)} = (Try (o, B)

for all o, 8 € A(Ay) (and similarly for B),

{7 ((Try)e (@), FFH(Trv)e (B)} = {(Trv)o (A(f5) (@), (Trv)e(A(f)(8)}
= (Trv)o ([A(f2) (@), A(f2)(B)]) = (Trv)e o A(fy)([ax; B])
= fFH({(Trv)e(@), (Trv)a(B)})-

Theorem [7] then completes the verification that f‘(;’L D AGE - B‘(;’L is a morphism
of DG Poisson algebras. This completes the proof of Theorem [I0 (i). Note that
the same argument also shows that if f,g : A — B are P-homotopic morphisms
of NC Poisson algebras, then f‘C}L, gSL are P-homotopic morphisms of DG Poisson
algebras: indeed, if h : A = B ® ) is a P-homotopy between f and g, then h‘(}L :
AGE — BGL @ Q is a morphism of DG Poisson algebras by (a trivial modification
of) the same argument as above.

Therefore, to complete the proof of Theorem [I0 (ii), we only need to verify two
assertions:
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(a) If f,g : A — B are P-homotopic morphisms in NCPoiss, then v(f) = v(g) in
Ho(DGAy,).

(b) If f,g : C1 — Cy are P-homotopic morphisms in Poiss, then v(f) = v(g) in
Ho(Poiss).

We check (a): let psa : QA = A be a cofibrant resolution of A. Then, v(f) =
v(fpa) and v(g9) = v(gpa) in Ho(DGAx). Since f,g : A — B are polynomially
M-homotopic to each other (see [BKR] Remark B.4.3), so are fps and gpa.
By [BKR], Proposition B.2, v(fpa) = v(gpa) in Ho(DGAx). Thus, v(f) = v(g9)
in Ho(DGA). (b) is checked similarly, using the natural analogue of [BKR], Propo-
sition B.2 for Poiss (see [BKRI, the end of Remark B.4.3).

3.3. Remark. As mentioned in [BKR], Section 5.6, we expect that the cat-
egory NCPoissy has a natural model structure compatible with the standard (pro-
jective) model structure on DGA,. The notation Ho* is to remind the reader that,
since NCPoissy is not yet proven to be a model category, Ho*(NCPoissy) is not yet
confirmed to be an abstract homotopy category in Quillen’s sense. One way to rem-
edy this problem is to use the construction of a fibre product (homotopy pullback)
of model categories due to Toén (see [To]). First, passing to infinite-dimensional
limit V' — V. (see [BR]), we can stabilize the family of representation functors

replacing (—)$ in (23) by
(25) ()X . DGA, — CDGAy .

By [BRJ, Theorem 4.2, [25]) is a left Quillen functor having the total left derived
functor L(—)I'. Then, by [To], the homotopy pullback of ([25]) along the forgetful
functor Poissy; — CDGAj is a model category DGAy x@DGAk Poissy, which, in view
of ([23), comes together with a functor

NCPoiss), — DGAy X(ngy, Poissy .
It is easy to show that this last functor is homotopy invariant, so it induces a functor
(26) Ho™ (NCPoissy) — Ho(DGAy, X (pes, Poissy) .

Our expectation is that (26]) is an equivalence of categories. Since Toén’s construc-
tion is known to give a correct notion of ‘homotopy fibre product’ (see [Be]), such
an equivalence would mean that our ad hoc definition of NC Poisson structures is
the correct one from homotopical point view. This would also give a precise mean-
ing to the claim that the NC Poisson structures are the weakest structures on A
inducing the usual Poisson structures under the representation functor (since the
fibre product DGAy x /g, Poissy, is exactly the category that has this property).

4. Noncommutative P, -algebras

The definition of an NC Poisson structure can be generalized to a definition of a
NC Pyo-structure. In this subsection, we show that a NC P..-structure on A induces
(in a functorial way) a Pa-structure on A$Y for all finite dimensional V. Further,
we show that homotopy equivalent NC Py,-structures induce homotopy equivalent
P,.-structures on each A‘(}L. The main result in this subsection, i.e, Theorem [I2]
is therefore, a stronger version of Theorem [[0] One can similarly define the notion
of a NC n-P,, structure on a DGA. We remark here that Theorem [9 holds word
for word with NC n-Poisson replaced by NC n-P,,. The reader who is interested
only in NC Poisson structures may skip this section and move on the next section.
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4.1. Definitions. A P, -structure on a representation V' of Der(A)y is a Loo-
algebra structure on V' whose adjoint representatiorﬁ factors through p: i.e, there
is a Log-morphism ¢ : V' — Der(A)y (of Loo-algebras) such that poi = ad.

A NC P, -structure on an object A of DGAy is, by definition, a NC P.- structure
on Ay (thought of as a representation of Der(A)y as in Section B1T]). Equivalently,
a NC P-algebra is a DG algebra A such that Ay is equipped with a Loo-structure
{ln : N"(4y) — (Ay)}n>1 such that [, has degree n — 2 and for all a1,..,an,—1 €
A homogenous, l,(a1,...,an—1,-) : Ay — Ay is induced on Ay by a derivation
Oar,vay A= A [ of degree n — 2 + > lail.

A morphism of NC Ps-algebras is a collection of maps f1, fa,.. such that f; :
A — B is a morphism of DG algebras and {f, : A"(A4y) — By}y>1 form an L-
morphism B. We further require that for all ai,..,a,_1 € A, fn(@1,...,80n_1,—) :

Ay — By is induced by a degree Y |a;| + n — 1 operator 9 . A — B
such that the collection {8£S}SC{1,‘.,n71} is a fi-polyderivation of multi-degree
(Jar| +1,..,Jan—1] + 1). Here, for S = {iy < .. < ip}, {0 }s = 851,1““@1_ . The

reader is referred to [BKR], Section 5.5 for the definition of polyderivations and
related material.

In addition, note that if B is a NC Py-algebra and () is the de-Rham algebra
of the affine line, then B ® ) naturally acquires the structure of a NC Py,-algebra
via extension of scalars.

This allows us to define the notion of homotopy along the lines of [BKRI,
Proposition B.2 and Remark B.4.3. A homotopy between morphisms f,g: A — B
of Py-algebras is a morphism h : A — B ® Q of Py-algebras such that h(0) =
foh() =g

We have thus, defined the category NCP,, of NC P, algebras. The full subcat-
egory of NCP,, algebras whose objects are commutative DGAs equipped with NC
P, structure will be called Po,. We note that our definition of P, algebra is more
restrictive than the definition of Py in the operadic sense (see [CVdB] for exam-
ple). This definition, however, coincides with a definition of Poisson, algebras that
has been studied earlier in the literature (see |[CF [S] for example).

The category Ho*(NCP,) is defined to be the category whose objects are objects
of NCP,, that are cofibrant in DGAj such that Homge« e )(A, B) is the space of
homotopy equivalence classes in Homyep__ (A4, B). The category Po, of Py algebras
and its “homotopy category” are analogously defined on the commutative side.

4.2. The main result. The following result is the main result of this subsec-
tion. It strengthens Theorem [I0l

THEOREM 12. (i) The functor (—)$* : DGAy, — CDGAj enriches to give the
following commutative diagram of functors (vertical arrows being forgetful functors)

()"

NCGPoo —— P

| e |

-)v

DGA;, —— CDGAy

6Recall that is V is a Loo-algebra, one has a (structure) Loo-morphism ad : V' — Endg (V).
,,,,, an_1 is any element of Der(A) such that its image in Der(A)y coincides with i(a; A

/\&njl)-
8f : Ay — By is the map induced by f.
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DERIVED POISSON STRUCTURES 233

(ii) Further, the functor (—)$L : NCPo, — Po, descends to a functor
Ho*(—)$" : Ho* (NCP,,) — Ho*(Pw.).

The proof of this theorem will be organized along the lines of the proof of
Theorem 10

4.3. From L., to P, algebras. The following proposition is (part of) The-
orem 3.15 in [S].

PROPOSITION 13. Let V' be a Loo-algebra. Then, A(V) (with the obvious mul-
tiplication) inherits the structure of a Ps-algebra such that the Lo -operations on
A(V) extend those on V' wvia the formula

Ln(v1y oy p_1,0.0) = Ly (V1 oy Vp_1,0).w + (—1)(Z |v""+"72)|”|v.ln(v1, ey Up_1,W).

Recall the definition of a polyderivation from [BKR], Section 5.5. Let {f,} :
V — G be a morphism of L.-algebras (where G is a Py-algebra). Equip A(V)
with the P..-structures from Proposition Each f, uniquely extends to a map

fo : AM(A(V)) = G

of degree n — 1 such that for all vy, ..,v,—1 € A(V), the maps {fs(v1,..,vn—1,—) :
A(V) = G}scqa,... ,n—1y constitute a polyderivation of multi-degree (|vy|+1, .., [v, 1|+
1) with respect to f1 : A(V) — GO Here, for § = {in <..<ir} C{l,..,n—1},
fs(v1,..,vn—1,—) denotes the map fri1(vi,..,vi,,—) : A(V) — G. The following
key proposition is due to T. Schedler (in [S1]).

PROPOSITION 14. The extended maps { f,} constitute the unique Py -morphism
from A(V) to G extending f : V — G.

We remark that Propositions [[3] and [[4] together imply that V +— A(V) is a
functor from the category of L.-algebras to the category of P.-algebras. For a
Loo-morphism f :={f,} : V — G, the unique Po-morphism {f,} from A(V) to G
extending f : V — G shall be denoted by A(f). Propositions [[3] and 4 together
imply that A((...)) is a well defined functor from the category of L..-algebras to
the category of P..-algebras. Recall that two L..-morphisms f,g : V — W are
homotopic if there exists a Loo-morphism i : V — W ®Q such that!] (0) = f and
h(1) = g. One has the following lemma.

LEMMA 4. Suppose that f,g : V — W are homotopic Lo,-morphisms. Then,
their extensions A(f), A(g) : A(V) = A(W) are homotopic Py -morphisms.

PROOF. Let h: V — W ® Q be a Lo,-morphism with ~2(0) = f and h(1) = g.
The identification A(W)® Q with Aq(W ® Q) together with Proposition [[4] shows
that h extends to a Ps-morphism A(h) : A(V[) — A(W) ® Q such that A(h)(0) =
A(f): A(V) = AW) and A(h)(1) = A(g) : A(V) = A(W). O

4.4. Proof of Theorem

9f1: A(V) — G is the obvious extension of the map of complexes f1 : V — G to a morphism
in CDGAy.
10The higher Loo-structure maps of W @ Q are extended from those of W by Q-linearity.

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



234  YURI BEREST, XIAOJUN CHEN, FARKHOD ESHMATOV, AND AJAY RAMADOSS

4.4.1. A technical lemma. Our proof requires the following technical lemma.

LEMMA 5. Let {¢s} be a polyderivation of multi-degree (dy, .., dy) with respect
to » : A — B. The induced polyderivation {(¢v)s} of multi-degree (dy, .., dy)
from [BKR], Lemma 5.5 restricts to a polyderivation {(¢v)s} with respect to ¢y :
AGL N BGL

v Vo

PROOF. We need to verify that (¢v)s maps A$L to BGE. For this, note that
(¢v)s(ab) = D =(dv)r(a).(dv)r ().
TUT'=S

The above equation implies that if (¢v)s(a) and (¢v)s(b) are in the subalgebra
generated by the image of (Try)e for all S C {1,..,k}, then (¢ )s(ab) is in the
subalgebra generated by the image of (Try)e for all S C {1,..,k}. This desired
statement now follows from Theorem [7] ]

o,

4.4.2. The main body of the proof. It follows from Propositions 13| 04| an
Lemmaf that if f,g : A — B are homotopic morphisms of NC P-algebras, A(f;
and A(gy) are homotopic morphisms of P..-algebras [ Let 1, : A" (A(Ap))
A(A;) denote the structure maps of A(Ay).

~—

1

LEMMA 6. For any 8 € A(Ay) such that (Try)e(8) =0,
(Try)e(ln(o1, ..y n—1,5)) =0
for any aq, ..,0n—1 € A(Ap).
PROOF. Since
In(ar.af, qo, .y _1,8) = Fag b, (o), yan_1,8) £ ) ln(ar, ..., an_1,8),

since (Try)e : A(A4y) — A$L is a ring homomorphism, and because the (anti)-
symmetry of [,,, an inductive argument reduces the verification the required lemma
to the case when aq,...,an—1 € Ay. Let O, ., , be any derivation of A whose
image in Der(A); = i(aq A ... A ay—1). Then, by Lemma [ there is a (graded)
derivation g, ..., _, Of A‘(ﬁL such that

(Trv)e(Oayoan—s (B) = Yayoosan—r (Trv)a(8'))
for any § € Ay and for any lift 5/ of 8 to A. Hence,
(Trv)e(ln(e1y oy an=1,8") = Yay,.an, (Trv)e(B'))
for any 5’ € Ay. It follows that

(TrV)O(ln(alv ey On—1, 6)) = ’lpalw-wan—l ((TrV)O(/B))

for any 8 € A(Ay). The right hand side of the above equation is clearly 0 if
(Tev)a(8) = 0. o

11A short explanation is needed here: indeed, f consists of a morphism f; : A — B of
DG-algebras and higher components fa, ..., f such that fi,.., fn,... are Taylor components of a
Loo-morphism from Ay to By. The first component of A(fy) is A((f1)y). The higher components
are constructed as in the discussion before Proposition [T4
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By Lemma [ and Theorem [7}, the operations [, : A"(A$L) — AGL defined by

In(a, o am) = (Try)e(La((Try)J (), oo (Try) o (am))

are well defined. Further, Theorem [7] and the fact that the [,, impose a Py, struc-
ture on A(Ay) together imply that the [, impose a P.-structure on AGE. Let
{f1, f2,.-,} : A — B be a homomorphism of NC P..-algebras.

LEMMA 7. As in Proposition [[4, extend the f, to maps f, : A"(A(Ay)) —
A(By). Then, for any 8 € A(Ay) such that (Try)e(5) =0,

(Trv)o(fu(@1, ooy an1, 8)) = 0
fOT all Qag,..,0p—1 € A(Ah)

PRrROOF. For n = 1, the required lemma is clear: indeed, (Try ) is a natural
transformation between the functors A — A(A;) and A — A$E. Put «,, := B.
Note that A(Ay) has a polynomial grading where elements of Ay may be viewed as
the elements of polynomial degree 1. Put J, :={2,3,...,n}. For I :={a;, < ... <
iy b C Jnlet fr(a) :== firpa(os iy, aq,)). Since

fnlar.al, ag, . ap) = Z +fr(a).frr(a’),
IC T,
an induction on n as well as the polynomial degree of a;, together with the (anti)-
symmetry of f,, reduces the verification of the required lemma to the case when
o1, .., 0m—1 € Ay In this case, let a; be a lift of o; for 1 < i < n — 1. Consider
the polyderivation {855}SC{1,..,7171} from Section E.Jl By Lemma [B] there is a
polyderivation {1  : A" — B{V} g1, 1) satisfying

(Trv)e (94, (0)) = ¥L, ((Trv)e(b))
forany be A, S C {1,...,n — 1}. Hence,

(Trv)o (fisp+1 iy g, B) = ¥ (Trv)e(87)
for all 3" € Ay and S := {i; < ... <i|g} C {1,...,n — 1}. Since the operators
{(Trv ) (fis) 1 (s -y ipg, —)) s as well as {¥L,((Trv)e(—))}s constitute poly-
derivations of the same multidegree with respect to (Try)e o A((f1)y), it follows
that

(Trv)e(fis 41 (iys o i g, B)) = L ((Trv)e(B))

for all B € A(Ay). Since the right hand side of the above equation vanishes when
(Try)e(B) = 0, the required lemma follows. O

Lemma [7] and Theorem [7l imply that the maps

AATY) = BYY, (o, an) = (Try)e(f(Trv) (@), oo, (Trv) S (o))

are well defined. Theorem [7 together with Proposition [[4] further implies that they
constitute a Ps.-morphism f‘C}L from A‘C}L to BSL (and that this construction is
preserves compositions of morphisms). This proves Theorem[I2] (i). A trivial modi-
fication of the same argument shows that if h : A — B®(Q is a P-homotopy between
morphisms f,g: A — B ® Q of NC Py-algebras, then the above construction ap-
plied to h gives a morphism th : A‘(ﬁL — B‘C,;L that is a homotopy between the
morphisms fg’L and gSL of Py-algebras. This proves Theorem [I2] (ii).
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4.5. Remark. Another interesting question would be to relate Ho*(NCP,) to
Ho*(NCPoiss). In this context, one may recall a theorem due to Munkholm ([M]),
which states that Ho(DGA) is equivalent to the full subcategory of Ho*(As,) whose
objects are objects of DGAg. Here, Ho* (A, ) is the category whose objects are Aq.-
algebras and whose morphisms are homotopy classes of A,-morphisms. Given
this, one may ask whether Ho*(NCPoiss) is equivalent to the full subcategory of
Ho*(NCP,) whose objects are objects of NCPoiss. If the answer to this question is
negative, what is the precise relation between these two categories?

5. NC Poisson algebras from Calabi-Yau algebras

This section exhibits a large family of NC n-Poisson algebras: more gener-
ally, we show that if A is a finite dimensional graded n-cyclic algebra, the cobar
construction applied to the linear dual C' := Homy (A, k) of A is equipped with a
(2 — n)-Poisson double bracket. This Poisson double bracket induces a noncommu-
tative (2 —n)-Poisson structure. Of course, the cobar construction of C' is cofibrant
(in fact, free) as a DG algebra. In particular, a finite dimensional 2-cyclic algebra
(for example, the cohomology of a compact smooth 2-manifold) gives rise to a cofi-
brant DG algebra with a noncommutative Poisson structure. We point out that
a n-cyclic algebra is a special case of a n-Calabi-Yau A.-algebra in the sense of
Kontsevich (see [Cos|, Section 7.2).

In this section, we shall often use Sweedler’s notation and write

Ala) = o ®@a”
for any element « in a coalgebra C' with coproduct A.
5.1. Double Poisson (DG) algebras. Let A be an associative DG algebra

over a field k. An A-bimodule M is a left A ® A°P-module. On A ® A, there are
two A-bimodule structures: one is the outer A-bimodule, namely

a-(u®v)- b= au® vb;
the other one is the inner A-bimodule, namely
a - (u X 'U) . b — (_1)|a|‘u|+‘a||b|+‘b‘"U‘ub ®av.

Here, a, b, u,v are arbitrary homogenous elements of A.
Suppose that A is an associative (unital) DG algebra over a field k. A double
bracket of degree n on A is a bilinear map

- -} AvA—> AR A

which is a derivation of degree n (for the outer A-bimodule structure on A ® A) in
its second argument and satisfies

fa, b} = _(_1)(|a\+n)(\b\+")Jﬂ'b7 a}}o,

ulv]

where (u® v)° = (1) v ®u. For a,by, ..., b, homogeneous in A, let
fa,09..00,};, = {a,b1}®b2®...®@b,.
Further, for a permutation s € S,,, let

O'S(bl ®...Q0 bn) = (—1)tbs—1(1) XR...Q bs—l(n)

Licensed to Univ of Rochester. Prepared on Tue Jun 6 15:27:22 EDT 2017for download from IP 128.151.32.169.
License or copyright restrictions may apply to redistribution; see http://www.ams.org/publications/ebooks/terms



DERIVED POISSON STRUCTURES 237

where
ti= > |las—1(illas—1(5)] -
i<gis~H(1)>s71(4)
Suppose that {—,—} is a double bracket of degree n on A. If furthermore A
satisfies the following double Jacobi identity

fa o, e} f, + ()P D g o Kb, fe,a} B,
+ (_1)(\c|+n)(\a\+\b|)0(132) {{67 {{a’b}}}L =0,

then A is called a double n-Poisson algebra.

Let p : A® A — A denote the multiplication on A. Let {—,—} := po {—,—} :
A® A — A. The following is a direct generalization (to the DG setting) of Lemma
2.4.1 of [VdBI.

LEMMA 8. {-, -} induces a noncommutative n-Poisson structure on A. In
particular, when n = 1, {— -} induces a noncommutative Gerstenhaber structure
on A.

Notation. Using Sweedler’s notation, we will often write

fu, v} = {u, 0} © fu,v}".

5.1.1. Remark. One thus has the category n—DPoiss of DG double n-Poisson
algebras. We sketch how the analog of Theorem [0 holds for double n-Poisson
algebras. The details in this subsubsection are left to the interested reader. Let A
be a DG n-double Poisson algebra. Let 2 denote the de Rham algebra of the affine
line, as in SectionBl Then, it is verified without difficulty that A®Q has a Q-linear
DG double n-Poisson structure. Indeed, after identifying (A ® Q) ®q (A ® Q) with
A® A®Q, the (Q-linear) double bracket on A ® Q is given by {—, -} ® Idq.

One may therefore, define the “homotopy category” Ho*(n — DPoiss) of n —
DPoiss: objects in Ho*(n — DPoiss) are objects in n — Poiss that are cofibrant
in DGA;. Morphisms in Ho*(n — DPoiss) are homotopy classes of morphisms in
n —Poiss. Here, f,g : A — B in n —Poiss are homotopic if there exists h : A —
B ® Q in n — Poiss such that h(0) = f and h(1) = ¢g. Here, when we say that
h:A— B®Qisinn — Poiss, we mean that

{777}}0 (h®ﬂ h) = (h®Q h)o{?*}}'

If A is a double n-Poisson algebra, a direct extension of the proofs of Proposi-
tions 7.5.1 and 7.5.2 of [VdBJ shows that there exists a DG n-Poisson structure on
Ay (which restricts to the one induced on A$* by the corresponding noncommuta-
tive n-Poisson structure on A). One further shows without much difficulty that if
A, B are double n-Poisson algebras and if h : A — B ® () is a morphism of double
n-Poisson algebras, then hy : Ay — By ® Q is a morphism of DG n-Poisson
algebras. Thus, the analog of Theorem [0 (with (-)y and L(-)y replacing (-)$t

and L(-)$¥) holds for double n-Poisson algebras.

5.2. Cyclic graded algebras and double Poisson brackets. In this sub-
section, we will avoid specifying exact signs that are determined by the Koszul
rule. Instead, such signs will be denoted by the symbol 4. This is done in order to
simplify cumbersome formulas, especially in the proof of Theorem
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5.2.1. Let A be a finite dimensional (graded) associative algebra with a sym-
metric inner product of degree n such that

(27) (a,bc) = £{ca,b), for any a,b,c € A.

