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ABSTRACT. Given a smooth oriented manifold M with non-empty boundary,
we study the Pontryagin algebra A = H,.(2) where Q is the space of loops
in M based at a distinguished point of M. Using the ideas of string topology
of Chas—Sullivan, we define a linear map {—, -} : AQ A - A® A which is a
double bracket in the sense of Van den Bergh satisfying a version of the Jacobi
identity. For dim(M) > 3, the double bracket {—, —} induces Gerstenhaber
brackets in the representation algebras associated with A. This extends our
previous work on the case dim(M) = 2 where A = Ho(f2) is the group algebra
of the fundamental group m1(M) and the double bracket {—, —} induces the
standard Poisson brackets on the moduli spaces of representations of w1 (M).
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Introduction

A remarkable feature of an oriented surface ¥ discovered by Goldman [Gol,
Go2] is a natural Lie bracket in the vector space generated by the free homotopy
classes of loops in Y. If 3 is connected and closed, then Goldman’s Lie bracket arises
from a symplectic structure on the moduli space of representations of the funda-
mental group 7 = 71 (X) in a Lie group G. This space Hom(r, G)/G consists of the
conjugacy classes of homomorphisms m — G. The resulting symplectic structure
incorporates the classical Kéhler forms on the Teichmiiller space (G = PSL(2,R)),
on the Jacobi variety (G = U(1)), and on the Narasimhan—Seshadri moduli spaces
of semistable vector bundles (G = U(N) with N > 1). Goldman’s construction
also yields the Atiyah-Bott symplectic structure determined by a compact Lie
group and a non-degenerate ad-invariant symmetric bilinear form on its Lie alge-
bra. If ¥ is connected and 0% # @, then similar methods yield a weaker structure,
namely, a Poisson bracket in the algebra of conjugation-invariant smooth func-
tions on Hom(m, G), see [FoR, GHJW]. This bracket extends to a quasi-Poisson
bracket in the algebra of all smooth functions on Hom(7, G), see [AKsM]. Analo-
gous results hold for the general linear group G = GLy over any commutative ring
provided Hom(w, GLy) is treated as an affine algebraic set and smooth functions
are traded for regular functions, see [MT'1].

Goldman’s Lie bracket for surfaces was generalized by Chas and Sullivan [CS1],
[CS2] to manifolds of arbitrary dimensions. Chas and Sullivan call this area of study
the “string topology”. The present memoir exhibits new phenomena in string topol-
ogy. We consider the Pontryagin algebras of manifolds with boundary and construct
a bracket in the associated representation algebras. For surfaces, our bracket is the
quasi-Poisson bracket on Hom(w, GLy) mentioned above. In dimension > 3, the
representation algebras are graded, and our bracket is a Gerstenhaber bracket, i.e.,
it satisfies the axioms of a Poisson bracket with appropriate signs. In the rest of
the Introduction we focus on manifolds of dimension > 3.

We recall the concept of a representation algebra following [Pr, LbW, Ch].
Fix an integer NV > 1 and a field F which will be the ground field of the algebras.
Given an algebra A and a commutative algebra B, consider the set S = S(A, N, B)
of all algebra homomorphisms from A to the algebra Mat (B) of (N x N)-matrices
over B. Each a € A and each pair of indices ¢,5 € {1,..., N} determine a mapping
a;;: S — B which evaluates a homomorphism A — Maty(B) at a and takes the
(i,7)-th entry of the resulting matrix. These mappings are the “coordinates” on S,
generating an algebra of “polynomial” B-valued functions on S. These coordinates
satisfy various polynomial relations some of which are universal, i.e., hold for all B.
By definition, the N-th representation algebra An of A is generated by the symbols
{a;j|a € A,1 <1i,j < N} subject to those universal relations. One of the universal
relations says that the generators commute, so that Ay is a commutative algebra.
For every commutative algebra B, the algebra Ay projects onto the algebra of
polynomial B-valued functions on S(A, N, B) described above. We view Ay as a
universal form of these polynomial algebras. If A is graded, then so is Ay.

Our construction of brackets in the representation algebras {An}n>1 is based
on the technique of Van den Bergh [VdB]. He showed how to construct such
brackets from a linear map {—,—}} : A® A = A ® A satisfying certain conditions.
Van den Bergh calls such maps double Poisson brackets. We use the term bibracket
for the version of double brackets used here. Also, we work in the graded setting and
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rather consider Gerstenhaber bibrackets satisfying a graded version of the Jacobi
identity. We show that a Gerstenhaber bibracket {—,—} in a graded algebra A
induces a Gerstenhaber bracket {—,—} in Ay for all N > 1. In terms of the
generators, the bracket {—,—} is defined as follows: for any a,b € A, i,j,u,v €
{1,..., N}, and any finite expansion {a,b} =3 2o @ ya € A® A, we set

{a’ij’ buv} - Z (xa)uj(ya)iv~

The bracket {—, —} is invariant under the natural actions of the group GLy (F) and
the Lie algebra Maty (F) on Ay.

Consider now a smooth oriented manifold M of dimension > 3 with base point
* € OM # @. Let Q = Q, be the space of loops in M based at x. The graded vector
space A = H,(Q;F) carries an associative multiplication induced by concatenation
of loops. This turns A into a graded algebra, the Pontryagin algebra of M. We
define a so-called intersection bibracket in A as follows. Pick an embedded path
¢: I =][0,1] — OM connecting the point * to another point . Consider any
singular cycles kK : K — Q =Q, and A\ : L — Q' = Q,,. Let D be the set of all
tuples (k € K,s € I,l € L,t € I) such k(k)(s) = A(l)(t). Each tuple (k,s,l,t) € D
determines two loops in M based at x. The first loop goes along ¢ from % to */,
then along the path A(l) from * = A(1)(0) to A(1)(t) = k(k)(s) and then along
the path (k) back to k(k)(1) = . The second loop goes along the path (k)
from x = k(k)(0) to k(k)(s) = A(I)(t), then along A(l) to A(I)(1) = + and finally
along ¢! back to . Under appropriate transversality assumptions on x and ), the
resulting map D — Q x Q is a singular cycle of dimension

dim(K) + dim(L) 4+ 2 — dim(M).

Passing to homology classes and using the isomorphism A = H,(Q;F) ~ H.(QV;F)
determined by ¢, we obtain the intersection bibracket in A. Our main result is the
following theorem.

Theorem. The intersection bibracket in the Pontryagin algebra is a well-defined
Gerstenhaber bibracket. It is natural with respect to diffeomorphisms of manifolds
preserving the orientation and the base point.

The intersection bibracket generalizes to higher dimensions the bibracket of a
surface defined in [MIT'1]. By the general theory, the intersection bibracket in the
Pontryagin algebra A induces a Gerstenhaber bracket in Ay for all N > 1. If the
manifold M is simply connected and F is a field of characteristic zero, then the
Milnor—Moore theorem identifies A with the universal enveloping algebra of the
graded Lie algebra m, (M) = ®p>2mp(M) (with the degree shifted by 1 and the
Whitehead bracket in the role of the Lie bracket). In this case, the algebras Ay
can be viewed as the representation algebras of m,(M).

Despite the simplicity of the underlying idea, a precise definition of the inter-
section bibracket requires considerable efforts. First of all, we introduce a version
of singular homology using manifolds with corners instead of simplices. Homology
theories based on manifolds with corners were implicit already in [CS1] and were
since considered by several authors, see, for example, [CD] and [Ci]. These theories
are insufficient for our aims and we develop our own approach. For any topological
space X, we define polychains in X as oriented manifolds with corners endowed
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with additional structure including an identification of some faces, a map to X
compatible with this identification, and F-valued weights assigned to the connected
components (these weights play the role of the coefficients of singular simplices in
singular chains). We define a reduction of polychains which eliminates redundant
connected components (like, for example, components of weight zero). Each poly-
chain in X has a well-defined reduced boundary. If it is void, then the polychain
is a polycycle. The polycycles in X considered up to disjoint unions with reduced
boundaries form a graded vector space H, (X), the face homology of X. The key
theorem enabling our construction of bibrackets says that the usual singular ho-
mology H,(X) = H.(X;F) embeds in H,(X) as a direct summand.

Given a manifold M and a point x € M as above, we define smooth polychains
in the loop space 2 = Q, of M and show that any pair of face homology classes
of 2 can be represented by transversal smooth polycycles. This allows us to carry
out the intersection construction outlined above and to obtain a linear map

T: H,(Q) @ H,(Q) — H,(Qx Q).

This map induces a linear map in singular homology T : AQ A — H,(Q x Q) where
A = H,(Q). The Kiinneth theorem allows us to rewrite T as a map

{—-}:A®A— A A

which turns out to be a Gerstenhaber bibracket. The assumption that the ground
ring is a field is used only in the Kiinneth theorem; most of the exposition is
therefore given over an arbitrary commutative ring. Moreover, our constructions
can be generalized by replacing loops based at * with paths in M having both
endpoints in M. This leads us to a notion of a path homology category of M and
an extension of the intersection bibracket to this category.

Given a smooth oriented manifold W with OW = &, we can remove a small open
ball from W and obtain thus a manifold with boundary. The intersection bibracket
in its Pontryagin algebra and the induced Gerstenhaber brackets are invariants
of W. Under further assumptions on W, we obtain an Hyp-Poisson structure [Ch]
on the Pontryagin algebra of W itself.

This work suggests a number of questions. So far, we do not have a general
method allowing to compute the face homology, and we do not know whether the
face homology carries more information than the singular homology. Other ques-
tions concern the intersection bibracket. Is it sensitive to the smooth structure of
the manifold? Can it be generalized to PL-manifolds or to topological manifolds? Is
it homotopy invariant and can it be defined in homotopy-theoretic terms (cf. [CJ])?
Note that the technique of face homology allows one to define all the Chas—Sullivan
operations [CS1]. It would be useful to formally identify the resulting geometric
operations with those in [CJ]. Also, it would be interesting to provide algebraic
models for the intersection bibracket. For instance, we do not know how our geo-
metric constructions are related to the cobar constructions of [BCER] applied to
the Poincaré duality model of [LS], see [BCER, Section 5.5].

Organization of the memoir. Chapters | and 2 are purely algebraic: in Chap-
ter 1 we define representation algebras and discuss brackets and bibrackets; in
Chapter 2 we discuss bibrackets in unital algebras and categories, and we also
consider Hamiltonian reduction in this context. Chapter 3 introduces the face ho-
mology. In Chapter 4 we study transversality of polychains and define intersection
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operations in the homology of path spaces. In Chapters 5 and 6 we construct the
intersection bibracket and discuss its properties.