According to Kontsevich ([Ko|) and Getzler-Kapranov (J[GK]), such an algebra is
called a n-cyclic associative algebra. In addition, if A is finite dimensional, the dual
space C' := Hom(A, k) is a coalgebra equipped with a symmetric bilinear pairing
of degree —n. By the non degeneracy of the inner product on A, Equation (7)) is
dual to the following identity:

(28) (W' w) " = £(v,w") - w',  for any v,w € C.

Hence, C acquires the structure of cyclic (—n)-coalgebra. More generally, a DG
coalgebra C' equipped with a symmetric bilinear pairing (—, —) of degree n is called
cyclic if in addition to (28),

(29) (du,v) + (u,dv) =0

for all u,v € C.
5.2.2. Constructing the (n + 2)-double Poisson bracket. Let C be a n-cyclic
coassociative coalgebra and let (C') denote the cobar construction of C. Define

{—,-}:Q(C)29(C) = QC)®QC) by
{1)710}} = Z i<vi’wj> ' (wlv"' y Wi—1, Vig1, - 7vn)

(30) o
® (vlv"' yVi—1, Wig1, - 7w7n)7
where v = (v1,v9, -+ ,v,) and w = (wy,wse, -+ ,w,,). The next theorem is the

main result of this section.

THEOREM 15. Let C' be a n-cyclic coassociative DG coalgebra. The bracket
BQ) gives a double (n + 2)-Poisson structure on the DG algebra Q(C).

REMARK 1. By construction, Q(C) is a cofibrant DG algebra.

PROOF. The proof consists of three steps.

Step 1. First, recall that Q(C) has a natural differential graded algebra struc-
ture, with multiplication given by the tensor product. We show that {—, -} is a
derivation for the second argument. For u = (u1,ug, -+ ,up), v = (v1,v2,- - , V), W =
(w1, ws, -+ ,w,), we have

{w,v-w} = {(u, - 7up)a(vlv"' » Ug, W1, - - swr) }

= Z (i, v5) - (V1,0 V-1, i1, 5 Up)

e
Q3

(2
j
@ (ula"'aui—17vj+17"'7Uqaw1a'“7w7‘)

+ Z i<ui7wk>'(vla"'7Uq7w17"'awk—laui—i-lv"'aup)

[l
g
3

X (ula"'aui—lvwk-i-l)"'aw’l‘)'

Hence

(31) {u,v-wl = {u, v}}/ ® {u, ’U}}// cwxv- fu,w} @ {u, w}}//.
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Step 2. Next, we show that {—,—} is skew symmetric and satisfies the
double Jacobi identity. The skew symmetricity follows directly from the defini-
tion (BU) as the pairing on C[—1] induced by (—,—) is skew-symmetric. Therefore,
we only need to check the double Jacobi identity. For u = (u1,ug, - ,up), v =
(v1,v2,- -+ ,0q), w = (w1, ws, - ,w,), we have

HU,U}} = Zi<u2‘,’l)j>'(’l}1,"' s Uj—1, Uig1, 7up)
1)

® (u17"' s Ui—1,Vj41,° " 7Uq) )
{{an} = Z:l:<vjawk>'(wl7"' y We—1,Vj41," " avq)
7.k
& (Uh'" yUj—1, W41, " 7w’l") )
{{w7u}} = Zi<wk7u’b> . (u17' cry Ui—1, Whe41, " " 7w7’)
ki
® (T.Uh"' y We—1, Uit1," " aup) .
Therefore

{{u, {v, w}}/}} ® {v, w}” =

Z +(vj, wi) (wg, wy) - (W1, -+, Wi—1, Wig1, -+ 5 Up)
(32) @ (g, Uim 1, Wi 1, - Wh—1, Vjg1, "+, Ug)
® (U1, Vo1, Wht1, -+ Wi )+
Z +(vj, W) (Wi, Um) - (W1, -+, W1, V41, 5 Ume1, Ui 1, -+, Up)
(33) @ (Ul, s Uim1s Vg1, 5 Uq) @ (V1 Vj— 1, Whep1, -+ W),

{w, u}}” ® {{v, {w, u}}'}} =

Z :|:<wk7ui><vj7ut>'(w1a"' s We—1, Wig1, " 7up)
1<iZi

(34) ®(u15"'7U't—1avj+la"'avq)

® (U1, Vo1, U1y 7 U1, Wheg 1, - 5 Wy )+

Z :l:<’wk,ui><'l/j,ws>'(7ﬂ1,"' s We—1, Wig1, " aup)
k+i1é'fgn
(35) ® (ula ety Up—1, We41, " 70 s Ws—1, V541, ,’Uq)

® (1}17"' yUj—1, Ws41, " 7wn)7
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fw, fu, 0} B @ fu, v} © fw, {u,0} )} =

Z (Ui, V) (W, V) - (W1, W1, Ung1s o+ 5 U1y Wi ds - - - 5 Up)
1<nZi
(36) ®(U1,"' S 1, Ujp1, o ,’Uq)® (Ulv"' yUp—1, Wl " ’wr)_|_
Z E(ws, V) (Wey Um) - (W1, -+, W1, U1, -+ 5 Up)
i+1Zmsp
(37) ® (U1, 3 Uim1, Vg1, 5 Vg)
®(’U1,~'~ SV, Ui 1y "y U1y Whe 1, ° + - ’wr)

In the above equations, the summand (B2]) cancels with (33]), (B3]) cancels with (36]),
and (B4) cancels with 1). So we get

flu v, 0} § @ fo.w}” £ fw,u}” © Lo, fw,u} P £ {o, fu,0} "
@ {u,v}" ® {w, {{u,v}/} "=,

which proves the double Jacobi identity.

Step 3. Using equation (BI]), one verifies without difficulty that if 0{u, v} =
{ou,v} + {u,0v} and if Hfu,w} = {Ou,w} + {u,0w}, then Ofu,vw} =
{ou,vw} + {u,d(vw)}. By this fact and the skew-symmetry of {—,—}, it suf-
fices to verify that Ofu,v} = {Ou,v} + {u,0v} for all u,v € C. In this case,
O{u,v} = 0. On the other hand, du = du + (v/,u”) and dv = dv £ (v',v"). Hence,

{ou, v} +{u,0v} = ((du, v)+(u, dv))+ (v, v)u" + (u, v )" £ (v, v )’ £ (" up") ,

where the first parenthesis in the right hand side vanishes by (29) and the second
by (28). This proves that 0fu,v} = {Ou,v} £ {u,dv} for arbitrary u,v € Q(C),
completing the proof of the theorem. O

5.2.3. Remark. One say that two morphisms f,g : C; — (s of n-cyclic
coalgebras are homotopic if there exists a family ¢; : C7 — Cs of morphisms of
n~-cyclic coalgebras varying polynomially with ¢ as well as degree 1 coderivations s;
with respect to ¢; such that

doe

¢O:f7¢1:gandﬁ - [d>st]-

We further require that for all u,v € C1,

(5¢(u), de(v)) £ (@e(u), s¢(v)) = 0.

The above notion of homotopy is dual to the notion of a polynomial M-homotopy
betwee two morphisms in DGA; (see [BKRJ, Proposition B.2 and subsequent re-
marks). Extending Theorem [I5] one can further show that if f,g : C; — Co
are homotopic as morphisms of n-cyclic coalgebras, (f) is homotopic to Q(g) as
morphisms of (n 4 2)-double Poisson algebras. We leave the relevant details to the
motivated reader.
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5.3. Cyclic homology of coalgebras. We recall the definition of Hochschild
and cyclic homology of coalgebras. Given a coalgebra C' over k consider the fol-
lowing double complex which is obtained by reversing the arrows in the standard
(Tsygan) double complex of an algebra:

b v b
®3 1-T 3 N o3 1T
b v b
2 1-T ®2 N o2 1=T
b v b
C 1-T C N C 1-T
0 0 0

This double complex is 2-periodic in horizontal direction, with operators b,b’, T
and N given by

n—1
b/(cla"' >C’ﬂ) = Z(_l)i_l(clu"' 7027024»17"' ,Cn) )

=1
b(clv"' ’Cn) = b/(cla"' 7Cn)+Z(_1)n(cllvaQv"' 7Cnvcll) )
T(Clv"' 7CTL) (_l)nil(CQ?"' 7CTL701) )

n—1
N=>T".
i=0

The b-column is called the Hochschild chain complex Co(C,C) of C': it defines
the Hochschild homology HHe(C'). The kernel of 1 — T from the b-complex to the
b'-complex is called the cyclic complex CC4(C): by definitiion, its homology is the
cyclic homology HC4(C) of C.

REMARK 2. If C is a coalgebra, then the dual complex A := Hom(C, k) admits
an algebra structure. If furthermore C is finite dimensional, then the Hochschild
complex Co(C,C) (resp., cyclic complex CC,(C)) is isomorphic to the Hochschild
cochain complex C*(A, k) (reps., cyclic cochain complex CC*(A)). Here the Hochschild
cochain complex C*(A, k) is the Hochschild cochain complex of A with values in k.
Otherwise if C is infinite dimensional, then the Hochschild complex Co(C,C) (reps.
cyclic complex CC4(C')) is a sub complex of the Hochschild cochain complex C*(A, k)
(reps. cyclic cochain complez CC*(A)).

We collect some facts about the cyclic complex from Quillen [Q2], §1.3]. Let A
be an associative algebra. The commutator subspace of A is [A, A], which is the
image of m —mo : A® A — A, where m is the product and o is the switching
operator, and the commutator quotient space is

Ap = A/J[A, A] = Coker{m —mo : A® A — A}.
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Dually, suppose C' is a coassociative coalgebra, the cocommutator sub space of C
is

Ct:=Ker{A —cA:C - C®C}.

Recall that the bar construction B(A) of A (resp. cobar construction (C) of C)
is a differential graded (DG) coalgebra (resp. DG algebra). The following lemma
is [Q2] Lemma 1.2].

LEMMA 9. The space BY (A) is the kernel of (1 —T) acting on A®™.

Dually, the space (€4(C)), is the cokernel of (1 — T) acting on C®". And
therefore, via the isomorphisms

CCo(A) = Coker(1 — T) 5 Ker(1 = T), CC.(C) = Ker(1 —T) = Coker(1 — T),
one obtains the following lemma.
LEMMA 10. As complexes of k-vector spaces,
Q(C); = CCL(C).

All explicit examples of derived NC Poisson structures in this paper arise by
applying Theorem [I5] and Lemma [8 to a cofibrant resolution of an honest algebra
of A that is of the form Q(C') for some finite dimensional cyclic DG coalgebra C'.
This makes the following corollary of this paper relevant.

COROLLARY 2. Let C be a (DG) coalgebra such that Q(C') = A in DGA, for
some A € Alg,. Then,

HC.(A) = HC,.(C).
Now, suppose that A is a finite dimensional graded k-algebra. By definition,

HCY(A) = HC;(A)*. Tt is concentrated in homological degree —i. By Theorem [I5]
Lemma [§ Lemma [I0 and the proof of Theorem [0 (i),

COROLLARY 3. For any n-cyclic (finite dimensional) graded algebra A, HC®(A)[2—
n| has the structure of a graded Lie algebra. Moreover, for any finite dimensional
k-vector space V,

(Try)s : A(HC®(A)) — Ho(Q(A"), V)"
is a morphism of graded (2 — n)-Poisson algebras.

For example, when n = 2 and A is 2-cyclic, then Q(A*) is a double Poisson
algebra by Theorem Lemma [ implies that £2(A*) acquires a noncommutative
Poisson structure from its double Poisson structure. Lemma[I0limplies that HC®(A)
has a graded Lie algebra structure and Theorem [I{] (i) implies that

(Try)e : A(HC®(A)) = Ho (Q(A%),V)CL

is a morphism of graded Poisson algebras. There is no shortage of cyclic 2-algebras:
the cohomology H® (M, C) of any compact smooth 2-manifold M is such an algebra.
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5.4. Derived Poisson structures on k[z,y]. The construction in the pre-
vious subsection is interesting when C' := k.a ® k.b ® k.s with |a| = |b] = 1 and
|s|] = 2 with A(a) = A(b) =0 and A(s) = a®b—b® a. In this case, there is a

natural isomorphism
Q(C’)iR, st a—x, b=y,

where R := k(z,y,t),|z| = |y| = 0, |[t| = 1 with differential given by dt := [z, y].
Note that R is a almost free resolution of A := k[z,y] in DGA.

One can check that there is exactly one cyclic structure of degree —2 on C' (up
to multiplication by scalars) with w(a,a) = w(b,b) = w(—, s) = 0 and w(a,b) = 1.
Similarly, there is exactly one cyclic structure of degree —3 on C' (up to multipli-
cation by scalars) with @(a,s) = @(b,s) = 1. By Theorem [I7]

LEMMA 11. The cyclic structure w (resp., @) on C induces a NC Poisson (resp.,
NC (—1)-Poisson) structure on R.

Since R is an almost free resolution of A := k[z,y] (see [BKRJ, Example 4.1),
taking homology yields a graded Lie bracket of degree 0 on HC,(A) induced by
the cyclic structure w on C":

(38) {—,~}y: HCu(A) x HC4(A) — HC,4(A) ,

which is thus an example of a derived Poisson structure on A.

This structure has a natural geometric interpretation. If we restrict (38]) to
HCy(A) = A, we get the usual Poisson bracket on polynomials associated to the
symplectic form dz A dy. The Lie algebra (A,{—, —};) is thus isomorphic to the
Lie algebra of (polynomial) symplectic vector fields on k2. Now, if we identify
HCy(A) = Q(A)/dA as in [BKR], Example 4.1, then, for any f € A and a €
Q1(A)/dA,

{f, aty = Lo, (),
where Ly, is the Lie derivative on 1-forms taken along the Hamiltonian vector field

0¢. For example, if f = 2P and a = y?dz, then & corresponds to the class of the
l-cycle qy?~'t in Ry (see [BKRJ, Example 4.1). Note that

q—1
{mp7yq—1t}h — Zpl"p_lyq_l_ityi_l.
i=1
Again, by [BKR], Example 4.1, the image of the R.H.S of the above equation is
identified with the class of the 1-form zP~!y9~!dz in HC;(A). Thus,

{zP,ylda}y = pgzP y? e

On the other hand, 0y = pxpfla%, and hence,

Lo, (o) = pgzPty i da

In addition, the restriction of (@8] to HC;(A) is zero (for degree reasons). Thus, the
graded Lie algebra HC,(A) is isomorphic to the semidirect product Ax (QLA/dA),
where A is equipped with the standard Poisson bracket and Q'(A)/dA is a Lie mod-
ule over A with action induced by the Lie derivative on Q'(A4). The Lie bracket (B3]

extends to the graded symmetric algebra A[HC(A)] making it a Poisson algebra.
Theorem [0 implies that He(A, V)" has a (unique) graded Poisson structure such
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that the trace map (Try)e : A[HC(A)] — He(A, V)L is a morphism of Poisson
algebras.

Similarly, taking homology yields a (graded) Lie bracket {—,—}; 5 on HCq(A4)[—1]
induced by the cyclic structure @ on C'. Of course, for degree reasons the restriction
of {-,~}4.5 to HCo(A) is trivial. However, for f € A and a € HC1(A4) = Q(A)/dA,
the geometric interpretation of {f, a}y s remains mysterious.

We expect that the DG resolutions of algebras that are n-Calabi-Yau in the
sense of Ginzburg |G1] (see also [Ke|) have analogous noncommutative (2 — n)-
Poisson structures. In particular, Ginzburg 2-Calabi-Yau algebras are expected to
have derived NC Poisson structures.

5.5. Remarks on string topology. Let M be a smooth compact oriented
manifold. Denote by LM the free loop space of M. In [ChS|, M. Chas and
D. Sullivan have shown that the S'-equivariant homology H.S1 (LM) of LM has
a natural Lie algebra structure. Their construction uses (in an essential way) the
transversal intersection product of two chains in a manifold. Since the intersection
product is only defined for transversal chains, it is difficult to realize the Lie algebra
HS ' (LM) algebraically. This is the subject of string topology, which has become
a very active area of research in recent years.

By a well-known theorem of K.-T. Chen [C] and J. D. S. Jones [J], if M is
simply connected, there is a quasi-isomorphism of complexes

CC(A(M)) = C% (LM) ,

where A(M) is any DG algebra model (de Rham, singular, PL forms etc.) for
the cochain complex of M. Similarly, using the methods of [C] and [J], one can
construct a quasi-isomorphism

CS' (LM) =5 CC.(C(M)) |

where C(M) is any DG coalgebra model for the chain complex of M. On the other
hand, Lambrechts and Stanley [LS] have recently shown that for M simply con-
nected, there is a finite-dimensional DG coalgebra C' (M) with a cyclically invariant
nondegenerate pairing, that is quasi-isomorphic to the singular chain complex of
M. Further, the nondegenerate pairing on C'(M) gives the intersection product
pairing at the homology level. Combining these results with our Corollary Bl we
thus obtain a Lie algebra structure on the cyclic homology of C'(M) that realizes
the Lie algebra of Chas and Sullivan (¢f. [CEG]).

Besides Sullivan and his school, Blumberg, Cohen and Teleman are carrying out
a project that aims to systematically lift the interesting structures on LM to the
path space PM of M (see [BCT]). More precisely, they associate to M a category
where the objects are the points of M and the space of morphisms between two
objects is a (for example, singular) chain complex of the space of paths connecting
them. Our present paper has essentially the same starting point as [BCT]: we
have shown that the Lie algebra of string topology on Hfl(LM) arises from the
NC Poisson structure of the path space on M. More precisely, the cyclic homology
of Q(C), which is exactly the cyclic homology of the above described category, is
isomorphic to HC4(C) (see Corollary Bl), and hence is isomorphic to Hfl(LM).
This clarifies the relation between the above mentioned theorem of Jones and a
well-known theorem of Goodwillie (see [Gol).
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Renormalization by any means necessary

Arnab Kar and S. G. Rajeev

Renormalization

The most accurate physical theory we know today, the standard model of ele-
mentary particle physics, is based on quantum field theory. It describes all known
forces and particles except gravity: electricity, magnetism, light, nuclear forces,
neutrinos etc. Apart from two deep mysteries (dark matter and dark energy) it fits
all known experimental facts. Quantum Field Theory [A] is the quantum theory of
relativistic systems. Such a system can create any number of particle-antiparticle
pairs, limited only by the amount of energy available. Therefore it must allow for
an unbounded number of particles: it must have an infinite number of degrees of
freedom.

The quantum theory of systems with a finite number of particles (atoms or
molecules) was put on a sound mathematical basis beginning with von Neumann
and later by the pioneering work of Kato. These mathematical theorems did not
contribute much to the physical understanding of atomic theory. By the time
Kato proved the self-adjointness of the atomic hamiltonian, quantum chemists had
already understood how atoms and molecules form. They could calculate bond
energies with an accuracy only limited by the computing power available then.

Quantum Field Theory is a different matter entirely. Because of the infinite
number of degrees of freedom and the short distance singularities of the Green’s
functions, every calculation in a realistic quantum field theory is at best done
with divergences. The mass of the electron has an infinite correction due to the
emission and re-absorption of photons. Its magnetic moment, the energy levels of
hydrogen etc. are all corrected this way. Following an idea of Dirac, in the 1940s
Bethe, Tomonaga, Schwinger, Feynman and Dyson devised an elaborate scheme
-renormalization- to remove these divergences and deduce physically correct an-
swers from Quantum Electrodynamics. Although the manipulations are unpleasant,
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248 ARNAB KAR AND S. G. RAJEEV

and the details daunting, what emerged was a physical theory of unprecedented ac-
curacy and beauty. The magnetic moment of the electron has been calculated to
an accuracy of 15 decimal places, in agreement with experiments.

There still remained the puzzle to explain the strong and weak forces, which
involved the constituents of the atomic nucleus. A theory of weak interactions
due to Fermi was refined by Sudarshan and Marshak. But it had divergences that
could not be removed by renormalization. Glashow, Salam and Weinberg found a
quantum field theory that incorporates the earlier ideas and is renormalizable.

There are very few quantum field theories that are renormalizable in four space-
time dimensions. They are

e The Yang-Mills theory, characterized by a compact Lie group; it describes
particles that are of spin one. Particles of spin zero and one can be coupled
to it through a unitary representation.

e The Yukawa theory of spin half particles interacting with a spin zero
particle.

e The Higgs model of Spin zero particles whose interaction is described by
a polynomial of degree no greater than four.

Amazingly, this very limited set of ingredients are enough to explain all forces
and particles of nature (except gravity). Moreover, all the renormalizable theories
do occur with some choices of groups and representations.

There is a much greater variety of non-renormalizable theories: for which the
scheme to remove divergences will fail at some order in perturbation theory. A naive
quantization of General Relativity is such an example. The quantum version of the
wave map (nonlinear sigma model) which describes certain low energy phenomena
as well (pi mesons) cannot be a fundamental theory because it is not renormalizable.
Such theories are still useful as approximations (“effective field theories”).

Thus renormalizability is a very strict condition on a quantum field theory that
very few of them satisfy. For reasons we do not know yet, nature chooses precisely
these.

The Analysis of Renormalization

Many physicists believe that renormalizable quantum field theories are merely
a stepping stone on the road to some more fundamental theory which is finite: in
the same way that the Fermi theory of weak interactions was an effective theory
for the standard model. Perhaps such a “theory of everything” would be a string
theory, which could even explain gravity. Indeed string theories do seem to be free
of the troublesome divergences. But any such extrapolation involves pushing what
we know by many orders of magnitude in energy.

It is possible that far from being a nuisance, the divergences are clues to a new
formulation of QFT. Finding a correct mathematical description of quantum field
theory would put the currently known physical theories on a solid foundation. In an
earlier era, calculus was beset by infinities and infinitesimals as well. The resolution
was not to look for a theory of mechanics independent of calculus. Instead, modern
real analysis reformulated the notions of continuity and differentiability, avoiding
the direct use of infinitesimals. This did not just lead to new mathematics. Differ-
ences between an integrable and a chaotic system became evident. The solution is
real analytic in the former and not in the other. Without analysis, physicists of the
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RENORMALIZATION BY ANY MEANS NECESSARY 249

nineteenth century would not have understood why most physical systems could
not be solved analytically, although a solution seemed possible in principle.

Thus, a careful mathematical study of the divergences of quantum field the-
ory, and developing a rigorous theory of renormalization is a central challenge. A
movement in this direction (“Constructive Quantum Field Theory”) led by Glimm
and Jaffe seems to have lost some of its momentum in the last few years. Rigorous
mathematical training is rare among physicists, and command of physics even rarer
among mathematicians. String theory has lured many people away from a deeper
study of renormalization. Some new ideas were injected by A. Connes and disciples,
but the emphasis on non-commutative geometry does not seem to have a basis in
current physical reality.

Renormalization is a problem in analysis. The heuristic methods of QFT are
similar to the way Euler did calculus. What needs to be developed is the equivalent
of the more rigorous analysis of Weierstrass, Cauchy, Lebesgue, Banach etc. and
its application back to physics as done by Poincare’, Kolmogorov, Arnold, Moser
etc.

Before understanding a deep physical theory like Yang-Mills theory rigorously,
we should look at some simpler examples to get a general idea of the subject. One
such example is the Kondo problem, which has served as a test-bed for ideas in
renormalization for many decades. Wilson solved this problem by a combination
of numerical and analytical methods in the 1970s. We will re-examine it in some
approximations to discover its analytical context. But let us begin with an even
more elementary example, a “toy model”.

Renormalization in Quantum Mechanics

Is there a way to understand the basic idea of renormalization within quantum
mechanics? We will present such an example, well-known among physicists[B]. A
typical quantum system has a Hamiltonian

H=A+V

The laplacian A describes the kinetic energy while V' is a function that describes
potential energy: it describes the interactions. Physical observables of quantum
mechanics are represented by self-adjoint operators on L2. To begin with, A is
defined only on twice differentiable functions. It can be extended to a domain D C
L? : but this extension is not unique. Thus even without a potential, some physical
interactions could be hidden within this extension. Physicists tend to describe such
interactions still in terms of potentials, which then would be singular (e.g., delta
function). Singularities that can be removed correspond to certain domains of self-
adjointness. Thus the von Neumann theory of such extensions can be thought of an
early version of the rigorous mathematical theory of renormalization that we seek.

But there is more to it than that. Of all the infinite number of self-adjoint
extensions possible, renormalization theory picks out just a one or two parameter
family. So there is still something to be understood in isolating the subset of
extensions chosen by renormalization.

One Dimensional Delta Function. Consider a particle moving in one di-
mension under the influence of a delta function potential:
d2
H=———-“J()”
e (x)
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250 ARNAB KAR AND S. G. RAJEEV

We put the quotes to emphasize that the precise meaning of J(z) is yet to be
prescribed. For convenience, assume periodicity: H acts on wave-functions that are
periodic with period 27. In terms of Fourier components the eigenvalue equation
becomes

Kk = J ) b = By
meZ

The solution is easy:

b= =S v

2 _ })
k E meZ

Eliminating the constant 1,, we get an equation for the spectrum

1
L=TD o
meZ

The sum is convergent and can be evaluated by elementary complex analysis:

1 —1 cot W\/E

J VvVE
Given one eigenvalue (e.g., the smallest or “ground state energy”) we can fix J
and then all the others are determined. This example requires no renormalization.

Two Dimensional Delta Function. Suppose we repeat the analysis above
on a two dimensional torus. The range of summation will now be Z2. The series
Y omez2 |m|+—E diverges logarithmically.

The idea of renormalization translated to this situation is

e Put a cut-off in the magnitude of the Fourier index (momentum): |m| < A.

e Ask how should J (“the coupling constant”) depend on A in order that
the lowest energy is some given value —p2.

e Then show that if we eliminate J this way, all the remaining eigenvalues
remain finite as A — oo.

e We don’t care about J. We care about eigenvalues, which describe energies
and eigenfunctions which determine probabilities.

In more detail,

1
I =)
2 2
[m|<A me A p
We can rewrite this as

1 1
> e &=
o Rl Dl
\m\<Am T \m\<Am E
Although each series is divergent, the combined series has a limit as A — oo :

W= 3 )

meEZXZ

x(z) is an analytic function whose zeroes are the eigenvalues. They are all
determined in terms of the lowest eigenvalue. The divergent quantity J(A) has
disappeared from the final answer. This is an example of renormalization.

If you are familiar with Euler’s work you will see that such tricks are quite
old. The developments of modern analysis justified Euler’s heuristic arguments.
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RENORMALIZATION BY ANY MEANS NECESSARY 251

This gives us hope that the much more complicated renormalizations of realistic
quantum field theories can be understood by a proper development of analysis.

The Resolvent Formula. We can reformulate the above example (and many
others like it) in more satisfactory mathematical terms using the resolvent (“Green’s
function” to physicists.)

Let Hy be an operator on L2(R) self-adjoint in some domain D. In most inter-
esting cases Hy is a second order ordinary differential operator (e.g., Laplacian).We
will see how to modify the domain and get an operator with a different spectrum,
but without changing the effect on differentiable wave-functions. Physically, this
amounts to changing the boundary conditions on the wave equation, which can also
be thought of as singular potentials.

The resolvent of Hy is defined to be, for A not in the spectrum,

A 1
Ry = =
A—Hy
It satisfies the equation
d o o
_ERO()‘) = R5(N).

Conversely, any operator-valued analytic function satisfying this condition is
of the form (A — H)™1; i.e., it is the resolvent of some operator. Given one such
solution, we will construct another, as follows.

Let P be a linear map L?(R) — R . For example, it could be the evaluation at
the origin: Py = (0).

Since

[Ho — N Ro(N) = —1

Ro(z,y|)\) satisfies the same differential equation as the eigenfunctions of Hy
except at x = y where it has a discontinuous derivative. For A # A\, Ry is a
compact operator; the integral kernel is often square summable in each variable.

PRrROPOSITION 0.1. For pu not in the spectrum of ﬁo, the kernel

S
X(A) = x (1)

also satisfies the resolvent equation -4 R(y, z|\) = — [ R(y, z|\)R(z, z|\)dz provided
that

d d
JX()‘) = _aRO(Oa 0[A).

PRrROOF. Denote the evaluation at the origin by P. Then
PO L 1
R =Ry + Ry P————PRy
X
By straightforward calculation

R =R} + R(%PX
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while
Ry RP—— PRyt RP— PR
-~ RkR= 0 0
dA O () = x(w) X(A) = x(u)
A o~ d 1 ~ A
+ R, - PR
LAy —x(w]
so that
4 = PR2P
d)\X = 0
d ~ ~ =
= ——PRyP
ax
as needed. O
Thus R is the resolvent of some operator
N 1
R()\) = -
(A) .

with the same form as Hy on smooth functions, but with a different domain of
self-adjointness in L?(R).
Its spectrum is given by the equation

xX(A) = x(n)

In particular, u itself is an eigenvalue, which determines the rest of the spectrum
An (1) from the above equation. The orthonormal eigenfunctions of H are

Ro(z, 0[An (1))

Un(z) =
X (An(p))
In the example of the last subsection,
etm: (x—vy)
A)
=3 S
meZzZ?

Although Ro(0,0[\) = >, 7> x— \MIZ is divergent, its derivative — -k Ro(0,0|\) =

Yimez? m converges. Hence x(A) = x(1) = Xmez {P\*IM\"‘] - [ufllm\"‘]} is
convergent. x(u) is simply the constant of integration in solving the equation
#H5X(N) = =25 Ro(0,0[)).

The Kondo Problem

The simplest experimentally accessible case of renormalization is the Kondo
problem. Electrons in a metal move more or less like free particles, occasionally
scattered by the ions which oscillate around their equilibrium positions by ther-
mal fluctuations. As temperature decreases, the ions move less and the resistance
should decrease. It does, except that at some low temperature (T ~ 10K) the re-
sistance starts to increase again, rising to a finite value as T'— 0. This “resistance
minimum” was an important puzzle in the theory of metals in the 1950s.

Kondo gave an explanation to this phenomenon. Metals can have magnetic im-
purities (e.g., Iron atoms embedded within a Copper lattice) with ordered magnetic
moments at low temperatures. These little magnets can scatter electrons too. At
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high temperatures, the direction of the atomic magnetic moments vary randomly,
so their effect averages out to zero. At low temperatures, they get ordered, so there
is a new way that electrons can lose their energy at low temperatures: by scattering
by magnetic impurities. This is why the resistance increases at small temperatures.

The size of an atomic impurity is very small compared to the wavelength of the
electron: it is much like a d—function interaction. Kondo calculated the magnetic
contribution to resistance and found it to be proportional to log7~'. The good
news is that it explains why resistance grows at low temperatures. The bad news
is that it predicts infinite resistance at zero temperature. The Kondo problem is
how to avoid this divergence.

Wilson’s solution [C] of the Kondo problem in the 1970s was a major break-
through: the first illustration of the power of his “renormalization group” (in fact
only semi-group) method. His methods were a mix of numerical and analytical
arguments. Much can be gained by clarifying and simplifying his arguments. We
will reformulate this problem in terms of a Lie algebra, which allows for a solu-
tion based on representation theory of the infinite dimensional unitary group. The
divergences arise if we do not take into account the infinite dimensionality of the
group properly.

Only a brief summary is presented below. A much more self contained de-
scription can be found in this paper[E]. We will postpone to a later publication a
re-examination of Wilson’s reduction of the problem to a one dimensional quantum
field theory. We will take as the hamiltonian of the Kondo problem

H= Zwkfbl,j — Jo%0¢ = Hy — JH,
k

where

1
K _ L iks o E d_ k
Op = o Tar,, Y= zkjcbd, Pl = Zk:q’d

The creation -annihilation operators of electrons are defined by the anti-commutation
relations

[aTKJa aLU’}+ = 65500’7 [Q]Lng CL]LLUI]-F =0= [aKU’ aLU’]-i—

Here, o is a discrete label taking values 1,---, N. It describes the spin of the
electron. The physical value of N is two (a spin half particle can have two spin
states); but it is useful to consider general values. Indeed, the limit N — oo is
simpler and surprisingly, can be a good approximation. The variable K describes
the remaining degrees of freedom of the electron. Wilson showed that all of them
except two types can be ignored:

(1) K takes some special value (we denote it by a dot e) for an impurity
electron that is at rest
(2) K=—A,---,—1,1,--- A for the conduction band electrons. These num-
bers are proportional to the radial momentum measured w.r.t. the po-
sition of the impurity. A is a cut-off, which will eventually be sent to
infinity.
When we sum over only the values —A, -+, —1,1,- - A (excluding the impurity)
we will denote the index by a lower case letter k.
Thus, the hamiltonian of the Kondo problem consists of the kinetic energy of
the conduction band electrons plus an interaction with the impurity. wj are the
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254 ARNAB KAR AND S. G. RAJEEV

energies of the conduction band e.g., w, = Q[k — 1] near Fermi surface for some

constant 2. :

The impurity having zero size means that all the radial momenta couple with
the same strength J. (The Fourier transform of the delta function is a constant.)
The hamiltonian can be written entirely in terms of the bilinears ®. They satisfy
the commutation relation

@, @] =  [o¥/ek — kel

This is the statement that they form a representation of the Lie algebra U(2N +1)
or Aoy @ R in Cartan’s notation. In the limit of large N, these tend to a classical
theory. That is, the commutation relations get replaced Poisson brackets.
—i{®, PN } =01/ PN — N 2L
In other words, for any function of F(®)

oF
—i{F(®),d}=|—,2
i(r@).0) = |50 0]
where the r.h.s. is the matrix commutator. In particular for the hamiltonian
dd H
S0 eyl (o) =00
dt
h?((b) = wm(SfTa hgm = _g*(@)a :171 = —g(CI)),

with

A
g(®)=J(A) Y @
n=—A
All the divergences go away if we keep g fixed as A — oo.Diagonalization of
h(®) is elementary: just solve

(wp —v)U* — gU? =0, —g*U® = vU?
The energies are roots of the characteristic function

2
X(u)zy—zulf—‘wkz

k

If we hold g fixed as the cutoff is removed, this sum is convergent. (wy ~ k).

The most difficult part of any Quantum Field Theory is knowing its ground
state. In the large N limit it is given by the static solution of least energy. The
static solution satisfies [h(¥), ¥] = 0, so that ¥ = U diag(v)U' and by filling the
negative energy states

1, Vo <0
Na = no, Va:O
0, Vg >0

Here ng is the number of electrons divided by N modulo 1. To keep ¢ fixed in
the UV limit, we must have lima_,o J(A) Z£:1 i = 1: asymptotic freedom. g
sets the scale of energy: it is traded for J. It makes sense to pass to new variables
¢ = & — U that measure departure from this ground state. They satisfy the Poisson
brackets

—i{¢3,0]} = 0305 — 0504 + (na — ny) 50
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This is the central extension of the unitary Lie algebra, defined for example, in
the book by Pressley-Segal[D]. If only a finite number of the ¢3 are non-zero, we
can supplement this with an element describing time evolution

—3 {h, ¢g} = Vo — Z/Bkbg.
All the effects of the impurity-electron interaction are contained in the shift of
the energies from wy to v, and in the occupation numbers n,.
Now we have commutation relations rather than Poisson brackets:

P 1 . R
185,43 = (6368 — 388} + Ina — ns) 367
The representation of interest is
- 1
of = nE am”aﬁo .
where the normal ordering is with respect to the Dirac vacuum of the energies
€q:
a0y =0, vy<0, an|0)=0, v4>0.
The hamiltonian just describes quasi-particles with these energies:

- 1
H= N%I/a calah,

In real metals there are UV finite interactions which we ignored: a Fermi liquid.
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Berezin-Toeplitz quantization
and star products
for compact Kahler manifolds

Martin Schlichenmaier

ABSTRACT. For compact quantizable Kéhler manifolds certain naturally de-
fined star products and their constructions are reviewed. The presentation
centers around the Berezin-Toeplitz quantization scheme which is explained.
As star products the Berezin-Toeplitz, Berezin, and star product of geometric
quantization are treated in detail. It is shown that all three are equivalent. A
prominent role is played by the Berezin transform and its asymptotic expan-
sion. A few ideas on two general constructions of star products of separation of
variables type by Karabegov and by Bordemann—Waldmann respectively are
given. Some of the results presented is work of the author partly joint with
Martin Bordemann, Eckhard Meinrenken and Alexander Karabegov. At the
end some works which make use of graphs in the construction and calculation
of these star products are sketched.

1. Introduction

Without any doubts the concepts of quantization is of fundamental importance
in modern physics. These concepts are equally influential in mathematics. The
problems appearing in the physical treatments give a whole variety of questions to
be solved by mathematicians. Even more, quantization challenges mathematicians
to develop corresponding mathematical concepts with necessary rigor. Not only
that they are inspiring in the sense that we mathematician provide solutions, but
these developments will help to advance our mathematical disciplines. It is not
the place here to try to give some precise definition what is quantization. I only
mention that one mathematical aspect of quantization is to pass from the classical
“commutative” world to the quantum “non-commutative” world. There are many
possible aspects of this passage. One way is to replace the algebra of classical
physical observables (functions depending locally on “position” and “momenta”),
i.e. the commutative algebra of functions on the phase-space manifold, by a non-
commutative algebra of operators acting on a certain Hilbert space. Another way
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258 MARTIN SCHLICHENMAIER

is to “deform” the pointwise product in the algebra of functions into some non-
commutative product x. The first method is called operator quantization, the
second deformation quantization and the product x is called a star product. In
both cases by some limiting process the classical situation should be recovered. I
did not touch the question whether it is possible at all to obtain such objects if one
poses certain desirable conditions. For example, the desired properties for the star
product (to be explained in the article further down) does not allow to deform the
product inside of the function algebra for all functions. One is forced to pass to the
algebra of formal power series over the functions and deform there. The resulting
object will be a formal deformation quantization.

A special case of the operator method is geometric quantization. One chooses
a complex hermitian (pre)quantum line bundle on the phase space manifold. The
operators act on the space of global sections of the bundle or on suitable subspaces.
In the that we can endow our phase-space manifold with the structure of a Kéahler
manifold (and only this case we are considering here) we have a more rigid situation.
Our quantum line bundle should carry a holomorphic structure, if the bundle exists
at all. The passage to the classical limit will be obtained by considering higher and
higher tensor powers of the quantum line bundle. The sections of the bundle are
the candidates of the quantum states. But they depend on too many independent
variables. In the K&hler setting there is the naturally defined subspace of holomor-
phic sections. These sections are constant in anti-holomorphic directions. They
will be the quantum states. This selection is sometimes called Kéhler polarization.

In this review we will mainly deal with another type of operators on the space
of holomorphic sections of the bundle. These will be the Toeplitz operators. They
are naturally defined for Kahler manifolds. The assignment defines the Berezin-
Toeplitz (BT) quantization scheme. Berezin himself considered it for certain special
manifold [11], [15].

Being a quantum line bundle means that the curvature of the holomorphic
hermitian line bundle is essentially equal to the Kéahler form. See Section 2 for the
precise formulation. A K&hler manifold is called quantizable if it admits a quantum
line bundle. We will explain below that this is really a condition which not always
can be fulfilled.

The author in joint work with Martin Bordemann and Eckhard Meinrenken [18]
showed that at least in the compact quantizable Kahler case the BT-quantization
has the correct semi-classical limit behavior, hence it is a quantization, see The-
orem [3.3] In the compact Kahler case the operator of geometric quantization is
asymptotically related to the Toeplitz operator, see (BII). The details are pre-
sented in Section

The special feature of the Berezin-Toeplitz quantization approach is that it
does not only provide an operator quantization but also an intimately related star
product, the Berezin-Toeplitz star product xpp. It is obtained by “asymptotic
expansion” of the product of the two Toeplitz operators associated to the two
functions to be x-multiplied, see ([4]). After recalling the definition of a star product
in Section ] the results about existence and the properties of xgr are given in
Section These are results of the author partly in joint work with Bordemann,
Meinrenken, and Karabegov. The star product is a star product of separation of
variables type (in the sense of Karabegov) or equivalently of Wick type (in the
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BEREZIN-TOEPLITZ QUANTIZATION 259

sense of Bordemann and Waldmann). We recall Karabegov’s construction of star
products of this type. In particular, we discuss his formal Berezin transform.

In Section [l we introduce the disc bundle associated to the quantum line bundle
and introduce the global Toeplitz operators. The individual Toeplitz operators for
each tensor power of the line bundle correspond to its modes. The symbol calculus
of generalized Toeplitz operators due to Boutet de Monvel and Guillemin [21] is
used to prove some parts of the above mentioned results. In Section B3] as an
illustration we explain how xpr is constructed.

Other important techniques which we use in this context are Berezin-Rawnsley’s
coherent states, co- and contra-variant symbols [24] [25] [26] [27]. Starting from
a function on M, assigning to it its Toeplitz operator and then calculating the co-
variant symbol of the operator will yield another function. The corresponding map
on the space of function is called Berezin transform I, see Section [l The map will
depend on the chosen tensor power m of the line bundle. Theorem [7.2] obtained
jointly with Karabegov, shows that it has a complete asymptotic expansion. One
of the ingredients of the proof is the off-diagonal expansion of the Bergman kernel
in the neighborhood of the diagonal [57].

With the help of the Berezin transform I the Berezin star product can be
defined

fxpg=II""(f)xr I *(9)).

In Karabegov’s terminology both star products are dual and opposite to each other.

In Section B3] a summary of the naturally defined star products are given.
These are xpr, *p, *gg (the star product of geometric quantization), gy (the
star product of Bordemann and Waldmann constructed in a manner a la Fedosov,
see Section [0.1]). The star products xgr, *xgw are of separation of variables type,
*pg also but with the role of holomorphic and antiholomorphic variables switched,
*c@ is neither nor. The first three star products are equivalent.

How the knowledge of the asymptotic expansion of the Berezin transform will
allow to calculate the coefficients of the Berezin star product and recursively of the
Berezin-Toeplitz star product is explained in Section B4l

In the Section [l we consider the Bordemann-Waldmann star product [19] and
make some remarks how graphs are of help in expressing the star product in a
convenient form. The work of Reshetikhin and Takhtajan [77], Gammelgaard [48],
and Huo Xu [92], [93] are sketched.

In an excursion we describe Kontsevich’s construction [59] of a star product
for arbitrary Poisson structures on R".

The closing Section [1] gives some applications of the Berezin-Toeplitz quanti-
zation scheme.

This review is based on a talk which I gave in the frame of the Thematic
Program on Quantization, Spring 2011, at the University of Notre Dame, USA.
Some of the material was added on the basis of the questions and the discussions
of the audience. T am grateful to the organizers Sam Evens, Michael Gekhtman,
Brian Hall, and Xiaobo Liu, and to the audience. All of them made this activity
such a pleasant and successful event. In its present version the review supplements
and updates [85],[86]. Other properties, like the properties of the coherent state
embedding, more about Berezin symbols, traces and examples can be found there.
In particular, [85] contains a more complete list of related works of other authors.
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2. The geometric setup

In the following let (M, w) be a Kéhler manifold. This means M is a complex
manifold (of complex dimension n) and w, the Kéahler form, is a non-degenerate
closed positive (1,1)-form. In the interpretation of physics M will be the phase-
space manifold. (But besides the jargon we will use nothing from physics here.)
Further down we will assume that M is compact.

Denote by C*°(M) the algebra of complex-valued (arbitrary often) differen-
tiable functions with associative product given by point-wise multiplication. After
forgetting the complex structure of M, our form w will become a symplectic form
and we introduce on C°°(M) a Lie algebra structure, the Poisson bracket {.,.}, in
the following way. First we assign to every f € C°° (M) its Hamiltonian vector field
Xy, and then to every pair of functions f and g the Poisson bracket {.,.} via

(2.1) w(Xy, ) =df (), {fig}=w(Xs Xy).
In this way C°°(M) becomes a Poisson algebra, i.e. we have the compatibility

The next step in the geometric set-up is the choice of a quantum line bundle. In
the Kéahler case a quantum line bundle for (M,w) is a triple (L, h, V), where L is a
holomorphic line bundle, h a Hermitian metric on L, and V a connection compatible
with the metric h and the complex structure, such that the (pre)quantum condition

CuI‘VL7v(X, Y) = Vva - VYVX - V[X,Y] = —iw(X, Y),

2.3
(23) in other words cwrvy vy = —iw

is fulfilled. By the compatibility requirement V is uniquely fixed. With respect
to a local holomorphic frame of the bundle the metric A will be represented by a
function . Then the curvature with respect to the compatible connection is given
by 00 log h. Hence, the quantum condition reads as

(2.4) 190logh =w .