Acknowledgements. Part of this work was done while G. Massuyeau visited
Bloomington, Indiana in spring 2013; he would like to thank Indiana University
for hospitality and support. The work of V. Turaev on this memoir was partially
supported by the NSF grants DMS-1202335 and DMS-1664358. The authors would
like to thank F. Eshmatov for an explanation of the paper [BCER].

Conventions. Throughout the memoir, the letter K denotes a commutative ring
which serves as the ground ring of all modules and algebras. Thus, by a module
(respectively, an algebra, a linear map) we mean a K-module (respectively, a K-
algebra, a K-linear map). By the singular homology of a topological space we mean
singular homology with coefficients in K.

Given a smooth oriented manifold M and a smooth orientable submanifold
N C M, an orientation of the normal bundle of N in M determines an orientation
of N, and vice versa, via the following rule: a positive frame in the normal bundle
of N followed by a positive frame in the tangent bundle of N is a positive frame
in the tangent bundle of M. If OM # @, then the orientation of M induces an
orientation of M using the “outward vector first” rule.






CHAPTER 1

Algebras, brackets, and bibrackets

1.1. Algebras and brackets

We start by recalling some standard terminology.

1.1.1. Graded modules and graded algebras. By a graded module we
mean a Z-graded module A = @,cz AP (over K). An element a of A is homogeneous
if a € AP for some p; we write then |a| = p and call |a| the degree of a. By definition,
the degree of 0 € A is an arbitrary integer. For any d € Z, the d-degree |a|q of a
homogeneous element a € A is |alg = |a| + d.

A graded algebra is a graded module A endowed with an associative bilinear
multiplication such that APA9 C APT for all p,q € Z. Note that if the product
of k > 1 homogeneous elements a1,...,a; of A is non-zero, then the degree of
this product is equal to |ai| + -+ + |ag|. If a1 ---ar = 0, then we set |ay - --ag| =
la1| + - - - + |ag|. Similarly, for d € Z, we write |a; - - - ag|q for |ai| + -+ + |ag| + d.

We do not require a graded algebra A to have a unit element. If ab = (—1)|“||b‘ba
for some homogeneous a,b € A, then one says that a and b commute. For a graded
algebra A, we denote by [A, A] the graded submodule of A spanned by the vectors
ab — (—1)|a|‘b|ba where a,b run over all homogeneous elements of A. The graded
algebra A is commutative if [A, A] = 0. Factoring any graded algebra A by the
2-sided ideal generated by [A, A] we obtain a commutative graded algebra Com(A).

Given graded algebras A and B, a graded algebra homomorphism A — B is a
degree-preserving algebra homomorphism from A to B.

We will consider any Z>o-graded module A = ®p>¢ AP as a Z-graded module
by setting AP = 0 for all p < 0.

1.1.2. Representation algebras. Each graded algebra A determines an infi-
nite sequence of graded algebras A;, A, ... as follows, cf. [LbW, Cb, VdB]|. The
graded algebra Ay with N > 1 is defined by the generators aij, where a runs over
all elements of A and 4, j run over {1,2,..., N}, and the following relations: for all
a,be A keK, and 4,5 € {1,2,...,N},

(1.1.1) (k‘a)ij = kaij, (a + b)ij = a;; + bij7 (ab)ij = ailblj.

In the latter formula and in the sequel we always sum up over repeating indices
and drop the summation sign. A typical element of Ay is represented by a non-
commutative polynomial in the generators with zero free term. The grading in Ay
is defined by |a;j| = p for all a € AP.

The construction of Ay is functorial: a graded algebra homomorphism f :
A — A’ induces a graded algebra homomorphism fy : Ay — Al by fN(aij) =
(f(a))ij forallae A, 4,5 € {1,...,N}. For N =1 we have Ay =Aand f; = f.

9
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The importance of Ay is due to the following fact. For any graded algebra B,
let Mat  (B) be the graded algebra of (N x N)-matrices with entries in B. (A matrix
has a grading p € Z whenever all its entries belong to BP.) Then there is a canonical
bijection
(1.1.2) Homg 4 (AN,B) — Homg (A, Maty (B))

which is natural in A and B. Here GA stands for the category of graded algebras
and graded algebra homomorphisms. The bijection (1.1.2) carries a graded algebra
homomorphism r : Ay — B to the map A — Maty(B) sending any a € A
to the (N x N)-matrix (r(a;;));;. The inverse bijection carries a graded algebra
homomorphism s : A — Matx(B) to the graded algebra homomorphism Ay - B
sending a generator a;; to the (4,j)-th term of the matrix s(a) for all a € A.
Consequently, the endofunctor A — Ay of GA is left adjoint to the endofunctor
B +— Maty(B) of GA.

The commutative graded algebra Ay = Com(Ay) is obtained from Ay by
adding the relations a;;br; = (—1)|“||b‘bklaij for any homogeneous a,b € A and
any i,7,k,0 € {1,...,N}. We call Ay the N-th representation algebra of A. The
construction of Ay is functorial: a morphism f : A — A’ in GA induces a morphism
fN Ay — flg\, in GA, which in its turn induces a morphism fy : Ay — Ay in
the category of commutative graded algebras CGA. For any commutative graded
algebra B,

Homegﬂ(AN,B) ~ Homgﬂ(AN,B) ~ Homgﬂ(A7MatN(B)).

Consequently, the functor GA — CGA, A — Ay is left adjoint to the functor
CGA — GA, B — Maty(B).

1.1.3. Brackets. Let A be a graded module and d € Z. By a bracket in A
we mean a linear map {—,—} : A® A — A. A bracket {—,—} in A has degree d
if {AP A9} C APTa+d for all p,q € Z. A bracket {—, —} in A is d-antisymmetric if
for all homogeneous a,b € A,

(1.1.3) {a,b} = —(=1)lelalbla 1p g} .

A bracket {—, —} in A satisfies the d-graded Jacobi identity if

(1.1.4) (=Dl {a, {b,c}} + (~1)Plalela {p, {¢,a}} + (=1)laPa {¢, {a,b}} = 0
for all homogeneous a,b,c € A. A degree d bracket {—, —} in A satisfying (1.1.3)
and (1.1.4) is called a d-graded Lie bracket, and the pair (A, {—, —}) is called then
a d-graded Lie algebra.

For example, any graded algebra A gives rise to a 0O-graded Lie algebra of
derivations in A. Recall that a derivation in A of degree k € Z is a linear map
§: A — Asuch that 6(AP) C APT* for any p € Z and §(ab) = §(a)b+ (—1)*1*las(b)
for any homogeneous a € A and any b € A. Derivations of A of degree k form a
module Der(A). The graded module Der(A) = @gez Der®(A) carries a 0-graded
Lie bracket defined by [01,82] = 6162 — (—1)*1%25,6; for any derivations §; and &y
of A of degrees k1 and ko respectively.

A bracket {—, —} in a graded algebra A satisfies the d-graded Leibniz rules if
for all homogeneous a,b,c € A,

(1.1.5) {a,bc} = {a,b}c+ (1)1l {a c},
(1.1.6) {ab,c} = a{b,c}+ (=)<l {q c} .
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A Gerstenhaber bracket of degree d € Z in a graded algebra A is a d-graded Lie
bracket {—, —} in A which satisfies the d-graded Leibniz rules. The pair (4,{—, —})
is called then a Gerstenhaber algebra of degree d. For example, any graded alge-
bra A is a Gerstenhaber algebra of degree 0 with respect to the bracket (called the
commutator) defined by {a,b} = ab — (—1)*/I!lba for homogeneous a,b € A and
extended to all a,b € A by linearity.

1.2. Bibrackets

The rest of this chapter presents an extension of Van den Bergh’s [VdB] theory
of double brackets in algebras to graded algebras. Such an extension is outlined in
[VdB, Section 2.7] in the case of degree —1. Fix throughout this section a graded
algebra A and an integer d.

1.2.1. Conventions. Any z € A%? = A® A expands asasumz = ) =,z
where z/,, 2" are homogeneous elements of A and the index a runs over a finite set.
To simplify notation, we will drop the summation sign and the index and write
simply z = 2’ ® ”. Similarly, an element x of A%? = A® A® A will be written as
' @ 2" ® 2" with homogeneous =/, 2", z" € A.

Unless explicitly stated otherwise, we endow A®? with the “outer” A-bimodule
structure defined by azb = ax’ ® x"’b for any a,b € A and = € A®2. We shall also

use the “inner” A-bimodule structure on A®? defined by

(1.2.1) a*xxb= (=1l I+l 31y o gq”
for homogeneous a,b € A and any z € A®2,
Given a permutation (i1, ...,%,) of (1,...,n) with n > 1, we denote by P;,...;,

the graded permutation A®™ — A®™ carrying any a; ® -- - ® a, with homogeneous
ai,...,a, € Ato (—1)ta;, ® a;, ® -+~ @ a;, where t € Z is the sum of the products
|a;, ||a;,| over all pairs of indices k& < I such that i, > ¢;. For any d € Z, we
similarly define the d-graded permutation P;,...;, 4 : A®™ — A®™ using the d-degree
|—|g = |—| + d instead of |—].

tlny

1.2.2. Bibrackets in A. A bibracket in A is a linear map
{—-}:A®A— A® A.
A bibracket {—, —} in A has degree d if for any integers p, g,
far, A c P Aed.
i+j=p+q+d

A d-graded bibracket in A is a bibracket {—,—} in A of degree d satisfying the
following d-graded Leibniz rules: for all homogeneous a,b,c € A,

(1.2.2) fa,be} = fa, b} e+ (—D)ellpfa e},
(1.2.3) fab,c} = ax{b,c}+ (=1)llele o P b
The following key lemma shows that a d-graded bibracket in A induces brackets

of degree d in all representation algebras {An}y.

LEMMA 1.2.1. Given a d-graded bibracket {—,—} in A and an integer N > 1,
there is a unique bracket {—, —} in Ay satisfying the d-graded Leibniz rules (1.1.5),
(1.1.6) and such that

(1.2.4) {aij7 buv} = {a’ b}};J {{a? b}:/v
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for alla,b€ A and i,j,u,v € {1,...,N}. The bracket {—, —} has degree d.