If there exists such a quantum line bundle for (M, w) then M is called quantizable.
Sometimes the pair manifold and quantum line bundle is called quantized Kéhler
manifold.

REMARK 2.1. Not all Kéhler manifolds are quantizable. In the compact Kahler
case from (2.3)) it follows that the curvature is a positive form, hence L is a positive
line bundle. By the Kodaira embedding theorem [83] there exists a positive tensor
power L®™0 which has enough global holomorphic sections to embed the complex
manifold M via these sections into projective space PV (C) of suitable dimension N.
By Chow’s theorem [83] it is a smooth projective variety. The line bundle L®™o
which gives an embedding is called very ample. This implies for example, that only
those higher dimensional complex tori are quantizable which admit “enough theta
functions”, i.e. which are abelian varieties.

A warning is in order, let ¢ : M ~ PN (C) be the above mentioned embedding
as complex manifolds. This embedding is in general not a Kéhler embedding, i.e.
¢*(wps) # w, where wrg is the standard Fubini-Study Kihler form for PN (C).
Hence, we cannot restrict our attention only on Ké&hler submanifolds of projective
space.
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BEREZIN-TOEPLITZ QUANTIZATION 261

For compact Kéhler manifolds we will always assume that the quantum bundle
L itself is already very ample. This is not a restriction as L®™ will be a quantum
line bundle for the rescaled Kéahler form mgw for the same complex manifold M.

Next, we consider all positive tensor powers of the quantum line bundle:
(L™, hm), V(™) here L™ := L®™ and h("™ and V("™ are naturally extended.
We introduce a product on the space of sections. First we take the Liouville form
Q= %w”‘ as volume form on M and then set for the product and the norm on
the space I'oo (M, L™) of global C*°-sections (if they are finite)

(2.5) (o, ) == /N . el = Ve

Let L2(M, L™) be the L2-completed space of bounded sections with respect to this
norm. Furthermore, let I’Z o(M, L™) be the space of global holomorphic sections of
L™ which are bounded. It can be identified with a closed subspace of L?(M, L™).
Denote by

(2.6) ™ . L2(M, L™) = T (M, L™)

the orthogonal projection.

If the manifold M is compact “being bounded” is of course no restriction.
Furthermore, I (M, L™) = T'% (M, L™) and this space is finite-dimensional. Tts
dimension N(m) := dim Ty (M, L™) will be given by the Hirzebruch-Riemann-
Roch Theorem [83]. Our projection will be

(2.7) ™ L2(M, L™) — Do (M, L™) .

If we fix an orthonormal basis sl(m),l =1,...,N(m) of Tpo (M, L™) therl]

N(m)

(2.8) e () = 3 (si™, ) - 5™

=1

3. Berezin-Toeplitz operator quantization

Let us start with the compact Kéahler manifold case. I will make some remarks
at the end of this section on the general setting. In the interpretation of physics, our
manifold M is a phase-space. Classical observables are (real-valued) functions on
the phase space. Their values are the physical values to be found by experiments.
The classical observables commute under pointwise multiplication. One of the
aspects of quantization is to replace the classical observable by something which
is non-commutative. One approach is to replace the functions by operators on a
certain Hilbert space (and the physical values to be measured should correspond
to eigenvalues of them). In the Berezin-Toeplitz (BT) operator quantization this is
done as follows.

DEFINITION 3.1. For a function f € C°°(M) the associated Toeplitz operator
T}m) (of level m) is defined as

(3.1) T3 =1 (£ Thor(M,L™) = Thor(M, L™) .

1In my convention the scalar product is anti-linear in the first argument.
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262 MARTIN SCHLICHENMAIER

In words: One takes a holomorphic section s and multiplies it with the differentiable
function f. The resulting section f - s will only be differentiable. To obtain a
holomorphic section, one has to project it back on the subspace of holomorphic
sections.

With respect to the explicit representation (2.8 we obtain

N(m)

(3.2) T}Em)(s) = Z (sl(m),fs> sl(m).

=1

After expressing the scalar product (2.0) we get a representation of T;m) as an
integral

N(m)

(33)  TI(s)(x) = / 1) [ S h ™, ) w) 5™ @) | ).
=1

M

The space Tpoi (M, L™) is the quantum space (of level m). The linear map
(34) T :C®(M) = End(Thot(M, L™)), f— T =1(f) m e Ny

is the Toeplitz or Berezin-Toeplitz quantization map (of level m). It will neither
be a Lie algebra homomorphism nor an associative algebra homomorphism as in
general

T T = 10 (£ T () T 2 T (fg0) 1T = T3

For M a compact Kéhler manifold it was already mentioned that the space I'yo; (M, L™)
is finite-dimensional. On a fixed level m the BT quantization is a map from the
infinite dimensional commutative algebra of functions to a noncommutative finite-
dimensional (matrix) algebra. A lot of classical information will get lost. To recover
this information one has to consider not just a single level m but all levels together

as done in the

DEFINITION 3.2. The Berezin-Toeplitz (BT) quantization is the map

(3.5) (M) = [] End(Tra(M, L), f = (T )men,-

meNp

In this way a family of finite-dimensional (matrix) algebras and a family of
maps are obtained, which in the classical limit should “converges” to the algebra
C°°(M). That this is indeed the case and what “convergency” means will be made

precise in the following.
Set for f € C°°(M) by |f|co the sup-norm of f on M and by

(m)
. 17" s]]
(3.6) T8 = sup L
SEThot (M,L™) ||S||
s7#0

the operator norm with respect to the norm Z3) on T'po (M, L™).

That the BT quantization is indeed a quantization in the sense that it has the
correct semi-classical limit, or that it is a strict quantization in the sense of Rieffel,
is the content of the following theorem from 1994.
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THEOREM 3.3. [Bordemann, Meinrenken, Schlichenmaier] [18]
(a) For every f € C>®(M) there exists a C > 0 such that

¢ m

(3.7) o= < ITF < Il -
In particular, lim, oo HTJEm)H = |floo-
(b) For every f,g € C>(M)

. m m m 1
(3.8) lmi [T, T =Tl = 0
(c) For every f,g € C(M)

m m m 1

(3.9) T — Tl = 0=

The original proof uses the machinery of generalized Toeplitz structures and oper-
ators as developed by Boutet de Monvel and Guillemin [21]. We will give a sketch
of some parts of the proof in Section [l and Section In the meantime there
also exists other proofs on the basis of Toeplitz kernels, Bergman kernels, Berezin
transform etc. Each of them give very useful additional insights.

We will need in the following from [18]

PROPOSITION 3.4. On every level m the Toeplitz map
C%®(M) = End(Tpot (M, LU™)),  f =T,
18 surjective.

Let us mention that for real-valued f the Toeplitz operator T;m) will be self-
adjoint. Hence, they have real-valued eigenvalues.

REMARK 3.5. (Geometric Quantization.) Kostant and Souriau introduced the
operators of geometric quantization in this geometric setting. In a first step the
prequantum operator associated to the bundle L™ (and acting on its sections) for

the function f € C*°(M) is defined as P;-m) = vﬁ?}n) + if -id. Here X](cm) is
f

the Hamiltonian vector field of f with respect to the Kéhler form w(™ = m - w
and Vﬁ:?,)n) is the covariant derivative. In the context of geometric quantization

one has to choose a polarization. This corresponds to the fact that the “quantum
states”, i.e. the sections of the quantum line bundle, should only depend on “half
of the variables” of the phase-space manifold M. In general, such a polarization
will not be unique. But in our complex situation there is a canonical one by
taking the subspace of holomorphic sections. This polarization is called Kdhler
polarization. This means that we only take those sections which are constant in
anti-holomorphic directions. The operator of geometric quantization with Kahler
polarization is defined as

(3.10) Q" =™ pm)

By the surjectivity of the Toeplitz map there exists a function f,,, depending on
the level m, such that Q;m) = T}:). The Tuynman lemma [89] gives

(3.11) QM =i,
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where A is the Laplacian with respect to the Kdhler metric given by w. It should
be noted that for (BI1]) the compactness of M is essential.

As a consequence, which will be used later, the operators ngm) and the T;-m)
have the same asymptotic behavior for m — oco.

REMARK 3.6. (The non-compact situation.) If our K&hler manifold is not
necessarily compact then in a first step we consider as quantum space the space
of bounded holomorphic sections I'% ,(M, L™). Next we have to restrict the space
of quantizable functions to a subspace of C*° (M) such that the quantization map
B3) (now restricted) will be well-defined. One possible choice is the subalgebra
of functions with compact support. After these restrictions the Berezin-Toeplitz
operators are defined as above. In the case of M compact, everything reduces to
the already given objects. Unfortunately, there is no general result like Theorem [3.3]
valid for arbitrary quantizable Ké&hler manifolds (e.g. for non-compact ones). There
are corresponding results for special important examples. But they are more or less
shown by case by case studies of the type of examples using tools exactly adapted
to this situation. See [85] for references in this respect.

REMARK 3.7. (Auxiliary vector bundle.) We return to the compact manifold
case. It is also possible to generalize the situation by considering an additional
auxiliary hermitian holomorphic line bundle F. The sequence of quantum spaces is
now the space of holomorphic sections of the bundles £ ® L™. For the case that F
is a line bundle this was done, e.g. by Hawkins [51], for the general case by Ma and
Marinescu, see [64] for the details. See also Charles [32]. By the hermitian struc-
ture of F we have a scalar product and a corresponding projection operator from
the space of all sections to the space of holomorphic sections. The Toeplitz operator
T;m) is defined for f € C*°(M, End(E)). The situation considered in this review
is that E equals the trivial line bundle. But similar results can be obtained in the
more general set-up. This is also true with respect to the star product discussed
in Section @B. Of special importance, beside the trivial bundle case, is the case
when the auxiliary vector bundle is a square root Ly of the canonical line bundle
Ky, ie. me = Ky (if the square root exists). Recall that Ky = A" Qr, where
n = dimg M and Q,s is the rang n vector bundle of holomorphic 1-differentials.
The corresponding quantization is called quantization with metaplectic corrections.
It turns out that with the metaplectic correction the quantization behaves better
under natural constructions. An example is the Quantization Commutes with Re-
duction problem in the case that we have a well-defined action of a group G on
the compact (quantizable) Kéhler manifold with G-equivariant quantum line bun-
dle. Under suitable conditions on the action we have a linear isomorphy of the
G-invariant subspace of the quantum spaces H?(M, L™)% with the quantum spaces
HY(M//G,(L//G)™). This was shown by Guillemin and Sternberg [49]. But this
isomorphy is not unitary. If one uses the quantum spaces with respect to the meta-
plectic correction then at least it is asymptotically (i.e. m — o0) unitary. This was
shown independentlyﬁ and with slightly different aspects by Ma and Zhang [66]
(partly based on work of Zhang [96]) and by Hall and Kirwin [50]. See also [63].

2For E not a line bundle the Berezin-Toeplitz star product is a star product in
C> (X, End(E))[[v]]. This might be considered as a quantization with additional internal de-
grees of freedom, see [64, Remark 2.27].

3] am grateful to Xiaonan Ma for pointing this out to me.
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For interesting details about these approaches see also the article of Kirwin [58]
explaining some of the relations. For the general singular situation, see Li [60].

Another case when the quantization with metaplectic correction is more func-
torial is if one considers families of Kéhler manifolds as they show up e.g. in the
context of deforming complex structures on a given symplectic manifold. See work
by Charles [33] and Andersen, Gammelgaard and Lauridsen [6].

4. Deformation quantization — star products

4.1. General definitions. There is another approach to quantization. One
deforms the commutative algebra of functions “into non-commutative directions
given by the Poisson bracket”. It turns out that this can only be done on the
formal level. Ome obtains a deformation quantization, also called star product.
This notion was around quite a long time. See e.g. Berezin [13],[15], Moyal [69],
Weyl [91], etc. Finally, the notion was formalized in [9]. See [36] for some historical
remarks.

For a given Poisson algebra (C*°(M), -, {, }) of smooth functions on a manifold
M, a star product for M is an associative product x on A := C°°(M)[[v]], the space
of formal power series with coefficients from C°° (M), such that for f,g € C*(M)

(1) fxg=/f-g modv,
(2) (fxg—gxf)/v=—-i{f,g} modv.

The star product of two functions f and g can be expressed as

(41) f*g:ZVka(f,g), Ck(fvg)ecoo(M),
k=0

and is extended C|[v]]-bilinearly. It is called differential (or local) if the Cy(, )
are bidifferential operators with respect to their entries. If nothing else is said one
requires 1 x f = f x 1 = f, which is also called “null on constants”.

REMARK 4.1. (Existence) Given a Poisson bracket, is there always a star prod-
uct? In the usual setting of deformation theory there always exists a trivial de-
formation. This is not the case here, as the trivial deformation of C*°(M) to A
extending the point-wise product trivially to the power series, is not allowed as it
does not fulfill the second condition for the commutator of being a star product
(at least not if the Poisson bracket is non-trivial). In fact the existence problem is
highly non-trivial. In the symplectic case different existence proofs, from different
perspectives, were given by DeWilde-Lecomte [34], Omori-Maeda-Yoshioka [71],
and Fedosov [44]. The general Poisson case was settled by Kontsevich [59]. For
more historical information see the review [36].

Two star products x and +” for the same Poisson structure are called equivalent
if and only if there exists a formal series of linear operators

B= ZBM’, B; : O (M) — C*(M),
=0

with By =id such that B(f)+ B(g) = B(f xg).
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To every equivalence class of a differential star product its Deligne-Fedosov
class can be assigned. It is a formal de Rham class of the form

1.1
(12) A(x) € 7 (o] + H3p(M, O)[[v])).
This assignment gives a 1:1 correspondence between equivalence classes of star

products and such formal forms.

In the Ké&hler case we might look for star products adapted to the complex
structure. Karabegov [52] introduced the notion of star products with separation
of variables type for differential star products. The star product is of this type if
in Ck(.,.) for k > 1 the first argument is only differentiated in holomorphic and
the second argument in anti-holomorphic directions. Bordemann and Waldmann
in their construction [19] used the name star product of Wick typeH All such star
products * are uniquely given (not only up to equivalence) by their Karabegov form
kf (%) which is a formal closed (1,1) form. We will return to it in Section 3]

4.2. The Berezin-Toeplitz deformation quantization.

THEOREM 4.2. [18],[78],[80],[81],[57] There exists a unique differential star

product
(4.3) frprg=> VvFCi(f.9)
such that

(m) (1Y o)

m (m) ~ - m
(4.4) T ~ Y (m> Tew(t.00

k=0
This star product is of separation of variables type with classifying Deligne-Fedosov
class cl and Karabegov form kf
1,1 ) -1
(4.5) c(xpr) = T(;[w] - 5), kf(xpr) = —w + Wean-
First, the asymptotic expansion in ([@4]) has to be understood in a strong operator
norm sense. For f,g € C°°(M) and for every N € N we have with suitable constants
Kn(f,g) for all m

j N
(m) m 1 (m) 1
(4.6) Ty -y (—m) ch(f,g)IISKN(f,g)< ) :

X m
0<j<N

Second, the used forms, resp. classes are defined as follows. Let Kj; be the
canonical line bundle of M, i.e. the n'" exterior power of the holomorphic bundle
of 1-differentials. The canonical class d is the first Chern class of this line bundle,
ie. §:=c1(Kp). If we take in Ky the fiber metric coming from the Liouville form
Q then this defines a unique connection and further a unique curvature (1, 1)-form
Wean- In our sign conventions we have § = [weqn]. The Karabegov form will be
introduced in Section A3l

4In Karabegov’s original approach the role of holomorphic and antiholomorphic variables are
switched, i.e. in the approach of Bordemann-Waldmann they are of anti-Wick type. Unfortunately
we cannot simply retreat to one these conventions, as we really have to deal in the following with
naturally defined star products and relations between them, which are of separation of variables
type of both conventions.
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REMARK 4.3. Using Theorem B3 and the Tuynman relation (311 one can
show that there exists a star product xgq given by asymptotic expansion of the
product of geometric quantization operators. The star product x¢q is equivalent
to *pr, via the equivalence B(f) := (id — I/%)f. In particular, it has the same
Deligne-Fedosov class. But it is not of separation of variables type, see [81].

4.3. Star product of separation of variables type. In [62] 53] Karabegov
not only gave the notion of separation of variables type, but also a proof of exis-
tence of such formal star products for any Kéhler manifold, whether compact, non-
compact, quantizable, or non-quantizable. Moreover, he classified them completely
as individual star product not only up to equivalence.

In this set-up it is quite useful to consider more generally pseudo-Kéahler man-
ifolds (M,w_1), i.e. complex manifolds with a non-degenerate closed (1, 1)-form
w_1 not necessarily positive. (In this context it is convenient to denote by w_; the
w we use at other places of the article.)

A formal form

(4.7 W=(1/v)w_1+wo+rvws +...

is called a formal deformation of the form (1/v)w_1 if the forms w,., r > 0, are closed
but not necessarily nondegenerate (1,1)-forms on M. Karabegov showed that to
every such @ there exists a star product x. Moreover he showed that all deformation
quantizations with separation of variables on the pseudo-Kéhler manifold (M,w_1)
are bijectively parameterized by the formal deformations of the form (1/v)w_;. By
definition the Karabegov form kf(x) : =, i.e. it is taken to be the & defining *.

Let us indicate the principal idea of the construction. First, assume that we
have such a star product (A := C*°(M)[[v]],*). Then for f,g € A the operators
of left and right multiplication Ly, R, are given by Lyg = fxg = Ry f. The asso-
ciativity of the star-product % is equivalent to the fact that Ly commutes with R,
for all f,g € A. If a star product is differential then Ly, R, are formal differential
operators. Now Karabegov constructs his star product associated to the deforma-
tion @ in the following way. First he chooses on every contractible coordinate chart
U C M (with holomorphic coordinates {zx}) its formal potential

(4.8) O=(1/)®_14+Pg+vP+..., & =iddd.

Then the construction is done in such a way that the left (right) multiplication
operators La@a% (Rai/azl) on U are realized as formal differential operators
= 03/07 4+ 0/07.

(4.9) L =00/0z, + 0/0z,, and R

0% /02y, 0% /0%
The set L(U) of all left multiplication operators on U is completely described as the
set of all formal differential operators commuting with the point-wise multiplication
operators by antiholomorphic coordinates Rz = z and the operators R,z Jon"
From the knowledge of £L(U) the star product on U can be reconstructed. This
follows from the simple fact that Ly(1) = g and Ly(Lg)(1) = f x g. The operator
corresponding to the left multiplication with the (formal) function g can recursively
(in the v-degree) be calculated from the fact that it commutes with the operators
Ry5 o5 The local star-products agree on the intersections of the charts and define
the global star-product x on M. See the original work of Karabegov [52] for these
statements.
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We have to mention that this original construction of Karabegov will yield a
star product of separation of variables type but with the role of holomorphic and
antiholomorphic variables switched. This says for any open subset U C M and
any holomorphic function a and antiholomorphic function b on U the operators L,
and Rj are the operators of point-wise multiplication by a and b respectively, i.e.,
L, =aand R, =b.

The construction of Karabegov is on one side very universal without any re-
striction on the (pseudo) Kéhler manifold. But it does not establish any connection
to an operator representation. The existence of such an operator representation is
related in a vague sense to the quantization condition. The BT deformation quanti-
zation has such a relation and singles out a unique star product. Modulo switching
the role of holomorphic and anti-holomorphic variable x g7 corresponds to a unique
Karabegov form. This form is given in (@H]). The identification is done in Sec-
tion BT further down. That the form starts with (—1/v)w is due to the fact that
the role of the variables have to be switched to end up in Karabegov’s classification.

4.4. Karabegov’s formal Berezin transform. Given a pseudo-Kéhler man-
ifold (M,w_1). In the frame of his construction and classification Karabegov as-
signed to each star products x with the separation of variables property the formal
Berezin transform I.. It is as the unique formal differential operator on M such
that for any open subset U C M, antiholomorphic functions ¢ and holomorphic
functions b on U the relation

(4.10) axb=1(b-a)=1I(bxa),

holds true. The last equality is automatic and is due to the fact, that by the
separation of variables property b x a is the point-wise product b - a. He shows

(4.11) I= Zli Vi, I;:C®(M)— C®(M), Iy=id, I, =A.
1=0

Let us summarize. Karabegov’s classification gives for a fixed pseudo-Kahler man-
ifold a 1:1 correspondence between

(1) the set of star products with separation of variables type in Karabegov conven-
tion and

(2) the set of formal deformations (L) of w_;.

Moreover, the formal Berezin transform I, determines the x uniquely.

We will introduce further down a Berezin transform in the set-up of the BT
quantization. In [57] it is shown that its asymptotic expansion gives a formal
Berezin transform in the sense of Karabegov, associated to a star product related
to xpr explained as follows.

4.5. Dual and opposite star products. Given for the pseudo-Kéhler man-
ifold (M,w_1) a star product x of separation of variables type (in Karabegov con-
vention) Karabegov defined with the help of I = I, the following associated star
products. First the dual star-product x on M is defined for f,g € A by the formula

(4.12) frg=1""(1(g) xI(f))-

It is a star-product with separation of variables but now on the pseudo-Kéhler
manifold (M, —w_1). Denote by @ = —(1/v)w_1 + & + v&1 + ... the formal form
parameterizing the star-product *. By definition @ = kf(%). Its formal Berezin
transform equals 7!, and thus the dual to % is again * .
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Given a star product, the opposite star product is obtained by switching the
arguments. Of course the sign of the Poisson bracket is changed. Now we take the
opposite of the dual star-product, ¥’ = %°?, given by

(4.13) fHg=g*f=1"I(f)*Ig))

It defines a deformation quantization with separation of variables on M, but with
the roles of holomorphic and antiholomorphic variables swapped - in contrast to *.
But now the pseudo-Kéhler manifold will be (M,w_1). Indeed the formal Berezin
transform I establishes an equivalence of the deformation quantizations (A, ) and

(A, ).

How is the relation to the Berezin-Toeplitz star product xgr of Theorem E.21?
There exists a certain formal deformation @ of the form (1/v)w which yields a star
product x in the Karabegov sense [57]. The opposite of its dual will be equal to
the Berezin-Toeplitz star product, i.e.

(414) *BT = %P = *I .

The classifying Karabegov form kf(*) will be the form ([@H]). Here we fix the con-
vention that we take for determining the Karabegov form of the BT star product the
Karabegov form of the opposite one to adjust to Karabegov’s original convention,
ie.
(4.15) kfGepr) = kf(xpr) = kf ().
As % is a star product for the pseudo-Kéhler manifold (M, —w) the kf(xpr) starts
with (—=1/v)w.

The formula [@I3]) gives an equivalence between x and *pr via I . Hence,

we have for the Deligne-Fedosov class cl(x) = cl(*pr), see the formula [@H). We
will identify @ = kf(*) in Section [R1]

5. Global Toeplitz operators

In this section we will indicate some parts of the proofs of Theorem and
Theorem B3l For this goal we consider the bundles L™ over the compact Kéhler
manifold M as associated line bundles of one unique S'-bundle over M. The
Toeplitz operator will appear as “modes” of a global Toeplitz operator. Moreover,
we will need the same set-up to discuss coherent states, Berezin symbols, and the
Berezin transform in the next sections.

5.1. The disc bundle. Recall that our quantum line bundle L was assumed
to be already very ample. We pass to its dual line bundle (U, k) := (L*,h~') with
dual metric k. In the example of the projective space, the quantum line bundle is
the hyperplane section bundle and its dual is the tautological line bundle. Inside
the total space U, we consider the circle bundle

Q:={\eU|k(\N) =1},

and denote by 7: Q — M (or 7 : U — M) the projections to the base manifold M.
The bundle @ is a contact manifold, i.e. there is a 1-form v such that
W= %T*Q A v is a volume form on (). Moreover,

(5.1) /Q ne= [ e, vrec=qn.
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Denote by L2(Q,u) the corresponding L2-space on . Let H be the space of
(differentiable) functions on ) which can be extended to holomorphic functions on
the disc bundle (i.e. to the “interior” of the circle bundle), and H(™) the subspace
of H consisting of m-homogeneous functions on ). Here m-homogeneous means
Y(eX) = ™p(N). For further reference let us introduce the following (orthogonal)
projectors: the Szegd projector

(5.2) I L2(Q, 1) = H,
and its components the Bergman projectors
(5.3) ™ L2(Q, u) — H™.

The bundle @ is a S'—bundle, and the L™ are associated line bundles. The
sections of L™ = U~™ are identified with those functions ¥ on @ which are homo-
geneous of degree m. This identification is given on the level of the L? spaces by

the map

(5.4) Yt L2(M, L™) — L*(Q, ), s+, where

(5.5) Us(a) = a®"(s(r(a))).

Restricted to the holomorphic sections we obtain the unitary isomorphism
(5.6) Ym : Thot(M, L™) =2 1™,

5.2. Toeplitz structure. Boutet de Monvel and Guillemin introduced the
notion of a Toeplitz structure (II, X) and associated generalized Toeplitz operators
[21]. If we specialize this to our situation then II is the Szegd projector (5.2) and
3} is the submanifold

(5.7) S={tv(N)|Ae@,t>0} Cc T"Q\O0

of the tangent bundle of @ defined with the help of the 1-form v. It turns out that
Y is a symplectic submanifold, a symplectic cone.

A (generalized) Toeplitz operator of order k is an operator A : H — H of the
form A=T1I-R-II where R is a pseudo-differential operator (TDO) of order k on
Q. The Toeplitz operators constitute a ring. The symbol of A is the restriction of
the principal symbol of R (which lives on T*Q) to . Note that R is not fixed by A,
but Boutet de Monvel and Guillemin showed that the symbols are well-defined and
that they obey the same rules as the symbols of ¥DOs. In particular, the following
relations are valid:

(58) O'(AlAQ) = U(Al)U(A2)7 O'([A17A2]) = i{O'(Al),O'(AQ)}E.

Here {., .}y is the restriction of the canonical Poisson structure of T*Q to ¥ coming
from the canonical symplectic form on T*(Q. Furthermore, a Toeplitz operator of
order k with vanishing symbol is a Toeplitz operator of order k — 1.

We will need the following two generalized Toeplitz operators:

10
(1) The generator of the circle action gives the operator D, = ———, where ¢

io
is the angular variable. It is an operator of order 1 with symbol ¢. It c()pperates on
H(™) as multiplication by m.
(2) For f € C>®(M) let M; be the operator on L?(Q, u) corresponding to
multiplication with 7*f. We set

(5.9) TfZH-Mf-HI H—H .
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As My is constant along the fibers of 7, the operator Ty commutes with the circle
action. Hence we can decompose

o0

(5.10) Ty =[] 7™

m=0
where T(m) denotes the restriction of T to H™)  After the identification of H (™)
with Fhol(M L™) we see that these T(m) are exactly the Toeplitz operators T(m)

introduced in Section Bl We call T the global Toeplitz operator and the T(m) the
local Toeplitz operators. The operator T is of order 0. Let us denote by TE ¥ C
T*Q — @ — M the composition then we obtain for its symbol o(Ty) = 755 (f).

5.3. The construction of the BT star product. To give a sketch of the
proof of Theorem -2 we will need the statements of Theorem B3l The part (a) of
this theorem we will show with the help of the asymptotic expansion of the Berezin
transform in Section [[.3l The other parts will be sketched here, too. Full proofs of
Theorem can be found in [81], [80]. Full proofs of Theorem B.3]in [18].

Let the notation be as in the last subsection. In particular, let T} be the

Toeplitz operator, D, the operator of rotation, and T;m), resp. (m-) their projec-
tions on the eigenspaces H(™ = T, (M, L™).

(a) The definition of the C;(f,g) € C*(M)
The construction is done inductively in such a way that

(5.11) Ay = D)TsT, = Y DY Tc (1.

is always a Toeplitz operator of order zero. The operator Ay is Sl-invariant, i.e.
D,-An = An - D,. As it is of order zero his symbol is a function on (). By the
Sl-invariance the symbol is even given by (the pull-back of) a function on M. We
take this function as next element Cn(f,g) in the star product. By construction,
the operator An —Tc (r,q) is of order —1 and Ayy1 = Dy (An — Ty (1,)) is of
order 0 and exactly of the form given in (B1T]).

The induction starts with

(5.12) Ao =TTy, and

(5.13) 0(A0) = 0(T))o(T,) = 73(f) - 75(0) = 75(f - 9)

Hence, Co(f,g) = f - g as required.

It remains to show statement (LG about the asymptotics. As an operator of
order zero on a compact manifold Ay is bounded (¥DOs of order 0 on compact
manifolds are bounded). By the S'-invariance we can write A = [[°-_, A(™) where

A is the restriction of A on the orthogonal subspace (™. For the norms we
get [|AU™)]| < ||A]|. If we calculate the restrictions we obtain

(5.14) [mN T T — ZmN TG, ol = ARV < AN -

After dividing by mv Equatlon ([#5) follows. Bilinearity is clear. For N = 1 we
obtain ([33) and Theorem B3] Part (c).
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(b) The Poisson structure
First we sketch the proof for (3.8)). For a fixed t > 0

(5.15) Sei={t-v(\) [AeQ} C .

It turns out that wy|y, = —t75iw . The commutator [Ty, T,] is a Toeplitz operator
of order —1. From the above we obtain with (&) for the symbol of the commutator

(5.16)  o([Ty, Ty)(tr(N) = H{r5f, g }e(tv(N) = =it {f, ghm(T(N)) -
We consider the Toeplitz operator
(5.17) A= D3 [Ty, Ty] + iDy Typ gy -

Formally this is an operator of order 1. Using o(T(y,4) = 753{f, 9} and o(D,) =t
we see that its principal symbol vanishes. Hence it is an operator of order 0. Arguing
as above we consider its components A and get ||A(™)|| < ||A||. Moreover,

(5.18) A = Ay = mP [T, TE) + imT (7,

Taking the norm bound and dividing it by m we get part (b) of Theorem B3l Using
(E8) the norms involved indeed coincide.

For the star product we have to show that Cy(f,g9) — C1(g, f) = —i{f,g}. We
write explicitly (B.I4]) for N = 2 and the pair of functions (f, g):
(5.19) [m2 T TS — mATE —mTll), N <K

A corresponding expression is obtained for the pair (g, f). If we subtract both
operators inside of the norm we obtain (with a suitable K”)

2 (m) p(m m) p(m) (m) (m)
(5.20) |m®(T™ T =TT = m(TE, = Terl, Il < K

Dividing by m and multiplying with i we obtain

: pp(m) a(m)y _ p(m) _oL
5.21 mi [T, T T —0(—).
(5.21) [l i [T, T i(Cl(f,g)—Cl(g,f))H ()
Using the asymptotics given by Theorem B3|(b) for the commutator we get
(m) 1
5.22 T =0(—).
(5:22) I (£.93—1(C1(f.9)~Crla.0)) =0
Taking the limit for m — oo and using Theorem B3|(a) we get
(5.23) {f, 9} = 1(C1(f,9) = Ci(g, /)l =0

Hence indeed, {f,g} = i(Ci(f,g) — Ci(g, f)). For the associativity and further
results, see [81].

Within this approach the calculation of the coefficient functions C(f,g) is
recursively and not really constructive. In Section B4] we will show another way
how to calculate the coefficients. It is based on the asymptotic expansion of the
Berezin transform, which itself is obtained via the off-diagonal expansion of the
Bergman kernel.

In fact the Toeplitz operators again can be expressed via kernel functions also
related to the Bergman kernel. In this way certain extensions of the presented
results are possible. See in particular work by Ma and Marinescu for compact
symplectic manifolds and orbifolds. One might consult the review [64] for results
and further references.
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For another approach (still symbol oriented) to Berezin Toeplitz operator and
star product quantization see Charles [31], [30].

6. Coherent states and symbols

Berezin constructed for an important but limited classes of K&hler manifolds
a star product. The construction was based on his covariant symbols given for do-
mains in C". In the following we will present their definition for arbitrary compact
quantizable Kéahler manifolds.

6.1. Coherent states. We look again at the relation (5.5
s(a) = a®"(s(1(a))),

but now from the point of view of the linear evaluation functional. This means, we

fix & € U\ 0 and vary the sections s.
The coherent vector (of level m) associated to the point aw € U\ 0 is the element

e™ of Thor(M, L™) with
(6.1) (e, 5) = ¥s(a) = a®™(s(1(a)))
for all s € Ty (M, L™). A direct verification shows eEZL) =c". e((xm) for c € C* :=

C\ {0}. Moreover, as the bundle is very ample we get el # 0.
This allows the following definition.

DEFINITION 6.1. The coherent state (of level m) associated to x € M is the
projective class

(6.2) elm = [el™] € P(Thot(M,L™)), a7 Yz),a#0.
The coherent state embedding is the antiholomorphic embedding
(6.3) M = PCwa(M,L™) = PV(Q©), oM.

See [10] for some geometric properties of the coherent state embedding.

REMARK 6.2. A coordinate independent version of Berezin’s original definition
and extensions to line bundles were given by Rawnsley [76]. It plays an important
role in the work of Cahen, Gutt, and Rawnsley on the quantization of Kéhler
manifolds [24), 25, [26], 27], via Berezin’s covariant symbols. In these works the
coherent vectors are parameterized by the elements of L\ 0. The definition here
uses the points of the total space of the dual bundle U. It has the advantage that
one can consider all tensor powers of L together on an equal footing.

6.2. Covariant Berezin symbol.

DEFINITION 6.3. For an operator A € End(T},;(M, L(™)) its covariant Berezin
symbol (™) (A) (of level m) is defined as the function
(e((lm), Ae&m))

(e, ™)
Using the coherent projectors (with the convenient bra-ket notation)

(m)y /s (m)
(m) _ lea ") (ea | —1
(6.5) P = —<e(m) e(m)> ) acT (x)

(6.4) c™(A): M = C, z— o™ (A)(z):= , aeT (z)\{0}.
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it can be rewritten as o™ (A) = Tr(APm(m)). In abuse of notation o € 77 !(z)
should always mean « # 0.

6.3. Contravariant Symbols. We need Rawnsley’s epsilon function e(™)
[76] to introduce contravariant symbols in the general Kahler manifold setting.
It is defined as

R (e, &5 ()
< (m) (m)>

€a ", Cx

(6.6) €™ M = C®(M), z— ™ (x):= ,aeT ).

As €™ > 0 we can introduce the modified measure ng)(x) = €™ (2)Q(x) on
the space of functions on M. If M is a homogeneous manifold under a transitive
group action and everything is invariant, e(™ will be constant. This was the case
considered by Berezin.

DEFINITION 6.4. Given an operator A € End (T} (M, L(™)) then a con-
travariant Berezin symbol (™) (A) € C*(M) of A is defined by the representation
of the operator A as an integral

(67) A= [ oM@ P o @),
M
if such a representation exists.

We quote from [85] Prop. 6.8] that the Toeplitz operator T;-m) admits such a
representation with (") (T;m)) = f. This says, the function f itself is a contravari-

ant symbol of the Toeplitz operator T;m). Note that the contravariant symbol is
not uniquely fixed by the operator. As an immediate consequence from the sur-
jectivity of the Toeplitz map it follows that every operator A has a contravariant
symbol, i.e. every operator A has a representation (G.7)). For this we have to keep
in mind, that our Kéhler manifolds are compact.

Now we introduce on End (01 (M, L(™)) the Hilbert-Schmidt norm (A, C) 4 =
Tr(A*-C). In [79] (see also [86]), we showed that

(m)

€

(6.8) (A,T) o = (0™ (A), f)

This says that the Toeplitz map f — Tf(m) and the covariant symbol map A —

o™ (A) are adjoint. By the adjointness property from the surjectivity of the
Toeplitz map the following follows.

PROPOSITION 6.5. The covariant symbol map is injective.

Other results following from the adjointness are

(6.9) (T = / fom = / oM(TE™) Q).
M M
(6.10) dim Ty, (M, L™) = / Qim — / ™ () Q.
M M

In particular, in the special case that ¢(™)(z) = const then
E(m) _ dlm Fhol(M, Lm)
volg(M)

(6.11)
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6.4. The original Berezin star product. Under very restrictive conditions
on the manifold it is possible to construct the Berezin star product with the help of
the covariant symbol map. This was done by Berezin himself [13],[14] and later by
Cahen, Gutt, and Rawnsley [24][25][26][27] for more examples. We will indicate
this in the following.

Denote by A(™) < C°°(M), the subspace of functions which appear as level
m covariant symbols of operators. By Proposition for the two symbols o(™)(A)
and a(m)(B) the operators A and B are uniquely fixed. Hence, it is possible to
define the deformed product by

(6.12) o™ (A) k() 0"™(B) := o™ (A B).

Now *(,,) defines on A an associative and noncommutative product.
It is even possible to give an expression for the resulting symbol. For this we
introduce the two-point function
<e,(1m), e(ﬁm)><e(m), e&m)>
( (m) (m)><e(m) e(m)>

€a ", Cx

(6.13) Y (a,y) =

with « = 77}(z) and 8 = 771(y). This function is well-defined on M x M.
Furthermore, we have the two-point symbol
<e£ym)7 Aegn)>

(et ef™)

(6.14) o™ (A)(z,y) =

It is the analytic extension of the real-analytic covariant symbol. It is well-defined
on an open dense subset of M x M containing the diagonal. Then

<e£{”>, A-B e&m))

(6.15) "™ (A) x(m) 0™ (B)(z) = "™ (A B)(x) = (el

K 60(
= [ (e A Be)
<60’ y Ca > M <eﬂ , eﬁ >

- /M U(m)(A)(xvy) : U(m)(B)(%x) : ¢(m)($>y) : ng)(@/) .

The crucial problem is how to relate different levels m to define for all possible
symbols a unique product not depending on m. In certain special situations like
those studied by Berezin, and Cahen, Gutt and Rawnsley the subspaces are nested
into each other and the union A = J,,y A(™) is a dense subalgebra of C>(M).
This is the case if the manifold is a homogeneous manifold and the epsilon function
(™) is a constant. A detailed analysis shows that in this case a star product is
given.

For related results see also work of Moreno and Ortega-Navarro [68], [67]. In
particular, also the work of Englis [42], [47], 40}, [39]. Reshetikhin and Takhtajan [77]
gave a construction of a (formal) star product using formal integrals (and associated
Feynman graphs) in the spirit of the Berezin’s covariant symbol construction, see
Section

In Section using the Berezin transform and its properties discussed in the
next section (at least in the case of quantizable compact Kéhler manifolds) we will
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introduce a star product dual to the by Theorem [£.2lexisting xgr. It will generalizes
the above star product.

7. The Berezin transform and Bergman kernels
7.1. Definition and asymptotic expansion of the Berezin transform.
DEFINITION 7.1. The map
(7.1) 100 (M) — C¥(M),  f e I0(f) o= o™ (™),
obtained by starting with a function f € C°°(M), taking its Toeplitz operator
T}m), and then calculating the covariant symbol is called the Berezin transform (of
level m).

To distinguish it from the formal Berezin transforms introduced by Karabegov
for any of his star products sometimes we will call the above the geometric Berezin
transform. Note that it is uniquely fixed by the geometric setup of the quantized
Kahler manifold.

From the point of view of Berezin’s approach the operator T;m) has as a con-

travariant symbol f. Hence I(™ gives a correspondence between contravariant
symbols and covariant symbols of operators. The Berezin transform was intro-
duced and studied by Berezin [14] for certain classical symmetric domains in C™.
These results where extended by Unterberger and Upmeier [90], see also Englis
[40, 41}, 42] and Englis and Peetre [43]. Obviously, the Berezin transform makes
perfect sense in the compact Kéhler case which we consider here.

THEOREM 7.2. [57] Given x € M then the Berezin transform I (f) has a
complete asymptotic expansion in powers of 1/m as m — oo

(72) (@)~ LA
=0

where I; : C®(M) — C(M) are linear maps given by differential operators,
uniformly defined for all x € M. Furthermore, In(f) = f, LI(f)=Af.

Here A is the Laplacian with respect to the metric given by the Kéahler form w.
By complete asymptotic expansion the following is understood. Given f € C*°(M),
x € M and an N € N then there exists a positive constant A such that

e 1 A
(m) _ , il kel
SGEED L I
The proof of this theorem is quite involved. An important intermediate step of
independent interest is the off-diagonal asymptotic expansion of the Bergman kernel
function in the neighborhood of the diagonal, see [57]. We will discuss this in the

next subsection.

7.2. Bergman kernel. Recall from Section [B] the definition of the Szego pro-
jectors 11 : L2(Q,u) — H and its components 110" : L2(Q,u) — H™, the
Bergman projectors. The Bergman projectors have smooth integral kernels, the
Bergman kernels By, («, 8) defined on @ x @, i.e.

(7.3) 0™ (4) () = /Q Bunl, BYb(B)u(B).
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The Bergman kernels can be expressed with the help of the coherent vectors.
PROPOSITION 7.3.

(74) Bm(a, 6) = '(/)egm) (Oé) = we,(lm) (ﬁ) — <et()zm)7 el(Bm)>

For the proofs of this and the following propositions see [57], or [82].
Let 2,y € M and choose o, € Q with 7(«) = = and 7(8) = y then the

functions
(7.5) U () == B (o, ) = (e&m),egm)>,
(7.6) Vm (,9) = Bin (0, B) - Bun (B, 00) = (), ™) - (e, elm)

are well-defined on M and on M x M respectively. The following proposition gives
an integral representation of the Berezin transform.

PROPOSITION 7.4.

(1)) (@) = = /Q Bu(a, )Bon (3, 0) 7 F(B)u(B)

1
1
= @ eI 90)

Typically, asymptotic expansions can be obtained using stationary phase inte-
grals. But for such an asymptotic expansion of the integral representation of the
Berezin transform we will not only need an asymptotic expansion of the Bergman
kernel along the diagonal (which is well-known) but in a neighborhood of it. This
is one of the key results obtained in [57]. It is based on works of Boutet de Monvel
and Sjostrand [23] on the Szegd kernel and in generalization of a result of Zelditch
[95] on the Bergman kernel on the diagonal. The integral representation is used
then to prove the existence of the asymptotic expansion of the Berezin transform.
See [82] for a sketch of the proof.

Having such an asymptotic expansion it still remains to identify its terms. As
it was explained in Section 3] Karabegov assigns to every formal deformation
quantizations with the “separation of variables” property a formal Berezin trans-
form I. In [67] it is shown that there is an explicitely specified star product x
(see Theorem 5.9 in [57]) with associated formal Berezin transform such that if
we replace % by the formal variable v in the asymptotic expansion of the Berezin
transform 0™ f(z) we obtain I(f)(z). This will finally prove Theorem We
will exhibit the star product x in Section 81l

(7.7)

Of course, for certain restricted but important non-compact cases the Berezin
transform was already introduced and calculated by Berezin. It was a basic tool in
his approach to quantization [12]. For other types of non-compact manifolds similar
results on the asymptotic expansion of the Berezin transform are also known. See
the extensive work of Englis, e.g. [40].

REMARK 7.5. More recently, direct approaches to the asymptotic expansion
of the Bergman kernel (outside the diagonal) were given, some of them yielding
low order coeflicients of the expansion. As examples, let me mention Berman,
Berndtsson, and Sjostrand, [16], Ma and Marinescu [63], Dai. Lui, and Ma [35].
See also Englis [39].
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7.3. Proof of norm property of Toeplitz operators. In [79] I conjectured
[T2) (which we later proved in joint work with Karabegov) and showed how such
an asymptotic expansion supplies a different proof of Theorem B3, Part (a). For
completeness I reproduce the proof here.