PROOF. We extend (1.2.4) to a bilinear form {—, —} : Ay x Ay — Ay satis-
fying (1.1.5) and (1.1.6). To see that this form is well-defined, we need to verify
the compatibility with the defining relations of Ay. That the right-hand side of
(1.2.4) is linear in @ and b follows from the linearity of {—, —}. We now verify the
compatibility with the third relation in (1.1.1). Pick any homogeneous a,b,c € A
and set x = {a,b} and y = {a,c}. Then

{a,be} = ze+ (1) 4alblpy = o @ "¢ 4+ (—1)lelalblpy” @ 4"
Therefore, for any i, j,u,v € {1,2,..., N},
{aij7 (bc)uv} - {{a bc};j{aa bc}};lv
= xUJ(x C)Z’U + (_ )‘a‘d‘bl(by/) Jy;;
= xu]xilclv + ( )‘ald‘blb lyl]yz;)
= {aij; ul}clv (_ )‘a‘d‘blbul {aijaclv} = {aijabulclv} .
To check that {(ab);j, cus} = {@itbij, cuv}, set z = {a,c} and t = {b,c}. Then
{{ab, C]} —axt+ (_1)|b\|c|dz xb= (_1)|t’|\a\t/ ® at’ + (—1)|bch//‘dz/b® 2.
Therefore
{(ab)ij, cun} = {ab, e}, fab, Yy,
= )bt ot (1) (1) 20
= (_ )‘t Ha‘tujailtlv + (_ )‘bllcz ldzulbljziv
= alltujtlv + (_1)|bHC|dZ;lZz/';blj
= a4 {bljacuv} + (_1)‘bllc‘d {ailvcuv} blj = {ailblja cuv} .
The last claim of the lemma follows from the definitions. O

1.2.3. Antisymmetric bibrackets. Consider the linear involutions Py; and
P21,4 of A®? determined by the permutation (21) as in Section 1.2.1: for homoge-
neous a,b € A, we have

Por(a®b) = (—1)tlb @ a and Pay 4(a @ b) = (=1)lelelblap @ g,
Given f € End(A®?), the d-transpose of f is fi4 = P21 fP21.4 € End(A®?).
LEMMA 1.2.2. A bibracket {—, —} satisfies (1.2.2) if and only if its d-transpose
{—. -}, satisfies (1.2.3).

PROOF. Assume that a bibracket {—, —} in A satifies (1.2.2). Pick homoge-
neous a,b,c € A and set = {c,a}, y = {c,b}}. Then

{ab,c}, = (-1 Ylablalelapy, (fe, ab})

(— 1)|ab|d CldP21({{c a} b+ (— )‘cld‘ala{C’b})

(- 1)Iab|d CIdp21( ®2"b+ (-1 )Ic\dla\ay/ ®y")

= (- 1)|ab|d clatlzllz"bl 1y @ 0 4 (—1 )Ibld\CIdHay’lly”ly// ® ay’
(— 1)|ab|d c|dp21({{c a}) xb+ (- )Ib‘d‘clda*P21({{C,b}})
(- 1)|bHC|d fa,ch xb+ax{bc},.
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So, {—, -}, satifies (1.2.3). The converse is shown by a similar computation. [

A bibracket {—,—} in A is d-antisymmetric if {—, -}, = —{—,—}. By
Lemma 1.2.2; a d-antisymmetric bibracket satisfies (1.2.2) if and only if it satisfies
(1.2.3). Note for the record, that given a d-antisymmetric bibracket {—, —} in A,
we have for any homogeneous a,b € A,

(125) {{b,a}} _ _(_1)|a|d|b‘d+|{a,bﬂ»'||{{a,b}”| H:a’b}}// ® {a,b}, )
LEMMA 1.2.3. If in Lemma 1.2.1 the bibracket {—,—} is d-antisymmetric,
then the induced bracket {—, —} in Ay is d-antisymmetric, i.e., satisfies (1.1.3).

PROOF. Pick any homogeneous a,b € A and set = {a,b}. Then

(1.2.5) b Na'| a1t
(usag) (L) ()

= —(=plelallagl oh = —(=1)llelle a5 by} O

1.2.4. The Jacobi identity. The bracket in Ay constructed in Lemma 1.2.1
may not satisfy the d-graded Jacobi identity (1.1.4). To compute the deviation
from this identity, we observe that any bibracket {—,—} in A induces a linear
endomorphism {—, —, —} of A®3, called the induced tribracket, by

2
(1.2.6) f—— -3 =D Pi({— -} ®ida)(ida@{—, - }P55,
=0

where P312, P312.4 € End(A®3) are as defined in Section 1.2.1.

LEMMA 1.2.4. Let N > 1. If {—, -} is a d-antisymmetric d-graded bibracket
in A, then the associated bracket {—,—} in Ay satisfies

{apgs {brss cun}} + (=114 {0 {eny, apg}} + (=111 {ey, {apg, brs}}
= {a,b,c}, fa.b ek a0, e} — (=) fa, e, b} fa, e, b}y, fa, ¢, 0}
for any homogeneous a,b,c € A, any p,q,r,s,u,v € {1,...,N}.
Proor. It follows from the definitions that
fa,b,c} = fLa. £b,c} @ {b,c}” + (=1)llelbelpyyy (Lb, fe,a} | @ {ec,a}”)
+(=1)labllelap2 ({c, {a, 0} }} ® {a,b}")
= {o bl @ {afocd Y @ o}
+(=1) Py ({{b, e a} P @ b fe.al B @ fie,a}”)

+(=1)lvlelep, (e a0} Y @ fe fa. 0} ) @ fa,b}”).
Using the commutativity of Ay, we deduce that
(1.2.7) fa,b,c}, fa.b,c}) fa,b, e},
= fa.fo.cd B, fa b} Y, b,
+(=1) e o, fe,a} B, {o feal B, Lo aby,
+H=D) Il e, fa, b ), fe fa 0} B, fab),
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Applying the transpositions b <> ¢, r <> u, and s <> v, we obtain
(1.2.8) {a,c, b}};q{{a, c, b}}gv{{a, e, b}

= fafeoy' Y, {afeod Y, debh,
HD I e, fb.a} Yy, e fba} B, 4003,
+(=1) P (b, fa, )}, b farc} B, Loy,

Equalities (1.2.7) and (1.2.8) allow us to expand the right-hand side of the formula
claimed in the lemma. We next expand the left-hand side of this formula. Set
x = {b,c} € A®? and observe that

{apqa {brsu Cuv}} = {apq7 LL';SQT;,/U
= {aPQ"r;s}x;‘/v + (_1)‘a‘d|x/|w;s {apmx/rlv
= {aﬂ ‘T/};q {aﬂ I'/}gs z;"lv + (71)|a|d‘z |x:4€ {a” x//};q {a’ :17//}};)/1) :
We rewrite the second summand as follows. Since {—, —} has degree d,
| fa. 2"}, Lo, 2"}, | = [{a, 2"} {a, 2"} | = |al + 2" + d = |alq + |"].
The commutativity of Ay implies that
7! / 12 AT ! 1
(_1)‘a|du ‘wls {{a? x//}rq {{a7 ml/}}pv = (_1)|1 [+ {{a> x/l}}rq {{a7 x//}}pv .’L';S.

The d-antisymmetry of {—, —}} allows us to compute = {b,c} from y = {¢,b}:
by (J_)r))’ we have J;/ ® IEH — _(_1)|b|d‘cld+|y/||y”|y// ® y/' Hence,

(~1)! 1 fa, 2"y, fa.a" Yy, @l = = ()P fa gy fay' Y, v

As a result, we obtain that
{apqa {brs, cuv}} = {{a, {o, C}/}};q {{a, {o, C}/}};:S {0, C}}/rlv
(1.2.9) —(=1)elele fa, £, b} B Ka fe. b} Y, Lo bhe, -

Cyclically permuting a, b, ¢ and the indices, we obtain
{bro fewsapty = fb.fe.ad B, b, fe.al B, fe b,
(1.2.10) —(—1)lelalala £ fa, c} B Lo, {{a,c}}’}}:q fa.c}y,

and

{cun {apg:brs}} = fle a0} B, e ot} ), a0},
(12.11) SRR OF L 1 O (O 1 M (00

The required formula directly follows from the equalities (1.2.7)—(1.2.11). O

1.2.5. Gerstenhaber bibrackets. A Gerstenhaber bibracket of degree d in A
is a d-antisymmetric d-graded bibracket {—,—} in A such that the induced tri-
bracket (1.2.6) is equal to zero. The pair (A, {—,—}) is called then a double
Gerstenhaber algebra of degree d. This structure was first introduced by Van den
Bergh [VdB, Section 2.7] for d = —1; see also [BCER] in the setting of differential
graded algebras.

LEMMA 1.2.5. For any Gerstenhaber bibracket of degree d in A and N > 1, the
bracket {—,—} in Ay given by Lemma 1.2.1 is a Gerstenhaber bracket of degree d.
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PrOOF. This follows from Lemmas 1.2.1, 1.2.3, and 1.2.4. The equality

{apqa {brs, cunt} + (_1)‘a|d‘bc| {brs; {cuw, apq}} + (_1)|abHcld {euvs {apq’ brst} =0

provided by Lemma 1.2.4 implies the d-graded Jacobi identity (1.1.4) in which a, b, ¢
are replaced with apg, brs, Cuv, respectively. (Il

1.3. Equivariance

We show that the bracket constructed in Lemma 1.2.1 is equivariant under the
natural actions of the general linear group and the Lie algebra of matrices on the
representation algebra. We begin with terminology.

1.3.1. Lie pairs. By a Lie pair we mean a pair (G,g) where G is a group
and g is a (non-graded) Lie algebra endowed with a (left) action of G on g by Lie
algebra automorphisms. The action is denoted by w +— %w for w € g and g € G.

Given a Lie pair (G, g), by a (G, g)-algebra we mean a graded algebra A endowed
with an action of G' and an action of g such that %wa = gw(g~'a) for all g € G,
w € g, a € A. Here an action of G on A is a group homomorphism from G to
the group of graded algebra automorphisms of A, and an action of g on A is a Lie
algebra homomorphism from g to the Lie algebra of derivations of A of degree zero,
cf. Section 1.1.3.

1.3.2. Action on the representation algebras. Fix an integer N > 1. Let
Gn = GLy(K) be the N-th general linear group over K and let gy = Maty (K)
be the Lie algebra of (N x N)-matrices with Lie bracket [u,v] = uv — vu. The
pair (Gn,gn) is a Lie pair where Gy acts on gy by %w = gwg~! for any g € Gy,
w € gy. The representation algebra Ay associated with a graded algebra A in
Section 1.1.2 is a (Gn, gn)-algebra. Here Gy acts on AN as follows: for a matrix
g= (gk,l)glzl € Gy and a generator a;; € Ay, set

(1.3.1) gai; = (97 ik 915 ant-
In this formula, the numerical coefficients appear to the left of the generator ay;.
It is easier to remember (1.3.1) in the equivalent form ga;; = (¢7'); x axr 91,5, and
we will use the latter form. Direct computations show that these formulas are
compatible with the relations in Ay and define an action of Gy on Ay. We verify
the compatibility with the relation (ab);; = a;bi;:
glab); = (97 ik (@)rigr; = (97 )ik arpbpi 915

= (gil)i,k akpOpgbgr 915 = (gil)i,k akpgpm(gil)nqbql 915 = (9air)(gbrs).
The Lie algebra gy acts on AN as follows: for a matrix w = (wk,l),];{lzl € gy and
a generator a;; € le, set

(132) Was5 = AjpWk,j — Wi kQkj-

This formula is compatible with the relations in Ay and defines an action of gy
on Ay. We verify the compatibility with the relation (ab);; = a;by;:
wlagby) = w(ay)by + agw(bi;)
= QiRWk,1by; — Wi garby + aubirwr,; — aqwi kb

= aybipwy; — w; karby = (ab)ixwe,; — w; g(ab)y; = w(ab);;.
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It is easy to check that these actions turn Ay into a (Gn, gn)-algebra. Moreover,
these actions descend to the commutative graded algebra Ay = Com(Ay) and turn
it into a (Gn, g )-algebra.

The next lemma shows that the bracket in Ay provided by Lemma 1.2.1 is
equivariant under the actions of Gy and gy .

LEMMA 1.3.1. Let {—,—} be a d-graded bibracket in a graded algebra A. For
any N > 1, the bracket {—, —} in Ay defined in Lemma 1.2.1 satisfies

(1.3.3) g{a,b} ={ga,gb} and w{a,b} ={wa,b}+ {a, wb}
forall g € Gy, w € gy and a,b € Ay.

PROOF. Pick g = (gx,1)k,; € Gn. It is easy to see that if the identity g {z,y} =
{gz, gy} holds for all the generators of Ay, then it holds for any x,y € Ayn. Given
a,b € Aand i,j,u,ve{l,...,N},

{gaijagbuv} = {(gil)i kAk1gL,j, (gil)u,sbstgt,v}
= (9 1)1 kgl,j( a )u sgtv{akla st}
(9~ 1)z,k9lu( B )u 9t {a, b}}sl {a. b}};c/t
(9~ 1)u s {a, b}sl 95 (9~ )z K {a, b}}ktgtv
(g {{a b}}u])( {{a b}};/v) = g({a b}uj {a’ b}zv) = g{af”,buv}

Similarly, given w = (wg,i)k,1 € gn, it is enough to check the identity w {z,y} =
{wx,y} + {z, wy} for the generators of Ay. For a,b € A and i,j,u,v € {1,...,N},

w{ai, buw}y = w({a,b},; {a,b}7,)
= w({a,b},;) {a, 0}, + {a,0},; w({a.b};,)
= fa, 0}, wi; fa, 017, — wur fa, 0}, {a. b},
+{a, b};j {a, b}};/k wy,w — {a, b};j wi i {a, b};c/v
= Wk { @ik, buv} — Wk {@ij, bko } + Wk o {@ij, buk } — Wik {aks, bun}
= {aipwr,;j — Wi kGkj, buv  + {@ij, buk Wi — Wy kDo }
= {waij, buv} + {aij, wbyy } O

1.4. The associated pairing and the trace

We study the pairing A ® A — A induced by a bibracket in a graded algebra A
and, in particular, discuss its behavior under the trace maps.

1.4.1. The pairing (—, —). A bibracket {—, —} in a graded algebra A induces
an associated pairing (—, —): A®@ A — A by

(a,b) = fa,b} {a,b}" € A for a,be A.
LEMMA 1.4.1. Let {—,—} be a d-antisymmetric d-graded bibracket in A. Then

the associated pairing (—, —) has the following properties:

(i) (—,—) has degree d and satisfies the d-graded Leibniz rule (1.1.5),
(ii) (a,b) = —(—1)lelalla(p a) (mod [A, A]) for all homogeneous a,b € A,
(i) ([A,A], A) = 0 and (4, [A, A]) C [A, A],
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(iv) for any homogeneous a,b,c € A,
((a,b),¢) = (a, (b, ¢)) + (=1)1*l4Pla(b, (a, c))
= m((=Dlelella gb a,c} — fa,b,c})
where m € Hom(A®3, A) carries 1 @ y ® z to xyz for all x,y,z € A.

ProoF. Claim (i) is straightforward. To check (ii), set z = {{a,b}. Then
{b,a} = —(=1)lelalblatl="lI="1 27 @ 2/ by (1.2.5) and, modulo [A, A],

<b7 a> _ _(_1)Ia‘dlb‘d+|2/‘|21l‘2//zl = _(_1)\a\d\b|dz/zll _ _(_1)\a\d\b|d<a7 b>.

To check (iii), pick any homogeneous a, b, c € A and set = {a,c}, y = {b,c}.
We have

fab,c} = ax{bc}+ (—D)Plla fa cPxb
(_1)IaHy'\y/ ® ay” (_1)|b||cw”|dx/b @z
so that
(ab,c) = fab,c} fab,c}’ = (=1)lllv'ly/ gy 4 (—1)l0llex"lay pa.
Transposing a and b, we also obtain
(ba,c) = (—1)1P1% 12/ ba” 4 (—1)lellev”lay gy,

Since {—, —}} has degree d, we have |cz” |4 = |az’| (mod 2) and |cy” |4 = |by’| (mod 2).
Therefore (ab,c) = (—1)1?ltl(ba, c). Hence ([A, A], A) = 0. This equality together
with (ii) imply the inclusion (A, [4, A]) C [4, A].

We now prove (iv). Set z = {b,c}, y = {a,c}, 4 = {c,a}, z = {a,b}, and
zZ={b,a}. Then

{22" ¢} = 22" e} + ()Nl g2 cY w2
(1) ="} {2, e} @2 L, c}”
INERERIC S8 A e U s U
We deduce that
@A) (fab).¢) = (") = (FIE" DT g ) 2 g, e}
_’_(_1)\2”| (="}, {, C}}/ 2 {7 CT’J’H .

By (i), we have

(1.4.2) (a,(b,c)) = (a,2'2") = (a,2")a" + (=1)lal¥’ |3/ (q 2"
and
(1.4.3) (b, (a,c)) = (byy") = by)y" + ()Pl (b,y").
By the definition of the tribracket (1.2.6),

fa.b,c} = {a 2} @+ (—1)lPyy, (fb,57} ©§")

+H(=Dllepg, (fe, 2} © 27)

= Afao2}e"+ (_1)|a|d|bc‘P312 ({b, ?j/}}/ ® {0, ?J/B‘H ® ﬂ”)
+(_1)\abllc\dp§12 ({{C’ Z/}/ ® {e, Z/}// ® z”)

= {a’xl}}/ ® {{a,x/}// ® 2"
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~11

+(— )\a\d|b6|+\by lalg \ 7' ® @ {b, gl}/® o, Zj/},/
+(_1)\abllc\d+|{{c,z iy |{{c,z’}}”z”| fc, Z’}}” 2 i, Z/}/

fa, 2"} @ fa, 2"} @ 2"
(et by 7Y © .y}
(= 1)lablelat|[{=" e} 1" 1+ lelal"la g0 W 2 @ £, Y
Therefore
m{{a7b7 C}} = <a7 x/>x// - (_1)|a‘d|b‘d+|b‘d|y/|yl<b7 yl/>
(1.4.4) —(—1)|C{{Z/’c}}//|d E P LR s U
Transposing a <> b, we obtain
mibach = (by)y - (-1 >‘a‘d'b'd+'“'d'f'x’<a a")
N C A NCIT e O A
(b, /g — (~D)lelablatiolale g, )
+(_1)|{ 2" B[ 12’1 +lalalbla £ e} 2 4", ).
Then (iv) follows from (1.4.1)—(1.4.5). O
1.4.2. The trace. For a graded algebra A, consider the module A = A/[A, A]
with the grading induced by that of A. Lemma 1.1.1 implies that the pairing
(—,—): A® A — A associated with {—, —} induces a pairing A ® A — A. The
latter pairing is also denoted by (—, —). It has degree d and is d-antisymmetric. If
the induced tribracket of {—, —} is zero, then (—, —) is a d-graded Lie bracket.
Note that for any N > 1, the formula tr(a) = Zf\il a;; defines a linear map
tr: A — Ay. Clearly, tr([A, A]) = 0 so that tr induces a linear map A — Ay. This
map is also denoted by tr and is called the ¢race. The graded subalgebra of Ay
generated by tr(A) C Ay is denoted A%, and is called the N-th trace algebra of A.
We have A%, C A%N where A%N is the subalgebra of Ay consisting of the elements

invariant under the action of Gy = GLy(K). When A is finitely generated as an
algebra and K is a field of characteristic zero, Ay = ASY, see [LbP].

(1.4.5)

LEMMA 1.4.2. Under thevconditions of Lemma 1./.1, the map tr : A — Ay
carries the pairing (—, —) in A into the bracket {—,—} in Ay induced by {—,—}.
As a consequence, {Al, AL} C Al for all N > 1.

PROOF. Pick any a,b € A and let @, b be their projections to A. We have

{tr(a), tr(b)} { Zaiiazbjj } = Z{ambjj}
9 Z fa. 0}, fa. b)), =S (fa. 0} fa.0}")

, J
tr ({{a, 0} {a,b}") = tr ((a,b)) = tr ((a,b)). O
Note that for N = 1, the trace tr : A — A; = Com(A) is the canonical
projection and A} = A;.

¢



CHAPTER 2

Bibrackets in unital algebras and in categories

2.1. Bibrackets in unital algebras

We define a version of representation algebras in the unital setting.

2.1.1. Unital algebras. A graded algebra A is unital if it has a two-sided unit
14 € A®. Unital graded algebras and graded algebra homomorphisms carrying 1
to 1 form a category GA". Given a unital graded algebra A, we define a sequence of
unital graded algebras flf, fl;, ... For N > 1, AE is obtained from the algebra Ay
defined in Section 1.1.2 as follows. First, we adjoin a unit to Ay, that is consider
the unital graded algebra Ke & Ay with two-sided unit e. By definition, ;1]'(, is the
quotient of Ke ® A ~ by the relations (14);; = d;je where J;; is the Kronecker delta
and 4,7 run over 1,...,N. For any B € Ob(SA"), the bijection (1.1.2) induces a
natural bijection

(2.1.1) Homg 4+ (AJ, B) ~ Homg 4+ (A, Maty(B)).