PROPOSITION 7.6.
(7.8) ™ (Pl = 0™ (T )oo < TN < |floo -

PROOF. Using Cauchy-Schwarz inequality we calculate (z = 7(«))
(7.9)
|<6(m) T(m) (m)>|2 (T](cm) (m) T(m) ((lm)>

o (1™ ()2 = < [ITE™2

<
<egm) (m)> <§1) ( )>

OL

Here the last inequality follows from the definition of the operator norm. This shows
the first inequality in (Z.8]). For the second inequality introduce the multiplication

operator My™ on Too(M,L™). Then ||Tf™|| = [T M™ 110™|| < [|M{™]]
and for ¢ € Too (M, L™), ¢ #0
Um)\WWM| hw@f¢mmihf HOL GO

[l [? Jar B (0, 0)Q [y B (g, 000 =i
Hence,

m m 1M gl
(7.11) 7™ < |M™ || = sup ——— f < floo-
o0 el
O

PrROOF. (Theorem B3] Part (a).) Choose as z. € M a point with |f(z.)| =
|floo- From the fact that the Berezin transform has as leading term the identity
it follows that [(I7™) f)(z.) — f(x¢)] < C/m with a suitable constant C. Hence,
|f(ze)] = 1T f)(e)]| < C/m and

C C
12 - == - = < jam < Ml
(7.12) | floo m |f(ze) m = I( Nl < | floo
Putting (Z8) and (ZI2) together we obtain
¢ m
(7.13) flo=— < TN < Ul -

8. Berezin transform and star products

8.1. Identification of the BT star product. In [57] there was another
object introduced, the twisted product

(8.1) RU™(f,g) == o™(T{™ - T{™) .

Also for it the existence of a complete asymptotic expansion was shown. It was
identified with a twisted formal product. This allowed relating the BT star prod-
uct with a special star product within the classification of Karabegov. From this
the properties of Theorem of locality, separation of variables type, and the
calculation to the classifying forms and classes for the BT star product follows.
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As already announced in Section [£3] the BT star product xgr is the opposite
of the dual star product of a certain star product x. To identify x we will give its
classifying Karabegov form & . As already mentioned above, Zelditch [95] proved
that the function u,, ([Z3) has a complete asymptotic expansion in powers of 1/m.
In detail he showed

=1
(8.2) Uy () ~ M" Z — bi(z), by =1.
k=0

If we replace in the expansion 1/m by the formal variable v we obtain a formal
function s defined by

(8.3) e’(x) = Z VP by ().
k=0

Now take as formal potential (48]

~ 1
P=-P_ ;1 +s5,
14

where ®_; is the local Kahler potential of the Kahler form w = w_;. Then & =
i 00®. It might also be written in the form

1 _
(8.4) W= -w+F(@{00log B, (a,a)).
v
Here we denote the replacement of 1/m by the formal variable v by the symbol F.

8.2. The Berezin star products for arbitrary Kihler manifolds. We
will introduce for general quantizable compact Kéhler manifolds the Berezin star
product. We extract from the asymptotic expansion of the Berezin transform (7.2))
the formal expression

(8.5) I=Y"Lv', I,:C®M)—C™(M),
=0

as a formal Berezin transform, and set

(8.6) fxpg=II""(f)*xpr I7(9))-

As Iy = id this xp is a star product for our Kéhler manifold, which we call the
Berezin star product. Obviously, the formal map I gives the equivalence transfor-
mation to xgr. Hence, the Deligne-Fedosov classes will be the same. It will be of
separation of variables type but with the role of the variables switched. We showed
in [57] that I = I, with star product given by the form (84]). We can rewrite (8.0])
as

(8.7) frprg=1""(I(f)*5 1(g)).

and get exactly the relation ([I3]). Hence, x = xp and both star products xg and
*pr are dual and opposite to each other.

When the definition with the covariant symbol works (explained in Section [6.4))
*p will coincide with the star product defined there.
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8.3. Summary of naturally defined star products for compact Kahler
manifolds. By the presented techniques we obtained for quantizable compact
Kéhler manifolds three different naturally defined star products xpr, *gqg, and
*pg. All three are equivalent and have classifying Deligne-Fedosov class
1,1 1)

(8-8) cl(xpr) = cl(xB) = Cl(*GQ) = T(I/[w] - 5)

But all three are distinct. In fact g is of separation of variables type (Wick-type),
*p is of separation of variables type with the role of the variables switched (anti-
Wick-type), and xg¢g neither. For their Karabegov forms we obtain (see [57],[85])

(8.9) kf(xgr) = _le + Wean - kf(xg) = %w + F(i001og tm).

The function u,, was introduced above as the Bergman kernel evaluated along the
diagonal in Q X Q.

REMARK 8.1. Based on Fedosov’s method Bordemann and Waldmann [19]
constructed also a unique star product xgy which is of Wick type, see Section
The opposite star product has Karabegov form kf(x7h-) = —(1/v)w and it has
Deligne-Fedosov class cl(xpw) = +(L[w] + %) [64]. Tt will be equivalent to xpr if
the canonical class is trivial.

More precisely, in [54] Karabegov considered the “anti-Wick” variant of the
Bordemann-Waldmann construction. This yields a star product with separation
of variables in the convention of Karabegov. It has Karabegov form (1/v)w and
the same Deligne-Fedosov class as (88). Hence, it is equvialent to xgr. Recently,
in [65], [56] Karabegov gave a more direct construction of the star product with
Karabegov form (1/v)w. Karabegov calls this star product standard star product.

8.4. Application: Calculation of the coefficients of the star products.
The proof of Theorem gives a recursive definition of the coefficients Ck(f, g).
Unfortunately, it is not very constructive. For their calculation the Berezin trans-
form will also be of help. Theorem shows for quantizable compact Kéahler
manifolds the existence of the asymptotic expansion of the Berezin transform (72)).
We get the formal Berezin transform I = F(I(™)), see (83]), which is the formal
Berezin transform of the star product xp

1= LV, I;:C®M)—C®(M).
=0

We will show that if we know I explicitely we obtain explicitly xg by giving the
coefficients C2(f, g) of xp. For this the knowledge of the coefficients CET(f, g) for
*p7 Will not be needed. All we need is the existence of xgr to define xg. The
operators I; can be expressed (at least in principle) by the asymptotic expansion
of expressions formulated in terms of the Bergman kernel.

As I is the formal Berezin transform in the sense of Karabegov assigned to xp
we get for local functions f, g , f anti-holomorphic, g holomorphic

(8.10) frg=1(g-f)=1(g*f)
Expanding the formal series for xg (1)) and for I ([85]) we get for the coefficients
(8.11) CP(f,9) = Iulg - f).
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Let us take local complex coordinates. As g is a differential star product, the
CP are bidifferential operators. As xp is of separation of variables type, in CP the
first argument is is only differentiated with respect to anti-holomorphic coordinates,
the second with respect to holomorphic coordinates. Moreover, it was shown by
Karabegov that the C}, are bidifferential operators of order (0, %) in the first argu-
ment and order (k,0) in the second argument and that I} is a differential operator
of type (k, k).

As f is anti-holomorphic, in I} it will only see the anti-holomorphic derivatives.
The corresponding is true for the holomorphic g. By locality it is enough to consider
the local functions z; and z; and we get that CP can be obtained by “polarizing”
I

In detail, if we write I as summation over multi-indices (i) and (j) we get

. H)+() . -
(8.12) Ie= > 555 % €CT(M)
(1),(4) (1) €]
and obtain for the coefficient in the star product xg
- oW f 9lg
W0 bz 5 0z

(8.13) CP(fig)= ) a
(0:0)

where the summation is limited by the order condition. Hence, knowing the com-
ponents Ij of the formal Berezin transform I gives us C2.

From I we can recursively calculate the coefficients of the inverse I~ ! as I starts
with id. From fxprg=I"1(I(f)*pI(g)), which is the Relation (8.6) inverted, we
can calculate (at least recursively) the coefficients C27. In practice, the recursive
calculations turned out to become quite involved.

The chain of arguments presented above was based on the existence of the
Berezin transform and its asymptotic expansion for every quantizable compact
Kahler manifold. The asymptotic expansion of the Berezin transform itself is again
based on the asymptotic off-diagonal expansion of the Bergman kernel. Indeed, the
Toeplitz operator can also be expressed via the Bergman kernel. Based on this it is
clear that the same procedure will work for those non-compact manifolds for which
we have at least the same (suitably adapted) objects and corresponding results.

REMARK 8.2. In the purely formal star product setting studied by Karabegov
[62] the set of star products of separation of variables type, the set of formal Berezin
transforms, and the set of formal Karabegov forms are in 1:1 correspondence. Given
I, the star product * can be recovered via the correspondence ([B12) with (8I3).
What generalizes xpp in this more general setting is the dual and opposite of *.

EXAMPLE 8.3. As a simple but nevertheless instructive case let us consider
k = 1. Recall that n is the complex dimension of M. Starting from our K&hler
form w expressed in local holomorphic coordinates z; as w = i Z? i1 Gijdz; N\ dz;
the Laplace-Beltrami operator is given by

2
= z‘]
(8.14) A ;g 520,
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here (%) is as usual the inverse matrix to (g;;). B The Poisson bracket is given (up
to e which is a factor of signs, complex units, and factors of 1/2 due to preferred
conventions) by

iy (9F 99 _ 9f 9g
= . 1‘7 —_— — —
(8.15) {f’ g} ‘ Z,ng (851 8zj 82]' 0z;
From I; = A we deduce immediately with (814)
; OF 09
B _ ig 2J YT
The inverse of I starts with id — Av + ..... If we isolate using ([B1) from
(8.17) (id — Av)(((id + Av) f) xp ((id + Av)g))

the terms of order one in v we get

(8.18)  CPT(f.9)=CP(f.9)+ (Af)g+ f(Ag) — A(fg) = — Zg

,J

i 9f 99
0z; 82]‘ ’

This is of course not a surprise. We could have it deduced also directly. Our star
products are of separation of variables type and the C; have to have a form like
BI8) (or (BIR)) with coefficients a”/ which a priori could be different from g%
and —g% respectively. From C;(f,g) —Ci(g, f) = —i{f, g} it follows that they are
equal.

Calculating the higher orders can become quite tedious. First of course the
Berezin transform is only known in closed form for certain homogeneous spaces. For
general (compact) manifolds by Proposition [[4] its asymptotic expansion can be
expressed in terms of asymptotic expansions of the Bergman kernel. The Bergman
kernel can be expressed locally with respect to adapted coordinates via data as-
sociated to the Kahler metric. Hence the coefficients C’,f and C’ET can be also
expressed in these data. In case that the Berezin transform exists it was an impor-
tant achievement of Mirek Englis to exploit this in detail also in the noncompact
case, under the condition that the Berezin transform exists [39], [42]. He calculated
small order terms in the star products.

Later, Marinescu and Ma used also Bergman kernel techniques in a different
way even in the case of compact symplectic manifolds and orbifolds and allowing
an auxiliary vector bundles. In their approach they introduced Toeplitz kernels and
calculated small order terms for the Berezin-Toeplitz star product [65]. A Berezin
transform does not show up. See [64] for a review of their techniques, results and
further reference to related literature. See also results of Charles [30], [31], [32],
[33].

9. Other constructions of star products — Graphs

9.1. Bordemann and Waldmann. [19] Fedosov’s proof of the existence of
a star product for every symplectic manifold was geometric in its very nature [44].
He considers a certain infinite-dimensional bundle W — M of formal series of
symmetric and antisymmetric forms on the tangent bundle of M. For this bundle

5From the context it should be clear that ¢ and gij are unrelated objects.
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he defines the fiber-wise Weyl product. Denote by W the sheaf of smooth sections
of this bundle, with o as induced product.

Starting from a symplectic torsion free connection he constructs recursively
what is called the Fedosov derivation D for the sheaf of sections. It is flat, in the
sense that D? = 0. The kernel of D is a o-subalgebra. Let WV be the elements of
W for which the values have antisymmetric degree zero. The natural projection to
the symmetric degree zero part gives a linear isomorphism from the o-subalgebra
oc:Wp =kerDNW — C®(M)[[v]]. The algebra structure of Wp gives the star
product we were looking for, i.e. f*g := o(7(f) o 7(g)) with 7 the inverse of o
which recursively can by calculated.

In case that M is an arbitrary K&hler manifold, Bordemann and Waldmann
[19] were able to modify the set-up by taking the fiber-wise Wick product. By
a modified Fedosov connection a star product xgw is obtained which is of Wick
type, i.e. Ci(.,.) for k > 1 has only holomorphic derivatives in the first argument
and anti-holomorphic arguments in the second argument. Equivalently, it is of
separation of variables type. As already remarked earlier, its Karabegov form
is —(1/v)w and it has Deligne-Fedosov class cl(xpw) = +(2[w] + $). It will be
equivalent to the BT star product if the canonical class is trivial.

Later Neumaier [70] was able to show that each star product of separation of
variables type (i.e. the star products opposite to the Karabegov star product from
Section [4.3]) can be obtained by the Bordemann-Waldmann construction by adding
a formal closed (1,1) form as parameter in the construction.

9.2. Reshetikhin and Takhtajan. [77] In the following subsections we will
indicate certain relations between the question of existence and/or the calculation
of coefficients of star products and their description by graphs. One of the prob-
lems in the context of star products is that the questions reduce often to rather
intricate combinatorics of derivatives of the involved functions and other “internal”
geometrical data coming from the manifold, like Poisson form, Kahler form, etc.
One has to keep track of multiple derivations of many products and sums involving
tensors related to the Poisson structure, metric, etc. and the functions f and g. In
this respect graphs are usually a very helpful tool to control the combinatorics and
to find “closed expressions” in terms of graphs.

Berezin in his approach to define a star product for complex domains in C™ used
analytic integrals depending on a real parameter i. Compare this to (615) where
due to compactness we have a discrete parameter 1/m. In these integrals scalar
products of coherent states show up. Similar to Proposition [(.3] they are identical
to the Bergman kernel. Under the condition that the K&hler form is real-analytic
its Kéhler potential ® admits an analytic continuation ®(z,w) on C™ x C™. B The
Bergman kernel can be rewritten with a suitable complementary factor ey (z,w) as

(9.1) Bp(z,w) = 2@ ®ey (2, w).
Moreover, one considers Calabi’s diastatic function

(9.2) O(2,z,w,w) = (2,W0) + ®(w,z) — ®(2,2) — O(w,w).

61n this subsection for the formalism of analytic continuation, it is convenient to write f(z,%)
for a function f on M to indicate its dependence on holomorphic and anti-holomorphic directions.
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The corresponding integral rewrites as
en(z, W)en(w, )

93)  (fHn9)(z7) = /(C (w2 =

where €5 is the A normalized Liouville form. To show that the integral gives
indeed a star product Berezin needs the crucial assumption e;(z,w) is constant.
The desired results are obtained via the Laplace method.

Reshetikhin and Takhtajan consider now such type of integrals (still ignoring
the ex(z,w)) as formal integrals and make a formal Laplace expansion to obtain a
“star” product, which we denote for the moment by e. The coefficients of the ex-
pansion for feg can be expressed with the help of partition functions of a restricted
set G of locally oriented graphs (Feynman diagrams) fulfilling some additional con-
ditions and equipped with additional data. In particular, each I' € G contains two
special vertices, a vertex R with only incoming edges and and a vertex L with only
outgoing edges. Furthermore, the other vertices are divided into two sets, the solid
and the hollow vertices. The “star” product for C" as formal power series in v can
be written as

(@EFwm/hg

,/x(l“)

Here Aut(T") is the subgroup of automorphlsm of the graph I' respecting the special
structure, x(I') is the number of edges of I" minus the number of “solid” vertices.
The crucial part is Dr(f, g) the partition function of the graph I" equipped with cer-
tain additional data. It encodes the information from the formal expansion of the
integral associated to this graph. The special vertex L is responsible for differentiat-
ing f with respect to anti-holomorphic coordinates and R for differentiating g with
respect to holomorphic coordinates. It is sketched that the product e is “functorial”
with respect to holomorphic changes of coordinates and that it defines a formal de-
formation quantization for any arbitrary complex manifold M with Kéhler form w.
But as in general 1 e f £ f £ fe1, ie. it is not null on constants. Essentially this
is due to the fact, that the complementary factors ej(z,w) (@) were not taken
into account. But the obtained algebra contains a unit element e, (z,%) which is
invertible. This unit is used to twist e

(9.5) (f*9)(z2) = e, (2, 2)((fe) o (9 )

to obtain a star product * which is null on constants. As the notation already
indicates, the unit e, (z, %) is related to the formal Bergman kernel evaluated along
the diagonal.

9.3. Gammelgaard. [48] His starting point is the formal deformation & of
the pseudo-Kéahler form w = w_1 given by ([{1). Let x be the unique star product
of separation of variables type (in the convention of Karabegov) associated to @
which exists globally. Gammelgaard gives a local expression of this star product by

LW(D)

(96) frg= Z| Ay o)

This looks similar to ([@4]) but of the set of graphs to be considered are different.
Also the partition functions will be different. Local means that he chooses for every
point a contractible neighborhood such that @ has a formal potential (£.8). The
set Aj is the set of isomorphy classes of directed acyclic graphs (parallel edges are
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allowed) which have exactly one vertex which is a sink (i.e. has only incoming
edges) and one vertex which is a source (i.e. has only outgoing edges). These two
vertices are called external vertices, the other internal. As usual we denote by E the
set of edges and by V the set of vertices of the graph I'. The graphs are weighted
by assigning to every internal vertex v an integer w(v) > —1. Each internal vertex
has at least one incoming and one outgoing edge. If w(v) = —1 then at least 3
edges are connected with v. The total weight W (I') of the graph I' is defined as
the sum W(T') := |E| + ", interna W(v). Isomorphism are required to respect the
structure. Also in this sense |Aut(T")| has to be understood.

To each such graph a certain bidifferential operator is assigned. It involves
the geometric data and the functions f and g. The function f corresponds to
the external vertex which is a source and g to the sink. The internal vertices of
weight k involve —®;, from ([@8)). Incoming edges correspond to taking derivatives
with respect to holomorphic coordinates, outgoing with respect to anti-holomorphic
coordinates. Hence f is only differentiated with respect to anti-holomorphic and g
with respect to holomorphic. The partition function is now obtained by contracting
the tensors with the help of the Kéhler metric.

In the main part of the paper [48] Gammelgaard shows that this definition is
indeed associative and defines locally a star product with the (global) Karabegov
form @ he started with. Hence it is the local restriction of *.

The formula is particularly nice if there are not so many higher order terms
in @. For example for @ = (1/v)w_1, i.e. the “standard star product” only those
graphs contribute for which all vertices have weight —1. For the Berezin star
product we will have in general higher degree contributions, see (89)). But the
opposite of the Berezin-Toeplitz star product has Karabegov form —(1/v)w + wean,
hence only graphs which have only vertices of weight —1 or 0 will contribute. As
Gammelgaard remarks this allows to give explicit formulas for the coefficients of
the BT star product. Recall that for the opposite star product only the role of f
and g is switched.

As an example let me derive the “trivial coefficients”. The only graph of weight
zero is the one consisting on the two external vertices and no edge. Hence Cy(f,g) =
f - g as required. The only graph of weight one consists of the two external vertices
and a directed edge between them. Hence, we obtain for every @ = (1/v)w_1 + ...
the expression (8I6]), and for the Berezin-Toeplitz star product (8I8]) (note that
we have to take the pseudo-Ké&hler form —w_; and switch the role of f and g).
Internal vertices will only show up for weights > 2.

9.4. Huo Xu. [92],[93] His starting point is the Berezin transform. Let us
assume it exists, which at least is true in the case of compact quantizable Kahler
manifolds. As explained in Section B4 via the formula (8I3) the coefficients of
the Berezin star product are given. Based on Engli§’s work [39] Huo Xu found a
very nice way to deal with the Bergman kernel [92] in terms of certain graphs. In
[93] he applies the result to the Berezin transform and Berezin star product. His
formula for the product is

7  frog=Y det(@f;,‘(}i 19) JE1-1V Dr(f,6) = 37 CP(f, g
reg k=0

Here G is a certain subset of pointed directed graphs (i.e. in technical terms it is
the set of strongly connected pointed stable graphs — loops and cycles are allowed)
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consisting of the vertices V U v (with v the distinguished vertex) and edges E.
After erasing the vertex v the graph T'_ is obtained. Now A(T'_) is its adjacency
matrix. |[Aut’(T)| is the number of automorphisms of the pointed graph fixing the
distinguished vector. The only object which is a function is again the partition
function Dr(f,g) of the graph defined like follows. Each such graph T'" encodes
a “Weyl invariant” given in terms of partial derivatives and contractions of the
metric. This defines the partition function, whereas the distinguished vertex is
replaced by “f” and “g”. All incoming edges are associated to f and correspond
to B%i derivatives and all outgoing are associated to g and correspond to aizi' For
the precise formulations of his results I refer to his work.

For small orders he classifies the graphs and calculates for k& up to three the
CB(f,g) and CPT(f,g) in terms of the metric data. But again the reformulation
to explicit formulas tend to become quite involved with increasing k.

The approaches via graphs presented in Sections 0.2} [0.3] and for sure are
in some sense related as they center around the same objects. But the set of
graphs considered are completely different. Further investigation is necessary to
understand this relation. See in this direction the very recent preprint of Xu [94].

10. Excursion: The Kontsevich construction

Kontsevich showed in [59] the existence of a star product for every Poisson
manifold (M, {.,.}). In fact he proves the more general formality conjecture which
implies the existence. It is not my intention even to give a sketch of this here.
Furthermore, in the Kéhler case we are in the symplectic case and there are other
existence and classification proofs obtained much earlier. Nevertheless, as we are
dealing with graphs and star product in the previous section, it is very interesting
to sketch his explicit formula for the star product in terms of Feynman diagrams.

He considers star products for open sets in R? with arbitrary Poisson structure
given by the Poisson bivector & = («%). In local coordinates {z;} the Poisson
bracket is given as

d
(10.1) (F0hw) = Y a¥(0)afdse, 0= o
i,j=1 v

The star product is defined by

(102) frg=fg+3 <§) S wrDr(f.g).
n=1

regn

Here G, is a certain subset of graphs of order n, and the partition function Dr
is a bidifferential operator involving the Poisson bivector a (of homogeneity n).
The graph I" encodes which derivatives have to be taken in Dr and wr is a weight
function.

More precisely, G,, consists of oriented graphs with n + 2 vertices, labeled by
1,2,...,n,L, R, such that at each numbered vertex [i], ¢ = 1,...,n exactly two
edges e} = (i,v1(i)) and €? = (i,v2(7)) start and end at two different other vertices
(including L and R) but not at [i] itself. Each such graphs has 2n edges. Denote
by Er the set of edges. The number of graphs in G,, is (n(n + 1)) for n > 1 and
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1 for n = 0. The bidifferential operator is defined by

Dr(f,9)= ) ﬁ II one |70 |

I:Er—{1,2,...d} \ k=1 \ ecEr
(10.3)

X H 81(6) f H 8I(e) g.

ecEr ecEr
e=(x,L) e=(*,R)

The summation can be considered as assigning to the 2n edges independent indices
1 <iy,i9,...,19, < d as labels.