Similarly, let €GA" be the category of commutative unital graded algebras and
graded algebra homomorphisms carrying 1 to 1. Set Af; = Com(A}) € Ob(CSA").
Then for any B € Ob(CGAT), we have a natural bijection

(2.1.2) Homeg 4+ (A}, B) ~ Homg 4+ (A, Maty (B)).

We call A} the N-th unital representation algebra of A. From the viewpoint of al-
gebraic geometry, AE is the “coordinate algebra” of the “affine scheme” whose
set of B-points is the set of algebra homomorphisms A — Maty(B) for any
B € Ob(GSAﬂ. Here an “affine scheme” is a representable functor from CGAT
to the category of sets. The same graded algebra AE can be obtained from Ay by
adjoining a two-sided unit e and quotienting by the relations (14);; = d;;e where
i,j run over 1,..., N. For N =1, we have AT = A and A = Com(A).

LEMMA 2.1.1. Let {—,—} be a d-graded bibracket in a unital graded algebra A
and let {—,—} be the induced bracket in Ay, see Lemma 1.2.1. Then there is
a unique bracket {—, —}+ in AL such that the projection Ay — Aj\', s bracket-
preserving. If {—,—} is a Gerstenhaber bibracket of degree d, then {—,—}" is a
Gerstenhaber bracket of degree d in A},

PrOOF. Denote the projection Ay — Aﬁ by p. Clearly, p is onto which
implies the uniqueness of {—, f}+. To prove the existence, we extend {—, —} to a
bracket {—,—}" in the algebra Ay = Ke @ Ay by {e, Ay} = {4}, e} = 0. The
latter bracket is easily checked to satisfy the d-graded Leibniz rules (1.1.5), (1.1.6).
Therefore, it suffices to verify that (14);; — d;;e annhilates {—, —} both on the

19
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left and on the right for all 4, j. The Leibniz rule (1.2.3) for {—, —} implies that
{14, A} = 0. Therefore for any b € A and u,v € {1,...,N},

{(La)ij = dije, buo} = {(1a)ijs buo} — 65 {e,bun} = 0.
Since A’y is generated by the set {by, | b, u,v}, the d-graded Leibniz rules (1.1.5),
(1.1.6) imply that {(14)ij — dije, Ay} = 0. Similarly, {A), (1a)ij — di5e} = 0.
The last claim of the lemma follows from Lemma 1.2.5. ([l

The construc‘gions and results given for A ~ and Ay in Sections 1.3.2 and 1.4.2
easily extend to Aj't, and AJ"{,.

2.1.2. The case of universal enveloping algebras. A rich source of unital
algebras is the theory of Lie algebras since their universal enveloping algebras are
unital. In the graded setting one starts with a 0-graded Lie algebra L = (L, {—,—})
as in Section 1.1.3. The universal enveloping algebra U(L) of L is the quotient of
the graded tensor algebra @,>9 L®" by the 2-sided ideal generated by the vectors

a®b— (-1l @a— {a,b}

where a,b run over all homogeneous elements of L. The graded tensor algebra is
unital and so is U(L).

For any unital graded algebra V', the composition with the natural linear map
L — U(L) determines a bijection

(2.1.3) Homg a4+ (U(L), V) ~ Homg;e(L, V)
where Lie is the category of 0-graded Lie algebras and, on the right hand-side, V' is
viewed as a graded Lie algebra with the commutator bracket. Section 2.1.1 yields

for each N > 1, a commutative unital graded algebra Ly = (U(L))%. By (2.1.2)
and (2.1.3), for any B € Ob(CGA"), we have a natural bijection

(214) Hom€9A+ (LN, B) ~ HOInLie(L7 MatN(B)).

Note that Ly is generated by the commuting symbols a;; where a runs over ho-
mogeneous elements of L and ¢,j run over 1,..., N, subject to the first two of the
relations (1.1.1) and the relation {a,b};; = a;b;; — (71)|“”b|bualj for all homoge-
neous a,b € L and all 7,j. Lemma 2.1.1 shows how to obtain a bracket in Ly from
a bibracket in U(L).

2.2. Bibrackets in categories

We define representation algebras and bibrackets for graded categories. We
follow Van den Bergh [VdB, Section 7] who did it for non-graded categories with
finite sets of objects.

2.2.1. Graded categories and associated algebras. A graded category is
a small category C such that for any objects X,Y of €, the set Home(X,Y) is a
graded module, the identity morphisms of all objects are homogeneous of degree
zero, and the composition of morphisms is bilinear and degree-additive. The latter
condition means that for any homogeneous f € Home(X,Y) and g € Home(Y, Z),
the morphism go f : X — Z is homogeneous of degree |f| + |g|.

With a graded category C we associate a graded algebra

A=A@) = (P Home(X,Y)
X,YeOb(e)
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where @ is the direct sum of graded modules. The product fg € A of f €
Home(X,Y) and g € Home(U, Z) is equal to go f if Y = U and to zero oth-
erwise. For X € Ob(C), the identity morphism of X represents an element of A
denoted ex. Clearly, exex = ex and exey = 0 for X # Y. If the set Ob(C) is
finite, then 14 =3~y cop(e) €x is a two-sided unit of A; if the set Ob(C) is infinite,
then A is not unital.

For each integer N > 1, we introduce a unital graded algebra éj\} Consider
the unital graded algebra Ke & Ay obtained by adjoining the two-sided unit e to
the graded algebra Ay associated with A = A(€) in Section 1.1.2. Let €}, be the
quotient of Ke @ Ay by the 2-sided ideal generated by the set {(ex)ij — 0ije}x.ij
where X runs over all objects of € and 4,j € {1,...,N}. The algebra éj\} has the
following universal property. For each unital graded algebra B, we consider the
algebra Mat (B) of (N x N)-matrices over B as a category with a single object.
This category is graded: a matrix is homogeneous of degree p if all its entries belong
to BP C B. There is a natural bijection

Hom9A+(éE, B) — Fun(C, Maty(B))

where GA" is the category of unital graded algebras and Fun(€, Maty(B)) is the
set of degree-preserving linear functors € — Mat y(B). Note that such functors can
be interpreted as N-dimensional B-representations of C.

The commutative unital graded algebra C}; = Com(éﬁ) plays a similar role in
the category CSA" of commutative unital graded algebras: for any B € Ob(@9A+),
there is a natural bijection

(2.2.1) Homeg 4+ (€, B) — Fun(€, Maty (B)).

2.2.2. Double Gerstenhaber categories. Let d be an integer. A d-graded
bibracket in a graded category € is a d-graded bibracket {—,—} in the graded
algebra A = A(C) such that {A,ex} = {ex, A} =0 for all X € Ob(C). If such a
bibracket in A is a Gerstenhaber bibracket of degree d, then the pair (C,{—,—})
is called a double Gerstenhaber category of degree d.

LEMMA 2.2.1. Let {—, —} be a d-graded bibracket in a graded category C. Then
+ forany X, Y, U,V € Ob(C),
{Home(X,Y), Home(U,V)} € Home(U,Y) ® Home (X, V);

« for any integer N > 1, the bracket in Ayn determined by Lemma 1.2.1
induces a bracket {—, —} in CL satisfying the Leibniz rules (1.1.5), (1.1.6);

«if (C,{—,—1}) is a double Gerstenhaber category of degree d, then the pair
(6}, {—,—1}) is a unital Gerstenhaber algebra of degree d for all N > 1.

Proor. Using the identity {A,ex} = {ex, A} = 0 and the Leibniz rules
for {—, —}, we obtain that for any f € Home(X,Y), g € Home (U, V),

{r.9% = {exfev,evgev}
= ev {exfey,g} ev
ev (ex x{f,g} xey)ev
ev (ex = ({f. 9} @ {f.9}") xex) ev
ev{f, g} ey @ex {f,9} ev € Home(U,Y) ® Home(X,V).

Other claims of the lemma follow from the definitions and Lemma 1.2.5. O
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We conclude that a double Gerstenhaber category (C, {—, —}) of degree d gives
rise to a system of unital Gerstenhaber algebras {C} }n>1 of degree d. Moreover,
for any full subcategory €’ of C, the algebra A’ = A(C’) may be viewed as a subal-
gebra of A = A(C) in the obvious way. The first claim of Lemma 2.2.1 implies that
the bibracket {—, —} in A restricts to a bibracket in A’. In this way, €’ becomes a
double Gerstenhaber category of degree d. In particular, any object X of C deter-
mines a full subcategory Cx of € consisting of X and all its endomorphisms. Then
the restriction of {—, —} to the unital graded algebra Ax = A(Cx) = Ende(X) is
a Gerstenhaber bibracket of degree d, and we have (Cx)% = (Ax)%-

2.2.3. Remark. In analogy with non-unital algebras, one can consider “cat-
egories without identity morphisms”. However, such generalized categories do not
appear in our geometric context and we do not study them.

2.3. Bibrackets in Hopf categories

We define Hopf categories and we introduce a class of bibrackets in Hopf cate-
gories called reducible bibrackets.

2.3.1. Hopf categories. Consider a graded category C and the associated
graded algebra A = A(C), see Section 2.2.1. For X € Ob(C), we let ex € A% C A
be the element represented by the identity morphism of X. We view A ® A as an
algebra with multiplication defined by

(a1 ® az)(by @ by) = (—1)l*2l1"1a;b; @ asby

for any homogeneous ay, as, b1, bs € A. A comultiplication in C is a degree-preserving
algebra homomorphism A : A — A ® A such that

and Aex) = ex ® ex for all X € Ob(€C). As a consequence, A must carry

H = Home(X,Y) C A to H® H for any objects X,Y of €. The image of any
©)

a € H under A expands (non-uniquely) as a sum ), %(1) ®a,;”’ where ¢ runs over a

51), al@) are homogeneous elements of . We use Sweedler’s notation,
i.e., drop the index i and the summation sign and write simply A(a) = o ® a(?.
The condition that A is degree-preserving means that |a| + |a?| = |a| for any

homogeneous a € A. That A is an algebra homomorphism means the identity

A(ab) = (=1)le? 11 1gMp0) g 4252

finite set and a

for any homogeneous a,b € A.

An augmentation of C is a linear map ¢ : A — K carrying the identity
morphisms of all objects to 1, carrying AP to 0 for all p # 0, and satisfying
e(fg) = e(f)e(g) for any morphisms f,g in € with target(f) = source(g). A
counit for a comultiplication A : A - A ® A is an augmentation € : A — K of €
such that

(idA ®E)A =idy = (8 ® idA)A: A— A

Clearly, if € is a counit of A, then A is a split injection with left inverses id4 ®e
and € ® id4. Also, € induces linear maps €, €out : A — A such that

em(a) =ela)ex and eoui(a) =c(a)ey,
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for all X,Y € Ob(C) and a € Home(X,Y). An antipode in C is a degree-preserving
linear map s : A — A carrying Home(X,Y) to Home(Y, X) for any X, Y € Ob(C)
and satisfying

aWs(a®) = e (a), s(aM)a® = ey (a),

for all @ € A. It follows immediately that s(ex) = ex for any X € Ob(C).

A graded category € endowed with a comultiplication A, a counit €, and an
antipode s is called a Hopf category. When C has a single object, we recover the
usual notion of a graded Hopf algebra. A Hopf category (C, A, g, s) is cocommutative
if A = Py A and is tnvolutive if s is an involution.

Basic properties of Hopf algebras (see, for instance, [Ka, Theorem III.3.4])
generalize to Hopf categories. We state the properties used in the sequel.

LEMMA 2.3.1. The antipode s of a Hopf category C is an antiendomorphism of
the underlying algebra of A = A(C) in the sense that, for any homogeneous a,b € A,

s(ab) = (—1)!ls(b)s(a).

Also, s is an antiendomorphism of the underlying coalgebra of A in the sense that,
for any a € A,

e(s(@)) =e(a) and (s(a)™ @ (s(a))® = (=D 1V 5(0) @ s(aM).
Finally, the cocommutativity of C implies its involutivity, and the latter is equivalent
to any of the following two properties:

(i) for alla € A, (=1)l*V 1P 15(a@)a®) = ¢, (a);
(ii) for alla € A, (—1)‘“(1)”“(2)‘a(2)s(a(1)) = €in(a).

PROOF. In the proof we will use the following notation. Recall that the al-
gebra A is linearly generated by morphisms in €. Given two expressions linearly
depending on one or several elements a,b,... of A, we relate these expressions by
the symbol = if they are equal for all a,b,... and this equality follows from the
axioms of a Hopf category whenever a,b, ... are morphisms in C.

Let C be the module of degree-preserving linear maps A ® A — A. Note that

the comultiplication in A induces a degree-preserving coassociative comultiplication
in A® A carrying a ® b with a,b € A to

(—1)P1 ] (00 g pV) & (o b))
This comultiplication induces the convolution product * in C' by
ENITNE))
(f*g)a®b) = (-1 17 (a® @M g(a® @ b))

for any f,g € C and any a,b € A. We define elements I, of C by l(a ® b) = s(ab)
and r(a ® b) = (—1)!%l’ls(b)s(a) for any homogeneous a,b € A. To prove the first
claim of the lemma we must show that [ = r. To this end we define m,u,v € C' by

m(a®b) =ab, u(a®b)=-cou(ab), v(a®b)=ei(ab)
for any a,b € A. Observe that
(rr)a@b) = (~HPTITEEIE (D) (s(6*))s(a™))
=~ (WM 5(5@)s(a?)
(=)@l (M) (™M) 5(6®)s(a@)
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(_l)lb\\alS(g(b(l))b(Z))s(g(a(l))a@)) = r(a®b)

and
(+m)(a®b) = (_1)\17(”Ha(2)ls(a(1)b(1)) (a@p®)
= s((ab)M) ((ab)?) = eoue(ab) = u(a@b).
Furthermore,
(mxr)a®b) = (- l)lb“’Ha(2>|+|b‘2)lla(2>\( WpM) (s(b@)s(a))
= (—1)tlla?lg M (5 s(b3)) 5(a®)
= (=D Mg (5)s(a®)
aWMeg, (b)s(a?)
= a0 ()s(a®)e(a®)
= aWsa®)e(a®b)
= en(@Me(@®b) = en(ab) = v(a®b)
and
(Ixv)a@b) = (D1 s00pM) e, (b))
Z (=)WMD g (¢ P p@)
= (=) 5 (WpM) g (o2 )(5(2))
= S(a(l) (a®)pMe b(Z))) @ b).

Since * is an associative operation, we deduce that
l=lxv=Ilxmxr=uxr=r.

We now verify that s is an antiendomorphism of the unital coalgebra (A, A, ¢€).
For this, we consider the module D of degree-preserving linear maps A - A ® A,
and we equip it with the convolution product defined by

(f *g)(a) = f(a™M) g(a®?)

for any f,g € D and any a € A. Let [,r,u,v € D be defined by

l=As, 1=(s®8)Pa1A, u=A~Acou, v=~A¢p.
We must prove that [ = r. Observe that, for any a € A,

(@er)(@ = Acou(a®) ((s® )PaAE®))
(—1 )Ia(3>Ha(4)|( eout (@) ® eout (a (2)))( (@) @ s(a®))

(D) e () s(a®) @ out (@®)s(a®)
= (-1 s(a®) @ 6(0(2 )s(a®)
(=)l (M) 5(a®) @ s(a?)
(— 1)|a“>a<2)lla(3’\S(G(B)) ® S(E(a(l))a(Q))
(D)1 ls@®) @ s(a®) = r(a).

))s
|a(2) (3)||a(4)\ ( )

1

and

(1% A)(a) = A(s(a™M)) A(a@) = A(s(aM) a?) = u(a).
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Furthermore,
(Axr)(a) = AlaM) ((s®s)P21A(a(2)))
= (1)l (4D @ o) (s(aP) @ s(a))
= (—1)e@a@ P15 (4 g o) g(®))
= (=D)®N®1gW5(63)) @ i (a®)
= aWs(a®) @ en(a?) = v(a)
and
(lxv)(a) = As(aM)Aey(a®)

= A(S(a(l))gin(a@)))
= A(s(a(l))a(a@))) = A(s (a(l)s(a(Q)))) = [(a)
Using the associativity of %, we deduce that
l=lxv=IlxAxr=uxr=r.
Also, s preverves the counit: for any a € A, we have
e(a) = elem(a)) = e(aWs(a?))
' E(a(l))s(s(a(g))) = 5(3(5(a(1))a(2))) = &(s(a)).

We now prove the part of the lemma concerning the involutivity. If s? = idy,
then the condition (i) is satisfied:

(~1)l PP 5(@)a® = s(s(aM)a®) = s (ou(0)) = cous(a).

Assume now that the condition (i) is met and consider the convolution product
in the module, F, of degree-preserving linear maps A — A. For any a € A,
(5% s%)(a) = s(a) s(s(a@))) = (—1)‘““)"“(2)‘s(s(a@))a(l))
= s(eout(a)) = cout(a).
Thus, s* 52 = eout. It follows from the axioms of a Hopf category that id4 *s = ey,
and ei, * f = f = f * ey for each f € E carrying the set Home(X,Y') into itself
for all X,Y € Ob(C). Applying this to f = s and to f = ids and using the
associativity of %, we obtain
=g xs2 =idgxs*s? =idg*eoy =id4 .

This shows the equivalence between the involutivity and (i); the equivalence with
(ii) is proved similarly. Finally, if C is cocommutative, then the identity sxid4 = €out
implies (i), so that A is involutive. O

2.3.2. Bibrackets re-examined. Bibrackets in a Hopf category (C, A, ¢, s)
have a useful reformulation which we now describe. Consider the associated graded
algebra A = A(C) and a d-graded bibracket {—, -} : A® A - A® A with d € Z.
We define a linear map A =A({—,—}) : A® A— A® A by

(2.3.1) Aa,b) = aVs({a®), b(l)}}/> ® {{a@),b(l)}}" s(b®)

for any a,b € A. Note that, if a« € Home(X,Y) and b € Home(U,V) with
X,Y,U,V € Ob(€), then A(a,b) € Home(X,U) ® Home(X,U).
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LEMMA 2.3.2. For any a € A and any homogeneous b,c € A, we have
Aa,be) = Ala, b)) e(b@e) + (=1)1P11T A(a, ) (s @ s)(A(D)),
Alab,e) = A(aW,e)e(aPb) + Aa) A(b, ).

PROOF. Since both sides of the first identity are linear in b and c¢, it suffices
to consider the case where b € Home (U, V) and ¢ € Home(W, Z) for some objects
UV, W,Z of €. If V £ W, then both sides of the identity are equal to zero. If
V =W, then A(a, b)) e(b®c) = A(a,b) £(c) and

) = (a0 Yo 090 s
— (—1)lle <1>8({{ @) p0 })®{{au‘)’b<1>c<1>}}”s(c(2))s(b@))
— (=1l <1>8({{ @) b<1>}} )@{{a<2>,b(1>}}”c<1>s(c<2>)s(b<2>)
+n1a(”s( {{a<2>7 c<1>}} ) s @ {{a@),c(l)}}” s(c) 5(b)

= ¢e(c)Ala,b) + n2 Ala, ¢) (s(b(l)) ® s(b(z)))
where the signs 71,72 = £1 are computed by

mo= (=D)L e R+ o
n = 171-(_1)“’(1)\|{{a<2),c(1>}}”c(2>‘ _ (_1)“7”(:‘.

The second identity is proved similarly with the key case being the one where
a, b are morphisms in € and the target object of a coincides with the source object
of b. Then A(a,c) e(a®b) = A(a, c) e(b) and

() o o)

— (=)l a<1>b<1)s( {{a(2)b<2>7c<1>}} ) 2 { a@)b@),c(l)}}"s(c(?))
- 01a<1>b<1>5( {{b@)’ C(l)}}’) © o {{b<2>7c<1>}}” s(c®)

40, a(1>b<1>5( {{a@)’ C(l)}}’ b(2>) @ {{am)’ C(l)}}” s(c®)

= (a(l) ® a(2)) A(b, )

/ "
+93a<1>b<1>8(b<2>)8( {{a<2),c<1>}} ) ® {{a<2>,c<1>}} s(c)
= A(@) A, ¢) + (=1)la”1le(b) A(a,¢) = A(a) Ab,¢) + (b)A(a, c)
where the signs 61, 65,603 = £1 are computed by

A(abd, )

B = (D)l B L
By = (—1)la@ O LMt | o]
05 = 0y (—1)PTHH R (@i, 0

The bibracket {—, —} may be recovered from the map A at least in the case
where the antipode s in € is invertible. Indeed, for any a,b € A,

(2.3.2) s(aM) A(a®,p1)) p@
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= s(aW) a(2>5( {{a(3),b(1)}}/> ® {{a<3>7b<1>}}”s(b<2>) b(3)
— eu(aM) s( {{a<2>7 b(l)}}’) ® {{a@)’ b(l)}}” fout (b))
— (M) 8( {{a<2>7b<1>}}') ® {{a@),b(l)}}”g(b@))

= (s®ida)({a,b}).
If follows that, if the antipode s is invertible, then
fa, b} = (s @ida)(s(aM)A(a®,bM) )
(_1)|a(1)Ha(2)b(1)‘d (8_1 ® idA> (A(a(Z)’ b(l))) (a(l) ® b(2))
2.3.3. Reducible bibrackets. Let {—, —} be a bibracket in a Hopf category
C =(C,A, e, s). It induces, in the notation of the previous subsection, a bilinear
pairing
A=A{—-,-}:AxA—> A
by A = (e ® ida)A. Explicitly, for any a,b € A we have

(2.3.3) Ma,b) = E( {{a, b(l)}}/) {{a, b(l)}}u s(b®).