ExaMPLE 10.1. Let T be the graph with vertices (1,2, L, R) and edges
=(1,2), ef=(1L), e=(21L), &=(2R)
Then

d
Dr(f,g): Z ( 1”2)(8 azsu)(alz 3f)(ai4g)'

11,12,13,i4=1

The weights w(T") are calculated by considering the upper half-plane H := {z €
C | Im(z) > 0} with the Poincare metric. Let C),(H) := {u € H" | u; # u;, for i #
7} be the configuration space of n ordered distinct points on H. For any two points
z and w on H we denote by ¢(z,w) the (counterclock-wise) angle between the
geodesic connecting z and ico (which is a straight line) and the geodesic between z
and w. Let do(z,w) = gzd)(z w)dz + aw(,zb(z w)dw be the differential. The weight
is then defined as

1 n
(10.4) wr = m /C - AL do(u;, uvl(i)) A dp(ug, Uvz(i)),

with the convention that for L and R the values at the boundary (of H) ur = 0
and ur = 1 are taken.

REMARK 10.2. In [29] Cattaneco and Felder gave a field-theoretical interpre-
tation of the formula (I0.2). They introduce a sigma model defined on the unit
disc D (conformally equivalent to the upper half-plane) with values in the Pois-
son manifold M as target space. The model contains two bosonic fields: (1) X,
which is function on the disc, and (2) n, which is a differential 1-form on D taking
values in the pullback under X of the cotangent bundle of M, i.e. a section of
X*(T*M)®@T*D.

In local coordinates X is given by d functions X;(u) and n by d differential
1-forms n;(u) = >, ;,u(u)du’. The boundary condition for 7 is that for u € 9D,
n;(u) vanishes on vectors tangent to D. The action is defined as

(105) S, = /zm ) A dX(u Za (w) Ay ().

If 0,1, 00 are any three cyclically ordered points on the boundary of the disc, the
star product can be given (at least formally) as the semi-classical expansion of the
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path-integral
1
(10.6) fxg(x) =/ J(X(1)g(X(0)) exp(3S[X, n])dXdn .
X (co)=x h

To make sense of the expansion and to perform the quantization a gauge action
has to be divided out. After this the same formula as by Kontsevich is obtained,
except that in the sum over the graphs also graphs with loops (also called tadpoles)
appear. The corresponding integrals which supply the weights associated to the
graphs with loops are not absolutely convergent. These graphs are removed by a
certain technique called finite renormalization. In this way Cattaneo and Felder
give a very elucidating (partly heuristic) approach to Kontsevich formula for the
star product.

How the Kontsevich construction is related to the other graph construction
presented in Section [@]is unclear at the moment.

11. Some applications of the Berezin-Toeplitz operators

In this closing section we will give some references indicating some applica-
tions of the Berezin-Toeplitz quantization scheme. The interested reader is invited
to check the quoted literature for full details, and more references. This list of
applications and references is rather incomplete.

11.1. Pull-back of the Fubini-Study metric, extremal metrics, bal-
anced embeddings. Let (M,w) be a Kahler manifold with very ample quantum
line bundle L. After choosing an orthonormal basis of the space 'y, (M, L™) we can
use them to construct an embedding ¢(") : M — PN(™) of M into projective space
of dimension N(m), see Remark 21l On PN(™) we have as standard Kéhler form
the Fubini-Study form wrg (and its associated metric). The pull-back (¢(™)*wps
will define a Kéahler form on M. It will not depend on the orthogonal basis chosen
for the embedding. In general it will not coincide with a scalar multiple of the
Kaéhler form w we started with (see [10] for a thorough discussion of the situation).

It was shown by Zelditch [95], by generalizing a result of Tian [88] and Catlin
[28], that (@(m))*wps admits a complete asymptotic expansion in powers of % as
m — 00.

In fact it is related to the asymptotic expansion of the Bergman kernel (75
along the diagonal. The pullback calculates as [95] Prop.9]

(11.1) (qb(’”))*wFS = mw + 10010 Uy, () .

In our context of star products it is interesting to note that if in (TI)) we replace
1/m by v we obtain the Karabegov form of the star product x5 (89)

(11.2) &= ]F((gb(m))*wps).

The asymptotic expansion of (¢(m))*wps is called Tian-Yau-Zelditch expan-
sion. Donaldson [37], [38] took it as the starting point to study the existence and
uniqueness of constant scalar curvature Kéhler metrics w on compact manifolds.
If they exists at all he approximates them by using so-called balanced metrics on
sequences of powers of the line bundle L obtained by balanced embeddings. Bal-
anced embeddings are embeddings fulfilling certain additional properties introduced
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by Luo [62]. They are related to stability of the embedded manifolds in the sense
of classifications in algebraic geometry.

It should be remarked that the “balanced condition” is equivalent to the fact
that Rawnsley’s [76] epsilon function (G.0]) is constant. See also [85] Prop.6.6].
This function was introduced in 1975 by Rawnsley in the context of quantization
of Kahler manifolds and further developed by Cahen, Gutt, and Rawnsley [24].
In particular it will be constant if the quantization is “projectively induced”, i.e.
coming from the projective space of the coherent state embedding (63]). See Sec-
tion for consequences about the possibility of Berezin’s original construction of
a star product.

Let me give beside the already mentioned a few more names related to the
existence and uniqueness of constant scalar curvature Kéahler metrics: Lu [61],
Arezzo and Loi [8], Fine [45]. For sure much more should be mentioned, but space
limitation do not allow.

11.2. Topological quantum field theory and mapping class groups.
In the context of Topological Quantum Field Theory (TQFT) the moduli space M
of gauge equivalence classes of flat SU(n) connections (possibly with monodromy
around a fixed point) over a compact Riemann surface ¥ plays an important role.
This moduli space carries a symplectic structure w and a complex line bundle
L. After choosing a complex structure on ¥ this moduli space will be endowed
with a complex structure, w will become a Kéhler form and L get a holomorphic
structure. Moreover L will be a quantum line bundle in the sense discussed in
this review. Hence, we can employ the Berezin-Toeplitz quantization procedure
to it. The quantum space of level m will be as above the (finite-dimensional)
space of holomorphic sections of the bundle L™ over M. If we vary the complex
structure on ¥ the differentiable (symplectic) data will stay the same, but the
complex geometric data will vary. In particular, our family of quantum spaces will
define a vector bundle over the Teichmiiller space (which is the space of complex
structures on X). This bundle is called the Verlinde bundle of level m. There is
a canonical projectively flat connection for this bundle, the Axelrod-de la Pietra-
Witten/Hitchin connection.

Via the projection to the subspace of holomorphic section, the Toeplitz opera-
tors will depend on the complex structure. For a fixed differentiable function f on
the moduli space of connections the Toeplitz operators will define a section of the
endomorphism bundle of the Verlinde bundle.

The mapping class group acts on the geometric situation. In particular, it acts
on the space of projectively covariant constant sections of the Verlinde bundle. This
yields a representation of the mapping class group. By general results about the
order of the elements in the mapping class group it cannot act faithfully. But it was
a conjecture of Tuarev, that at least it acts asymptotically faithful. This says that
given a non-trivial element of the mapping class group there is a level m such that
the element has a non-trivial action on the space of projectively covariant constant
sections of the Verlinde bundle of level m.

This conjecture was shown by J. Andersen in a beautiful proof using Berezin-
Toeplitz techniques. For an exact formulation of the statement see [2], resp. the
overview by Andersen and Blaavand [4], and [84].

With similar techniques Andersen could show that the mapping class groups
I'y for genus g > 2 do not have Property (T) [3]. Roughly speaking Property (T)
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means that the trivial representation is isolated (with respect to a certain topology)
in the space of all unitary representations.

There are quite a number of other interesting results shown and techniques de-
veloped by Andersen using Berezin-Toeplitz quantization operators and star prod-
ucts, e.g. in the context of Abelian Chern-Simons Theory [I], modular functors
(joint with K. Ueno) [7], and formal Hitchin connections [5].

11.3. Spectral theory — quantum chaos. The large tensor power behaviour
of the sections of the quantum bundle and of the Toeplitz operators are of interest.

Shiffman and Zelditch considered in [87] the limit distribution of zeros of such
sections. The results are related to models in quantum chaos. See also other
publications of the same authors.

As mentioned in Section Bl the Toeplitz operators associated to real-valued
functions are self-adjoint. Hence, they have a real spectrum. With respect to this
the following result on the trace is of importance

1

(11.3) T (1) = m” <W’L(C)) ar

Q4+ O(m_l)) .
Here n = dim¢ M and Tr™ denotes the trace on End (Lo (M, L™)). See [18],
resp. [81] for a detailed proof.

On the spectral analysis of Toeplitz operators see e.g. articles by Paoletti
[72], [73], [74]. For relation to index theory see e.g. work of Boutet de Monvel,
Leichtnam, Tang, and Weinstein [22], and Bismut, Ma, and Zhang [17].

11.4. Automorphic forms. Another field where the set-up developed in this
review shows up in a natural way is the theory of automorphic forms. For example,
let B = SU(n,1)/S(U(n)xU(1)) be the open unit ball and I' a discrete, cocompact
subgroup of SU(n, 1) then the quotient X = I'/B™ is a compact complex manifold.
Moreover, the invariant Kéahler form on B™ will descends to a Kéahler form w on
the quotient. The canonical line bundle (i.e. the bundle of holomorphic n-forms)
is a quantum line bundle for (X,w).

By definition the sections of the tensor powers of this line bundle correspond to
functions on B™ which are equivariant under the action of I" with a certain factor of
automorphy. In other words they are automorphic forms. The power of the factor
of automorphy is related to the tensor power of the bundle. An important problem
is to construct sections, resp. automorphic forms. For example, Poincaré series are
obtained by an averaging procedure and give naturally such sections. But it is not
clear that they are not identically zero. T. Foth [46] worked in the frame-work
of Berezin-Toeplitz operators to show that at least for higher tensor powers there
are non-vanishing Poincaré series. In this process she used techniques proposed
by Borthwick, Paul, and Uribe [20] and assigns to Legendrian tori sections of the
bundles. By asymptotic expansion the non-vanishing follows. See also [47].
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Commutation of geometric quantization and algebraic
reduction

Jedrzej Sniatycki

ABSTRACT. We discuss conditions under which geometric quantization of a
symplectic manifold (P,w) in terms of a polarization F commutes with alge-
braic reduction of a Hamiltonian action of a connected Lie group G. If F'is a
Kéhler polarization of (P,w), we show that geometric quantization commutes
with algebraic reduction provided the zero level of the momentum map con-
tains a Lagrangian submanifold of (P,w). If G and P are compact, and the
action is free, we recover the results of Guillemin and Sternberg.

We consider also an example of an improper action of G that preserves a
real polarization. We show that, in this example, quantization of algebraic re-
duction gives a space naturally isomorphic to the space of generalized invariant
vectors..

1. Introduction

Commutation of quantization and reduction was first established by Guillemin
and Sternberg in the context of geometric quantization of a Hamiltonian action of
a compact Lie group G on a compact symplectic manifold (P,w) endowed with a
Kéhler polarization F' [5]. They showed that the space of invariant vectors of the
quantization representation of GG has the same dimension as the space obtained by
quantization of the Marsden-Weinstein reduction of the zero level of the momentum
map J : P — g for the action, provided the action of G on J~1(0) is free. They
extended this result to all quantizable coadjoint orbits of GG in terms of the shifting
trick established in [6].

Let Hp denote the Hilbert space of the quantization representation of G in the
Kéhler polarization F' used by Guillemin and Sternberg. Since P is compact, Hp
is finite dimensional. The compactness of G implies that all irreducible unitary
representations « of G are finite dimensional, and can be obtained by geometric
quantization of corresponding quantizable coadjoint orbits O, [9]. Let H, denote
the representation space of the irreducible unitary representation . We have a
direct sum decomposition

(1.1) Hr :Gaamaﬂa,

where m, is the multiplicity of the representation « in the quantization repre-
sentation. The results of Guillemin and Sternberg can be summarized by saying
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that the multiplicity m,, of the representation « in the quantization representation
is determined by geometric quantization of the Marsden-Weinstein reduction at
J7YO0,). Sjamaar has generalized the results of Guillemin and Sternberg to the
case of non-free action of G on J~1(0) [12].

The aim of this paper is to describe commutation of quantization and algebraic
reduction. The advantage of algebraic reduction is that it does not require freeness
or properness of the action of G on (P,w). Algebraic reduction was first introduced
for the zero level of the momentum map by Sniatycki and Wenstein [18]. The
generalization to non-zero coadjoint orbits is due to Kimura [8] and Wilbour [20].
The shifting trick for algebraic reduction was proved by Arms [I].

This presentation is based on an ArXive preprint [14] and papers [3], [15], [16].
An extended analysis of commutation of quantization and reduction for singular
momentum maps will be given in [17].

2. Review of geometric quantization

In this section, we give a brief review of geometric quantization in order to
establish the notation. In particular, we use a sign convention that might differ
from the convention used in other papers in this volume [T

We consider a symplectic manifold (P,w). For each f € C*°(P), the Hamilton-
ian vector field X is given by

(2.1) Xwa = —df,

where _I is the left interior product of a form and a vector field (contraction on the
left). The Poisson bracket of functions f; and fy in C°°(P) is given by

(2.2) {f1. fo} = Xp, (fr).

The Poisson bracket (2.2]) is bilinear, antisymmetric, acts as a derivation
(2.3) {f1, fafs} = folfu, fa} + fs{fo, fol

and satisfies the Jacobi identity

(2.4) S fo}s fo} + {{f2, f3), i} + {{fs, fi}s f2} = 0.

The map of the Poisson algebra of smooth functions on P to the Lie algebra of
vector fields on P, associating to each function f its Hamiltonian vector field Xy,
is a Lie algebra anti-homomorphism. In other words,

(25) X{fhf’z} = _[Xfl’Xf’z]
for all fy, fo € C®(P).
Let
(2.6) ®:GxP—P:(g,p)— Dy(p) =gp

be a Hamiltonian action of a connected Lie group G on (P,w) with an Ad}-
equivariant momentum map J : P — g*. For each £ € g, the action on P of
the 1-parameter subgroup exp t£ of GG is given by translations along integral curves
of the Hamiltonian vector field of J¢, where J¢(p) = (J(p) | &) for every p € P. For

every (,§ € g,
(2.7) {J¢, Je} = J¢ce-

1The sign convention used here follows the tradition etablished in classical mechanics and
theoretical physics; see [19], [13], [21].
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Hence, the map & — J¢ is a Lie algebra homomorphism of g into C*°(P).

According to Dirac, quantization assigns to each element f of a Poisson subal-
gebra CF°(P) of C*°(P), which will be specified later, a selfadjoint operator @, on
a Hilbert space H in such a way that

(2'8) [Q,ﬁ ) sz] = —ihQ{flaf2}

for every fi1,fo € C¥(P) M. If J. € C¥(P) for every £ € g, then the map
& %Q Je is a representation of g on Hp. We are interested in the situation when
this representation integrates to a unitary representation U of G on Hp. The role
of geometric quantization is to describe the subalgebra Cg°(P) and the Hilbert
space ‘Hr in geometric terms.

A polarization F' of a symplectic manifold is an involutive Lagrangian subbun-
dle of T°P = TP ® C. We denote by F the complex conjugate of F and set

D=FNFNTP,and E= (F+ F)NTP.

We assume here that D and F are involutive distributions on P; the spaces P/D
and P/F of integral manifolds of D and E, respectively, are quotient manifolds of P;
and that the canonical projection P/D — P/E is a locally trivial fibration. Under
these assumptions, the distribution F' is locally spanned by Hamiltonian vector
fields of smooth complex-valued functions on P. We refer to these properties of the
polarization F' by saying that F' is strongly admissible.

Of special interest are two extremal cases described below.

Kihler Polarization: A polarization F is Kéhler if F @ F = TCP, and
iw(w,w) > 0 for all non-zero w € F. These assumptions imply that there
is a complex structure J on P such that F' is the space of antiholomorphic
directions. Moreover, P is a Kéhler manifold such that —w is the Kahler
form on P.

Complete Real Polarization: A polarization F is real if F = D¢ = D ®
C, where D is an involutive Lagrangian distribution on P. The assumption
that the space P/D of integral manifolds of D is a quotient manifold of P
implies that leaves of D are affine manifolds. We assume here that leaves
of D are simply connected complete affine manifolds. This implies that
leaves of D are isomorphic to R™, where n = %dim P.

Let C*°(P)% be the space of smooth complex valued functions on P that are
constant along F'; that is,

C®(P)% ={feC®P)®C |uf =0forall uc F}.

Since F is a Lagrangian distribution on TCP, it follows that the Poisson bracket of
every pair of functions f1, fo € C°°(P)% vanishes identically. Hence, C°°(P)Y, is an
abelian Poisson subalgebra of C°°(P). It is a classical analogue of Dirac’s complete
set of commuting observables; see Sec. 14 of reference [4].

We denote by C%°(P) the space of functions on P whose Hamiltonian vector
fields preserve F. In other words, f € C3°(P) if for every h € C*°(P)Y%., the Poisson
bracket {f,h} € C*®(P)%. If f1, fo € C¥(P) and h € C*°(P)% then the Jacobi

identity implies that
{{f1, f2}. b} = —{fo, {f1, h}} + {f1. {f2, h}} € C®(P)}.

Hence, C(P) is a Poisson subalgebra of C*°(P). The Dirac quantization condition
(Z8)) applies to the Poisson algebra C3°(P).
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In order to construct the Hilbert space Hp of geometric quantization, consider
first a complex line bundle A : L — P with a connection V and a connection
invariant Hermitian form (- | -), such that

1
(29) (VXVX/ - VX/VX - V[X,X’])U = EW(X’X/)U

for every pair X, X’ of smooth vector fields on P and for each section o of L, where
h is Planck’s constant divided by 27. Such a line bundle exists if and only if the
de Rham cohomology class [(2rh) " w] is in H?(Z). Let S§°(L) denote the space of
compactly supported smooth sections o of L. It admits a Hermitian scalar product

(2.10) (o1 | 52) = /P (o1 | o™,

where n = 3 dim P. We denote by H the completion of S§°(L) with respect to
the scalar product (ZI0). For each f € C°(P), there exists a densely defined
symmetric operator Py on ‘H such that

(2.11) Pjo = (ilVx, + f)o

for every o € H. If the Hamiltonian vector field X is complete, then Py is self-
adjoint. For each f1, fo € C°(P) and o € S*°(L)

(2.12) [Py, Pyp,] = —ihPyy, 1,

The map f — Pjy given by equation (ZII]) is called the prequantization of
(P,w). The restriction of the prequantization map to the Poisson algebra {J¢ |
€ € g} gives rise to a representation £ — %Pk of the Lie algebra g of G by
skew adjoint operators. We assume that this representation of G integrates to
a unitary representation U of G on H, called the prequantization representation
corresponding to the complex line bundle L.

Prequantization satisfies most conditions of the Dirac program. However, the
interpretation of (o | o)(p) as the probability density of localizing the state o
at a point p € P fails to satisfy the Heisenberg Uncertainty Principle. Moreover,
prequantization representations of quantizable coadjoint orbits fail to be irreducible.

Let F be a polarization of (P,w). We denote by S% (L) the space of smooth
sections of L that are covariantly constant along F'. In other words,

S2(L) = {o € (L) | Vuo =0 Y u € F}.

For each f € C(P), the prequantization operator Py maps Sp(L) to itself. We
denote by @ the linear operator on Sp(L) obtained by restricting the prequanti-
zation operator P to domain Sp(L) and codomain Sp(L). Thus,

(2.13) Qo = (ihVx, + f)o

for every f € C(P) and 0 € Sp(L).

In general, sections in Sp(L) need not be square integrable over P. Hence,
passing to Sg(L), we may have lost the scalar product structure. In order to
obtain a Hermitian scalar product in Sz (L), we often need an additional structure;
for example, a metaplectic structure. In the case of a Kéhler polarization F', the
line bundle L is holomorphic and Sg(L) is the space of holomorphic sections of L.
In this case, there exist non-zero square integrable holomorphic sections of L, and
the representation space of geometric quantization is

(2.14) Hp =HNSp(L).
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For a complete real polarization F = D€ on P, mentioned above, we may consider
sections in Sp(L) as sections of a complex line bundle over P/D, and introduce a
scalar product in Sr(L) by choosing a volume form on P/D.

3. Algebraic reduction
The action ® of G on (P,w) given in (Z0) has an Ad},-equivariant momentum
map J : P — g*. For u € g*, the isotropy group of u is
G ={9€G|Adyu = pu}.

We denote by J,, the ideal in C*°(P), generated by components of J —p : P — g*.
Thus,

k
Tu={>_(J=nul&fil&, .& cgand fi, .., fir € CZ(P)},

i=1
where (&1, ...,&;) is a basis in g. Let C*°(P)/J, be the quotient of C*°(P) by J,..
For each f € C*°(P), the class of f in C*°(P)/J, is denoted by [f],. Since J is
Ad*-equivariant, it follows that for every g € G,

k
oy (Zu — sim)

k
Doy (&) — (| &) B3

=1
k
= ) (@I [ &)@y fi = (u | £)) 5
=1
k
= > (T | Adg&) @ fi — (i | Ady&:)) P}
=1
k
= Y (T — | AdyL)®; f:.
=1

Hence, J,, is G-invariant. This implies that the action ® of G on P induces an
action

O Gy x (CP(P)/T) = C(P) /T - (9, [£10) = 4L = (@1 flu
of G, on C*®(P)/J,. We denote by (C*(P)/J,)% the set of G ,-invariant ele-
ments of C*°(P)/J,; that is,
(C=(P)/ )% ={[flu € C(P)/T) | (@51 flu = [l ¥ g € G}
It follows from the definition that
(3.1) fly € (C=(P)/T,)0% = ® . f— €T, ¥ g€ Gy
In particular,
flu € (CX(P)/T)% = Xy (f) € T ¥ €€ g

where g,, is the Lie algebra of G,. If G, is connected, then the reverse implication
holds.