It follows from Lemma 2.3.2 that, for any a € A and any homogeneous b, c € A,
AMa,be) = Aa,bM) e(bPe) + (=1)1P11I \(a, ¢) s(b),
Mab,e) = MaW,e)e(@a®b) +a b, ).
We call a bibracket {—, =} in € reducible if A(A® A) C A(A). Then
A=(e®idg)A = (da®e)A: AxA— A and A=Ao\

As a consequence, a reducible bibracket in a Hopf category with invertible antipode
is fully determined by the associated pairing .

LEMMA 2.3.3. Suppose that the Hopf category C is cocommutative.
(i) If {—,—} is reducible, then, for any a,b € A,

{s(a),s(d)} = (s ® s)P21 {a,b};
(ii) If {—,—} is d-antisymmetric, then (s ® s)A = —P21APa; 4;
(iii) If {—, =} is reducible and d-antisymmetric, then s\ = —APa 4.

PROOF. In the proof we will often use that s> = ids. We begin with (i). It
easily follows from Lemma 2.3.2 that A(a,ex) = 0 = A(ex,a) for any a € A and
X € Ob(C). Hence, for any =,y € A,

0 = A@coun(®) = Az, s(yM)y?)
A(z,g(y(l))) e(y?) + (,1)Iy‘”lly(2’\A(m,y(z))) (s® S)A(s(y(l)))
Az, s(y)) + (_1)|y(”y(2)lly(3’\+|y“)lly(2>\A(x)y(S) (y® ®yM).

Therefore
W)@ (1@ |41V 42
(2.3.4) Az, s(y)) = —(=D)lv v I HVTIVTIA (2,43 (4@ @ y D).
Similarly, for any z,y € A,
0 = Aleow(a),y) = H)Iac“)Hw<2>|A(s(x<2>)$<1>,y)
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= ()FTIETIA (), y) e(@®) + (DT IETIA () A, y)
= A(s(2).y) + ()P (5 (00) @ @) A, ),
and therefore
(235)  A(s(z),y) = — (=)l NP1 (5 (:3)) @ 5(22))A(zD), y).
We have
(s@ida) fs(a),s®)F =7 s((s(a) D) A((s(a) ), (s(6) 1)) (s(b))®
= (=Dl PNa® O] @) (5(aM), s(6@))) s(b™D)

CLD g a0 (A(S(a<1>)7b<4>) *b<3>) b sy
— 0,4 >(A(s(a<1>),b<3>) *b@)) em(0D)
-  0sa >(A(s(a<1>),b<3>) *b@))g(bu))
- bia (A(s(a<1>),b<2>) *b(l))

C20 5 0 s(a®) () 5 Aa®,5)) b))

96€in(a(3))(8(a(2))*/\( ), b2)) *bu))
0re(a®) ((a®) 5 A(aD,5®) 5 50)

= 0 (s(a@)) * A(a(l), b(z)) * b(l))

where the signs 61,602, ... are computed by
0, = ( ) [aD ] 1a@ |+]6P | [P ™) |46 ) || |41 |6 |
_ ( 1)|a(1)||a(2)|+|b(1)\|b<2)|+\b(1)b(2)||b(3>b(4)|+|b<3)||b<4)|7
0, — ( 1)|a(1)||a(2)|+|b(1)\|b<2)b<3)|+\b(2)|\b(3)|7
0y — ( 1)| aM[1a@ |+ P |[p3)] _ _(_1)|a(1)\|a(2)\+|b<1)b(2)\|b(3)\7
0, = —(—1)le PO
05 _ (_1) a®a®a®1a®|+1aM]a®a® |+]a@||a® |+ 6D [|6P|
_ (_1)|a(3>‘ o™ |+]aMa®| \a<3)a(4)|+|a(1)Ha<2)|+\b(1)Hb(2)\’
0s = (_1)|a(1)a(2)|\a(3)|+\a(1)||a(2)H—|b<1)||b<2)|)
0. — (_1)|a(1)Ha(2)|+|b(1)\|b(2)\ _ (_1)\a(1)||a(2)a(3)\+\b(1)|\b(2)|’
Bs = (—1)laNa@IHpM |
Therefore, using the cocommutativity of €, we obtain
(s®@ida) {s(a),s(0)} = s(aM)*A(a®,bD) 5 p@,
Besides,
(s®ida)(s ® s)Pa1 {a, b} = Par(s®ida) {a,b}

T2 Pau(s(a) A(a®,b0) 1)
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= S(Q(l)) % (pmA(a(?)’ b<1>)) ey
= s(aW)x A(a®,pD) % b

where the last equality uses the formula P2y A = A which follows from the reducibil-
ity of {—, —}. We conclude that {s(a),s(b)} = (s ® s)P21 {a,b}.

We now prove (ii). If the bibracket {—,—} is d-antisymmetric, then for any
homogeneous a,b € A,

APy 4(a @ b) (—1)lalalbla A (b, a)
= (c)lelaltla 0 ( {b@) au)}}’) ®{{b(2> a(l)}}”s(a@))
- fua o ft a
= 0P ({{a® b2>}} s(a®) @ b0 ({{au),b(z)}}”))
= 03Py (s®s ( 5({{a DIFC }} )®{{a<1>,b<2>}}"s(b<1>))

— 7P21(S X S)A(CL, b)

where the last equality is a consequence of the cocommutativity of € and

0, = _(_1)d‘b(1)|+d‘a<2)H_l“(l)Hb(l)|+|“(2)"b(z)H‘|’l(2>\\bm\+|{{a(1>,b(2>}}’{{a(1)7b<2)}}~|,
By = (1 e LAY oD o oD 5P Y o 5 0]
0 = _(_1)\a(2)||a<1)\.Hb(?)Hb(l)I.

Finally, we deduce (iii) from (ii):

sA = s(e®ida)A = (e®ida)(s® s)A
= —(e®idg)P21AP21 g
= —(ida®e)AP214 = —AP21q. 0

2.3.4. Remark. Reducible bibrackets are interesting from the algebraic view-
point because they induce brackets in more general representation algebras asso-
ciated with algebraic groups. This class of algebras includes the representation
algebras considered here and associated with the general linear groups. For more
on this, see [MT2]. The bibrackets arising below in the geometric context are
reducible.

2.4. Hamiltonian reduction of bibrackets

We formulate Hamiltonian reduction for Gerstenhaber bibrackets based on a
notion of an Hy-Poisson structure. In the non-graded case, the content of this
section is due to Crawley-Boevey [Cb] and Van den Bergh [VdB].

2.4.1. Hy-Poisson structures. An Hy-Poisson structure of degree d € Z
on a graded algebra A is a d-graded Lie bracket (—,—) in the graded module
A = AJ[A, A] such that, for all homogeneous = € A, the map (z, —) : A — A lifts
to a derivation A — A of degree |z|4 = |z|+d. If Ais a commutative graded algebra,
then an Hy-Poisson structure of degree d in A is nothing but a Gerstenhaber bracket
of degree d in A.
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LEMMA 2.4.1. Given a Gerstenhaber bibracket of degree d in a graded algebra A,
the induced bracket (—, —) in A is an Hy-Poisson structure of degree d on A.

PROOF. That (—, —) is a d-graded Lie bracket in A follows from Lemma 1.4.1.
The same lemma shows that the formula z + (r,—) defines a linear map A —
Der(A) which preserves the Lie bracket and carries A? to Der? ™ (A) for all p € Z.
This implies the claim of the lemma. ([

THEOREM 2.4.2. Let (—,—) be an Hy-Poisson structure of degree d on a graded
algebra A and let N > 1. Then there is a unique Gerstenhaber bracket {—,—} of
degree d in the trace algebra Ay, C Ay such that

{tr(a), tr(b)} = tr (a,b)
for any a,b € A.

ProOOF. The proof follows the same lines as in the non-graded case, see [Cb,
Theorem 4.5]. The uniqueness of {—, —} is obvious because the image of the trace
map tr: A — Ay generates Al;. To prove the existence, consider the commutative
graded algebra S = S(A) freely generated by the graded module A (the symmetric
algebra of A). The d-graded Lie bracket (—, —) in A uniquely extends to a Gersten-
haber bracket (—, —)s of degree d in S. The map tr : A — Ay uniquely extends
to a graded algebra homomorphism 7' : S — A%, which is surjective. Therefore,
it suffices to prove the existence of a map {—, —} : Ay, x Ay, — A, such that the
following diagram commutes:

SxS——m@m—
TXTJ/ lT
{--1}

Aty x Aly — =0 at

(=—)s

In other words, we need to show that the pairing 7' (—, —)g : Sx.S — AY; annihilates
Ker(T'). Since the bracket (—, —)g is d-antisymmetric, it suffices to show that
T (r,Ker(T))s = 0 for any r € S. Since the bracket (—, —)g satisfies the d-graded
Leibniz rule in the first variable and T is an algebra homomorphism, it suffices to
consider the case r € A. By the definition of an Hy-Poisson structure, the map
(r,=) : A — A lifts to a derivation § : A — A. There is a unique derivation
On : Ay — Ay such that dn(ai;) = (6(a));; for any a € A and 4,5 € {1,...,N}.
Then, for any a € A,

S (tr(a)) = 5N<Z%) = (8(a))is = tré(a) = tr (r, a)s.
It follows that the maps yT : S — Ax and T (r,—)s : S — A, C Ay are equal
on A C S. Since A generates the algebra S and both these maps are derivations,
they must be equal. As a consequence, T (r, Ker(T))s = 0. O

Combining Lemma 2.4.1 and Theorem 2.4.2, we obtain that any Gerstenhaber
bibracket of degree d in A induces a Gerstenhaber bracket of degree d in Al;.
Clearly this bracket is the restriction of the Gerstenhaber bracket in Ay provided
by Lemma 1.2.5.
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2.4.2. Moment maps. Let A be a unital graded algebra equipped with a
Gerstenhaber bibracket {—,—} of degree d. A moment map for {—,—} is an
element p € A% such that {u,a} =a® 14 — 14 ®a for all @ € A or, equivalently,
fa,u} =a®ly—1a®aforalla e A If d # 0, then there is at most one moment
map. If d = 0, then for any moment map i € A° and any k € K, the sum p+ klg
is a moment map.