The Poisson algebra structure on C'*°(P) induces a Poisson algebra structure
on (C*®(P)/J,)¢", with Poisson bracket {[f1],,[f2].}, such that

(3.2) {[fi)ws [folu} = {1, 23
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We refer to (C°(P)/J,)¢" as the Poisson algebra of algebraic reduction of the
action ® on (P,w) at uu € g. Note that (C>(P)/J,)¢* encodes not only information
about the level set J~1 (), but also some information about its inclusion in (P,w).
If @ is free and proper, then algebraic reduction is equivalent to the Marsden-
Weinstein reduction [11]. If ® is proper but not free, then algebraic reduction
need not be equivalent to the singular reduction [2]. Unlike the Marsden-Weinstein
reduction and the singular reduction, the algebraic reduction does not require the
assumption that the action of G is proper.

The “shifting trick” of Guillemin and Sternberg, proved in [6] , establishes
equivalence of the Marsden-Weinstein reduction at u € g* and the Marsden-Weinstein
reduction at 0 € g* of the action of G on the symplectic manifold (]5, @) constructed
as follows. Suppose that the action of G on (P,w) is free and proper. Let O, be
the co-adjoint orbit through p, and €, be the Kirillov-Kostant-Souriau form of O,,.
The product

P=PxO0,,
carries a symplectic form
(3.3) @ = priw & (=pryQy),

where pry : P — P and pro : P — O,, are projections on the first and the second
factor, respectively. The action of G on P, given by

©:Gx P = P:(g,(pN) = 4(p.A) = (Dg(p), AdN),
corresponds to an Ad*-equivariant momentum map
J =priJ —prsl,
where I : O, — g* is the inclusion map. This result was extended by Arms to [1]
to algebraic reduction and an action of G on (P, w) that need not be free or proper.

THEOREM 3.1 (Arms [1)). If G and G,, are connected, and O,, is an embedded
submanifold of g*, then the Poisson algebra (C*°(P)/J,)%* is naturally isomorphic
to the Poisson algebra (C*®(P)/J)%.

Taking into account Theorem 3.1, we may restrict our attention to a quantiza-
tion of the algebraic reduction at 0 € g*, and for p # 0, we can interpret our results
in terms of the natural isomorphism between (C°°(P)/J,)% and (C*°(P)/Jo)¢.

4. Quantization of algebraic reduction at J =0

Suppose that we have a quantization of (P,w) given in terms of a G-invariant
polarization F' and a prequantization line bundle L over P. This means that for
each { € g, the momentum J¢ is quantizable and that the map J¢ %QJ5 is a
representation of g on the space S (L) of smooth sections of L that are covariantly
constant along F. We assume that this representation of g integrates to a linear
representation R of G on S¥(L). We denote by Hp the Hilbert space obtained
by unitarization from S (L), and by U the unitary representation of G on Hp
obtained from the representation R on S (L).

Our aim is to determine how much information about spaces S%° (L) and
'Hg of invariant vectors of representations R and U, respectively, is encoded in
the reduced Poisson algebra, and how this information can be decoded in terms of
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quantization of (C*™(P)/Jy)¢. Since geometric quantization depends on the choice
of polarization and prequantization, we have to quantize (C*(P)/J)¢ in terms of
the polarization F' and the prequantization line bundle L that have been used to
quantize (P,w).

Functions that are quantizable in terms of the polarization F' form a Poisson
algebra C3°(P). Therefore, we can expect that the set of elements of (C*(P)/Jy)¢
that are quantizable in terms of the polarization F' is the Poisson subalgebra

(4.1) (CF(P)/Jo) = (CF(P)/(CF(P) N J)©

of (C®(P)/Jo)¢. For each f € C(P), the equivalence class of f in C(P)/Jy
is denoted by [f]o. Since the group G is connected, the class [f] is G-invariant if
X f € Jo for every € € g.

In order to define the representation space of the geometric quantization of
algebraic reduction at J = 0, consider

JoS®(L) =span{fo | f € Jo and o0 € S*(L)},

where S°°(L) denotes the space of smooth sections of L. For each o € S*°(L), we
denote by [o] € S®(L)/JpS5°°(L) the equivalence class of o.

PROPOSITION 4.1. For each§ € g and o € S*°(L), the class [P j.0] € S*(L)/JoS>(L)
is independent of the choice of the representative o of the class [o] € S*(L)/JoS*(L).

ProOOF. If [0] = [0'] then 0 = o' + ), fiJe,04. Since P, = iV x,, + Je, it
follows that
Py Jc = JePy +ihX, (Jo) = J Py, +ihJicg-

Hence,
Pjo = P;o +PJ§(ZfiJ§iUz’) =P, 0o + ZPJg(J&in'i)
= P0' +Y Je Py (fioi) +ihY X5 (Je)fioi
i i
= Pyo'+ ZJE,;PJg(fiUi) + lhz Jig, g fioi-
Therefore, [P 0] = [P . 0']. O

We have assumed that the action of g on S*°(L), given by (£,0) — %PJEO', inte-
grates to a representation of G on S°°(L). Hence, the action of g on S*°(L)/J, S (L),
given by (¢, [0]) — %[P s, 0], integrates to a representation of G on S>°(L)/J5>(L).

We denote by (S®(L)/JoS5%°(L))¢ the space of G-invariant elements in S (L)/J, S (L).
Since G is connected, it follows that

[0] € (S*(L)/T,S> (L)Y <= P,.0€ J,5%(L) for all £ € g.
PROPOSITION 4.2. The map:
P (C®(P)/J0) x (S(L)/ToS™(L))¢ — (S%(L)/ToS>(L))¢
([f1;[o]) = Pygio] = [Pyo]
is well defined.
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ProOF. For [f] € (C*(P)/Jy)¢, we have X, (f) € Jo. Hence, for each
Jeo € JS>®(L),
Pi(Jeo) = (ihVXf + f)(Jeo) = Jg(iﬁVXf + flo +ih(Xs(Je))o
= Jg(ith.f + f)O' + ih(ng (f))a S joSOO(L)
This implies that, for [f] € (C°°(P)/J)%, the operator P; maps JoS°(L) to itself.
Hence, [P o] does not depend on the representative o of [o].
For kJe € Jo and [o] € (S(L)/JoS>®(L))¢, we have Xy, = kX, + JeXi.
Hence,
Pk;JEO' = (ithl"’Jé +kJ§)O'
= (iﬁkVXkJ& + ihjvak + /4;.]5)0
= ihJeVx,o+ihkP o € Jo8(L).
Therefore, [P o] does not depend on the representative f of [f].

Combining these results, we obtain that an equivalence class [P o] € S*(L)/JpS>(L)
depends only on [o] € (S*(L)/JoS>(L))¢ and [f] € (C°°(P)/Jo)¢. Tt remains to
show that [P o] is G-invariant.

For [f] € (C(P)/J)%, [o] € (S*(L)/ToS>(L)) and & € g,

PJgpr = PfPJ§U+ [Pjg,Pf]O'.
But [o] € (S°°(L)/JoS>*(L))¢ implies Pjo € JoS®(L) so that PyP 0 €
JoS(L) by the first part of the proof. On the other hand,

[P]€7Pf]0' = —ihP{J@f}U = _ih(ith{J@f} + {Jg, f})U
But, {J¢, f} = =X f € Jo because [f] is G-invariant. Hence, {J¢, f} = 3_; f;J¢;
for some f; € C*°(P) and ¢; € g. Moreover, Xy, , = f1.Xy, + foXy, implies that
Z VijJCj = Z(fjvxngj + Jngij ).
J

J
Therefore,

(ith{J@f} + {J§> f})U = Z (lh(ijX]C] + JCJ Vij) + f].]cj) g
J
= Z ((ijJ<j + thngij) o€ JoS*(P,L)

J

because [o] is G-invariant. Therefore, [P o] € (S*®(L)/JoS>(L))C. O

DEFINITION 4.3. The map associating to each [f] € (C°°(P)/J)“ an operator
Py on the space (S*°(L)/JoS5>(L))¢ is a prequantization of the reduced Poisson
algebra.

Next, we take into account the polarization F of (P,w). We assume that F
is strongly admissible, which implies that it is locally spanned by Hamiltonian
vector fields of functions that are constant along F. Quantization in terms of the
polarization ' assigns to each f € C3°(P) an operator Q; on the space Sp7(L) =
{0 € §*(L) | V,o =0 for all u € F'}. Moreover,

Qo= Pyo
for each f € Cp°(P) and 0 € Sg°(L).
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Consider the space
(4.2) (SF(L)/ToS®(L))E = (SF(L)/(SF (L) N ToS> (L))

consisting of G-invariant J)S5°°(L)-equivalence classes of sections in S¥(L). In
other words,

[0] € (SF(L)/ToS®(L))¢ <= Q.0 € JoS™(L) for all £ € g.
The canonical projection map
(4.3) I1: S (L)E — (S(L)/JoS>®(L))C : o+ o]

will play an essential role in the discussion of commutation of geometric quantization
with algebraic reduction.

First, we have to define what we mean by geometric quantization of algebraic
reduction. We begin with the following proposition.

PROPOSITION 4.4. The map
Q : (CR(P)/To) x (SF(L)/ToS¥(L) — (S (L)/ToS>(L))¢
([£): [o]) = Qplo]
1s well defined.

PRrROOF. We know that, if f € C3°(P) and 0 € S§°(L), then Pyo € S°(L). In
Proposition [£2} we have shown that [P o] € (S°°(L)/JoS%°(L))¢ is independent
of the representatives f of [f] € (C®(P)/Jy)% and o of [0] € (S*°(L)/JoS>(L))C.
Therefore, [Po] € (S3°(L)/JoS>(L))¥. Moreover, [P ;o] is independent of the
representative f € C%°(P) of [f] € (C3°(P)/Jo)¢. Similarly, [P ;o] is independent

of the representative o € S (L) of [0] € (S¥(L)/ToS>®(L))¢. Hence the map
Q : ([f], [0]) = Qs lo] = [Pyo] is well defined. 0

Proposition 4] implies that we may adopt the following definition.
DEFINITION 4.5. The map

Q : (CF(P)/J0) x (SF(L)/FoS™ (L) — (SF(L)/ToS> (L))"
([£],[o]) = Qyplo]

is the quantization, with respect to the polarization F', of the algebraic reduction
at J = 0.

It follows from the definition above that algebraic reduction at J = 0 followed
by quantization gives rise to the space (S (L)/J0S>(L))“ of quantum states of the
theory. On the other hand, quantization followed by quantum reduction at J = 0
gives the space S(L)¢ of G-invariant sections in S%°(L). We have a canonical
projection map

(4.4) IT: SP(L)Y = (S2(L)/ToS>®(L)C : o — [o].

Algebraic reduction at J = 0 commutes with quantization if II is an isomorphism
and

MoQ;=Qoll
for every f € O3°(P)“.
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5. Kahler polarization
Consider now the case when F is a Kéhler polarization of (P,w).

LEMMA 5.1. Let F be a Kihler polarization of (P,w). If J=1(0) contains a
Lagrangian submanifold of (P,w), then S (L) N JpS>°(L) = 0.

PROOF. Let A be a Lagrangian submanifold of (P,w) contained in J~1(0).
Since F is a Kéahler polarization and A is Lagrangian, it follows that

TXP = Fjy ® TCA.
Moreover, for every o € Sz N JoS*>°(L), the restriction o5 of o to A vanishes
identically because A C J~1(0). Hence, all derivatives of ¢ in directions in TCA are
zero. On the other hand, all derivatives of ¢ in directions in F' are zero, because o is

holomorphic. Hence, all derivatives of o vanish on A C P. Since ¢ is holomorphic,
it follows that o = 0. Therefore, S (L) N Jp5°°(L) = 0. O

THEOREM 5.2. Let F be a Kdihler polarization of (P,w). If J=1(0) contains
a Lagrangian submanifold of (P,w), then the natural projection 11 : S (L)% —
(SX(L)/ToS>(L))C : o+ [0] is an isomorphism, and

lToQy=QolL
for every f € C3°(P)°.

PRrROOF. Using identification (2] and Lemma B we get

Sp (L)/JoS™=(L) = (SF(L)/(SE (L) N JoS>(L)) = SF (L)/(0) = Sz (L).
Hence,

SFE(L)Y = (SF(L)/ToS™(L)°.
In other words, the projection map II : S°(L)¢ — (S¥(L)/JoS>® (L)Y : o+ [o]
is an isomorphism.

For every G-invariant function f € C3°(P), the class [f] is in f € C3°(P)%.
Moreover, for each o € S3°(L)“, Qo € S¥(L)% and [o] =11(0) € (SF°(L)/ToS>(L)).
Hence,

Qo llo = Qyplol = [Qo] =Tl o Qyo,
which completes the proof. (Il

According to Theorem geometric quantization in terms of a Kahler polar-
ization commutes with algebraic reduction at J = 0 if J~!(0) contains a Lagrangian
submanifold. If G is compact and its action on J~1(0) is free, we can show that
J71(0) contains a Lagrangian submanifold. Moreover, in this case, the algebraic
reduction is equivalent to the Marsden-Weinstein reduction. Hence, if G and P are
compact, and the action of G on J~1(0) is free, our results are equivalent to the
results of Guillemin and Sternberg.

In the proof of Theorem 5.2l we have shown not only that the projection map II :
S®(L)Y — (S¥(L)/JoS%°(L))€ is an isomorphism, but that the spaces S5°(L)¢
and (S2°(L)/JoS> (L)) may be considered equal, provided the assumptions of the
theorem are satisfied. This is a consequence of the identification

SE(L)/JoS™(L) = SF (L)/(SF (L) N JoS™(L)

made in equation (£2). This result is not as deep as it might appear. Observe that
assumptions of Theorem do not imply vanishing of 75S°°(L) = 0. It follows
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from Lemma [B.1] that S (L) N JpS°°(L) = 0, which implies that the projection
map from S*°(L) to S*°(L)/JoS(L) restricted to S (L) is an isomorphism.

In reference [12], Sjamaar investigated the case when the action of G on J~1(0)
is not free. In this case, Sjamaar showed that the dimension of S°(L)% is equal
to the dimension of the space of the space of holomorphic sections of L|;-1(g)/G
over J71(0)/G, and he interpreted this result as quantization of commutation and
reduction. It should be noted that Sjamaar’s results do not require the assumption
that J~1(0) contains a Lagrangian manifold.

If P is compact, then S¢°(L) is finite dimensional, and it coincides with the
Hilbert space Hp = H N S (L). In this case, the linear representation R of G on
S (L), generated by the quantization of the momenta Jg, for € € g, is the same as
the unitary representation U of G on H.

If P is not compact, then the linear representation R of G on S%° (L), need
not coincide with the unitary representation U on Hp. In this case, we have a
decomposition

(5.1) Hr =D maHo @ /Hﬁduﬁ,
* B

where « labels the representations corresponding to the discrete part of the spectral
measure and [ labels the representations corresponding to the continuous part of
the measure. In this case, the multiplicities m, may be infinite.

The space HG = H N S3(L)Y consists of G-invariant normalizable sections.
Hence, it corresponds to a trivial representation o of G. In other words, HE =
MagHa, in decomposition (BI)). If we could describe II(H$) in terms of the inclu-
sion J71(0) < P, we would have a characterization of the space H% = II-1(II(H%))
in terms of the reduction datal In other words, we would be able to determine from
algebraic reduction at J = 0 the multiplicity m,,, of the trivial representation of G
contained in the quantization representation. For a representation a corresponding
to a non-zero quantizable coadjoint orbit, we would get analogous results using the
shifting trick of Guillemin and Sternberg.

If the quotient S$°(L)¥/H$ does not vanish, then the continuous part of the
spectral measure contains the trivial representation in its support. The major
challenge of the theory is to determine the continuous part dug of the spectral
measure, in terms of reduction at corresponding quantizable orbits.

6. Real polarization

In this section, we discuss an example in which the trivial representation cor-
responds to a point of the continuous spectrum in the decomposition of the quan-
tization representation of G into its irreducible components. We show that under
certain conditions, (S$°(L)/JoS>(L))¢ is naturally isomorphic to the space of G-
invariant generalized vectors of the representation.

We assume that the polarization F' is real; that is F' = D ® C, where D is an
involutive Lagrangian distribution on P. We also assume that the momentum map
J : P — g* is constant along D. In this case, for each £ € g and o € S¥ (L), we
have

(6.1) Q0= Jeo.

2Partial results in this direction have been obtained by Hall and Kirwan [7], and Li [10].
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Hence, a section ¢ € S (L) is G-invariant only if Jo = 0. Thus, the support of
o is contained in J~!(0). Further, we assume that J~1(0) is nowhere dense in P.
This implies that the equation Jo = 0 has only weak solutions. In order to discuss
generalized sections of S (L), we need to describe the topology on S3°(L).

We make a few additional simplifying assumptions. First, we assume that the
space @ of integral manifolds of the distribution D is a quotient manifold of P
and that the leaves of D are complete affine spaces. Let ¢ : P — @ be the map
associating to each p € P the maximal integral manifold of D through p. We assume
that ¢ is a submersion. Moreover, we assume that the prequantization bundle L is
trivial; that is L = P x C, and that there exists a section oy € S3°(L) such that
oo(p) = (p,1). Under these assumptions,

(6.2) SE (L) ={9"(Y)oo | ¥ € C® C™(Q)}.
Let
Dp ={"()oo € SF(L) | ¥ € Co C5°(Q)},
where C ® C§°(Q) is the space of compactly supported complex-valued smooth

functions on . We endow Dp with a topology of uniform convergence of all
derivatives of functions ¢ € C ® C§°(Q) on compact sets. Let

(6.3) (01 ] 02)g = (9" (¥1)oo | 9" (¢2)00)q = /Qlﬁl(CI)wz(fJ)dﬂ(fJ)

be a scalar product on Dr. We denote by Hp the completion of Dp with respect
to norm given by the scalar product (ZI0) and by D/ the topological dual of Dp.
Then,

Dr CHp C D%,

Dy is dense in Hp, and Hp is dense in Df.
For each ¢ € g, the quantum operator Q Je on S (L) preserves Dp. Hence, it

extends to a self-adjoint operator on Hpr and gives rise to a dual operator ijg on
D’ such that, for every € € g, ¢ € Df and o € D,
Q)¢ lo)g=(¢|Qs0),

where (- | -)g denotes the evaluation map corresponding to the scalar product
(2I0). The space of generalized invariant vectors is

o / ’ _
ker Q; = {¢ € Dy | Q. =0 for all € g}.
On the other hand, the range of @ ; in Dp is
range Q ; = {Qng‘Tl + Qng oo+ ...+ QJgk ok | o1y...,0k € Dp},

where (&1, ..., &) form a basis of g. There is a duality between ker Q; and D /range Q ;
such that for every ¢ € ker Q'; and every class [o] € D /range Q ;, we have

(pllol) = (] a)
Since each Q J is a multiplication operator, it follows that
rangeQJ = {J§IU1 + JE2O'2 + ...+ Jgkdk | O1,y...,0% € D} = JoDr.

In the following discussion, we look for conditions under which D /range Q; and
(S¥(L)/TJoS>°(L))¢ are isomorphic. We begin with a simple lemma.

LEMMA 6.1. The class [o] € S®(L)/JoS>°(L) of o € S*°(L) is uniquely deter-
mined by the restriction of o to any open set containing J~1(0).
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PROOF. For o € S*°(L), if (support o) N J~1(0) = 0, then [0] = 0. O

THEOREM 6.2. If Q is locally compact and 9(J~1(0)) is compact, then Dr | JoDr
and (S$°(L)/JoS> (L)) are isomorphic.

PROOF. For every o € S¥ (L), there exists an open set V, C Q = P/D such
that V, 2 9(J~1(0)), [o] is uniquely determined by ¥~!(V,), and V, is compact.
Hence, there exists ¢/ € D = Sg(L) N'H such that oy-1(v,) = 0(y-1(y,, and
[o] = [0']. Therefore,

SF(L)/JoS™(L) = SF (L) /(TS (L) N SF (L)) = Dr/(JoS™(L) N Dr).

For o’ € Dp, the class [0] € Dp/(JpS°>°(L) N DF) is given by

[U/] = {OJ + ZfZJflo'Z | fi‘]§z‘ai € DF}

But, f;Je,0; € Dp implies that f;Je, 0, = 9*(¢;)00, where 9; has a compact support
in @. There exists a function x; € C® C§°(Q) such that x;(¢q) = 1 for every ¢ in
the support of v;. Then, v; = 1;x; and

fide, o0 =0 (¥i)og = 9" (ixi)oo = 9" (i) 0" (xi)oo = fiJe, V" (xi)oi € JoDr-
This implies
[o] = [0'] € Dr/ToDr,
so that
(6.4) S¥(L)/ TS (L) = Dp/ToDF.
By definition,

(SF(L)/ToS® (L) = {[o] € SF(L)/ToS>(L) | [Qs,0] =0 for all £ € g}.
But, Q.0 = Jeo. Hence, [Q 0] = 0forallo € S3(L) and for all € € g. Therefore,
(6.5) (SF(L)/ToS>(L))C = SF(L)/ToS®(L).

Equations (©4) and (G3) yield
(SF(L)/JoS¥(L))¢ = Dr/ToDr,

which completes the proof. ([l

We have shown that in the case under consideration, the representation space
(S¥(L)/ToS>®(L))¢ of the quantization of the singular reduction at J = 0 is
naturally isomorphic to the space D/ JoDr of generalized invariant vectors of the
geometric quantization of the original phase space (P,w). Using the shifting trick of
Guillemin and Sternberg, we can obtain an equivalent result for non-zero coadjoint
orbits O of G. However, we have not been able to obtain the contribution of the
trivial representation to the spectral measure dug in the decomposition (G.II).
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This book is a collection of expository articles from the Center for Mathematics at Notre
Dame’s 2011 program on quantization.

Included are lecture notes from a summer school on quantization on topics such as the
Cherednik algebra, geometric quantization, detailed proofs of Willwacher’s results on the
Kontsevich graph complex, and group-valued moment maps.

This book also includes expository articles on quantization and automorphic forms,
renormalization, Berezin-Toeplitz quantization in the complex setting, and the commuta-
tion of quantization with reduction, as well as an original article on derived Poisson brack-
ets.

The primary goal of this volume is to make topics in quantization more accessible to
graduate students and researchers.
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