LEMMA 2.4.3. Let p € A=¢ be a moment map. The bracket (—,—) in A asso-
ciated with {—, =} induces an Hy-Poisson structure of degree d on B = A/AuA.

PrOOF. Let p: A — B and h : B — B = B/[B, B] be the canonical pro-
jections. Clearly, p carries [A, A] to [B, B] and induces a linear map p : A — B.
Lemma 1.4.1(iii) shows that the bracket (—, —) in A induces a pairing (—,—) :
A® A — A. We claim that there are linear maps u,v such that the following
diagram commutes:

(2.4.1) ApA—2% L iep—"" ,pBenB
<-7->J l |
A P B b B.

Such maps u, v are necessarily unique because p, p, h are onto. As a consequence,
the following diagram commutes:

AoA—"" . BeB
-]
A P B.

Therefore v is a d-graded Lie bracket in B. Since (z, —) : A — A is a derivation for
all z € A and p is onto, the Lie bracket v is an Hy-Poisson structure on B.

It remains to verify the claim above. The definitions of the moment map p and
the bracket (—, —) in A imply that (A, u) = 0. Hence, (A, AuA) C ApA = Kerp.

This inclusion implies the existence of u. By Lemma 1.4.1(ii),
(ApA, Ay C ApA+ (A, Al = Ker hp.
This implies the existence of v. (I

By Theorem 2.4.2, we obtain that under the assumptions of Lemma 2.4.3, the
bibracket in A induces Gerstenhaber brackets of degree d on the trace algebras
of B= A/AuA. As an exercise, the reader may extend Lemma 2.4.3 to the setting
of graded categories discussed in Section 2.2.






CHAPTER 3

Face homology

3.1. Manifolds with faces and partitions

We recall manifolds with faces and discuss partitions on such manifolds.

3.1.1. Manifolds with faces. We start with a bigger class of manifolds with
corners, see [Cel, [Do], [J&], [MrOd], and [Jo]. An n-dimensional manifold with
corners with n > 0, or, shorter, an n-manifold with corners, is a paracompact
Hausdorff topological space locally differentiably (C°°) modelled on open subsets of
[0,00)™. For a definition in terms of local coordinate systems and for further details,
see [Jo]. The underlying topological space of an n-manifold with corners K is an
n-dimensional topological manifold with boundary. The topological boundary of K
is denoted by 0K (the symbol 0K has a different meaning in [Jo]). The dimension
function dg : K — Z carries a point of K represented by a tuple (z1,...,z,) in a
local coordinate system to the number of non-zero terms in this tuple (this number
does not depend on the choice of the local coordinate system). For r > 0, the set

K, ={z e K :dg(x) <r}
is a closed subset of K. It is clear that
Ky C Ky C~~CKn_1:6KCKn:K.

Also, Ky = d;<1 (0) is a discrete set, and K, \ K,_; is a smooth r-dimensional
manifold for all r» > 1.

The set P(K) = 0K \ K,,_2 is an open subset of 0K and any x € 0K belongs
to the closure of at most n — dx () connected components of P(K). We call K
a manifold with faces if K is compact and every x € 0K belongs to the closure
of precisely n — dg (x) different components of P(K). This condition implies that
the closure in K of any component of P(K) is an (n — 1)-dimensional manifold
with faces whose dimension function is the restriction of dgx. We call the closure
of a component of P(K) a principal face of K. We can now define recursively on
n = dim K the notion of a face of K. By definition, a face of K is a connected
component of K, or a principal face of K, or a face of a principal face of K.
Clearly, K has only a finite number of faces, and each face of K is a connected
manifold with faces. The union of faces of K of dimension < r is equal to K, for
all 7 > 0. The faces of K contained in K are said to be proper.

Every point z of K lies in the interior of a unique face F, of K. If dg(z) > 1,
then F, is the closure of the component of K, \ K,_; containing z for r = dx (X).
If d(z) = 0, then F, = {z}. Note that F is the smallest face of K containing x:
any face of K containing = contains F) as a face.

For example, any compact smooth manifold M is a manifold with faces, and
its faces are the components of M and of M. For any n > 0, an n-dimensional

33
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simplex is a manifold with faces and its faces are the usual combinatorial faces.
Finite disjoint unions and finite products of manifolds with faces are manifolds
with faces in the obvious way. The empty set is considered as an n-manifold with
faces for any n > 0.

Following [MrOd], we call a map f from an n-manifold with faces K to an
m-manifold with faces L smooth if, restricting f to any local coordinate systems
in these manifolds, we obtain a map that extends to a C°°-map from an open
subset of R™ to R™. (Such a map f is said to be “weakly smooth” in [Jo].) A
smooth map f : K — L is continuous and its restriction to any face F' of K is a
smooth map F' — L. A map f: K — L is a diffeomorphism if it is a bijection and
both f and f~! are smooth. Diffeomorphisms of manifolds with faces preserve the
dimension function and carry faces onto faces.

We can define smooth (C°°) triangulations of a manifold with faces repeating
word for word the standard definition of a smooth triangulation of an ordinary
manifold [Mu, Section 8.3] and requiring all faces to be subcomplexes. (The latter
condition is probably satisfied automatically but we prefer to spell it out.) The
standard methods of the theory of smooth triangulations [Mu, Section 10.6] apply
in this setting and show that all manifolds with faces have smooth triangulations.

A manifold with faces K is oriented if its underlying topological manifold is
oriented. The oriented manifold with faces obtained from K by inverting the ori-
entation is denoted by —K.

3.1.2. Partitions. By a partition ¢ on a manifold with faces K we mean a
partition of the set of faces of K into disjoint subsets, called types, and a family of
diffeomorphisms {¢r ¢ : F' = G}(p,¢) numerated by ordered pairs (F,G) of faces
of K of the same type such that

(a) ¢rpp = idp for any face F' of K and ¢g m¢rc = ¢rpu for any faces
F,G, H of K of the same type;
(b) if F, G are faces of K of the same type, then ¢p g : F' — G carries any
face F' of F onto a face G’ of G so that F’, G’ have the same type as faces
of K and pp' v = pralp : F' — G,
The diffeomorphisms {¢r ¢ }(r,q) Will be called identification maps. For example,
every manifold with faces K has a trivial partition such that two faces have the
same type if and only if they coincide.

Given a partition ¢ on K, we write = ~, y for points =,y € K if there are faces
F,G of K of the same type such that z € F, y € G, and ppg(zx) = y. Clearly,
r ~, y if and only if the faces F, I, have the same type and ¢r, r,(z) = y. Then
~, is an equivalence relation on K. The quotient topological space K, = K/~
may not be a manifold. For any set L C K, we denote by L, the image of L under
the projection K — K.

A smooth triangulation T of K fits a partition ¢ on K if the identification map
¢ra: F'— G is a simplicial isomorphism for any faces F, G of the same type.

LEMMA 3.1.1. For any partition ¢ on K, there exists a smooth triangulation T
of K which fits ¢ and projects to a triangulation, T, of the quotient space K.

PRrROOF. We construct by induction on r > 0 a smooth triangulation 7" of K,
satisfying the following condition: all the identification maps between faces of K
of dimension < r are simplicial isomorphisms. The case r = 0 is obvious: we just
take T = K. Given 77!, we construct 7" as follows: pick one r-dimensional face
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of K in each type and extend 77! to the union of K,_; with these faces using the
theory of smooth triangulations [Mu, Section 10.6]. The resulting triangulation of
this union uniquely extends to a triangulation T" of K, satisfying the condition
above. Set n = dim K. Clearly, T'=T" is a smooth triangulation of K that fits ¢.

Let T and T" be the first and second barycentric subdivisions of T, respectively.
Both 77 and T" fit ¢. We claim that (i) the projection 7 : K — K, is injective on
each simplex of 7" and (ii) the images under m of any two simplices of 7" (which
by (i) are simplices) meet along a common face. Thus, the triangulation 7" of K
projects to a triangulation of K, and satisfies the conditions of the lemma.

To prove (i), consider a simplex 7 of T”. Since all simplices of T" are faces of n-
simplices, it suffices to consider the case where dim(7) = n. Note that the restriction
of m: K — K, to the interior of any face of K is injective. Moreover, for any faces
F C G of K, the restriction of 7 to Int(F') UInt(G) is injective. Therefore, to prove
the injectivity of |, it is enough to find a sequence of faces Fy C Fy C --- of K,
possibly with repetitions, such that 7 C U; Int(F;). Let g C 01 C -+ C o, be the
simplices of T whose barycenters are the vertices of 7 where dim(o;) = i for all s.
Let F; be the smallest face of K containing o;. The inclusions o;_; C do; C F;
imply that F;_; C F; for alli. Note that Int(c;) C Int(F;) since OF; is a subcomplex
of T. Thus, 7 C U; Int(o;) C U; Int(F}).

To prove (ii), observe first that for any simplex A of 77, the set 7~ 1(7(A))
is a subcomplex of 7”. Indeed, this set is equal to Up.g pr.g(A N F) where F,G
run over all faces of K of the same type. Since T” fits ¢ and both A and F are
subcomplexes of T”, so are the sets AN F, pra(ANF), and 71 (7(A)).

Consider any simplices 71, 7 of the triangulation T”. Let A; and As be sim-
plices of T” containing 7 and 75 respectively. Set R = (A1) N7(Asy). Clearly, R
is the image of the set A; N7~ !(7(Az)) under 7. By the above, the latter set
is a subcomplex of A;. Therefore, R is a subcomplex of the simplex m(A;). We
claim that RN 7(7y) is a face of the simplex m(71). This claim would imply that
RN m(m) = m(1) for a simplex 19 of T”. Since R C 7(Az), we can assume (re-
placing if necessary 19 by some ¢g ¢ (70)) that 79 C A} where A is the barycentric
subdivision of Ay. Then

m(m) N7(r) = RNa(m) N7w(r) = 7(m) N (1)

is an intersection of two simplices of w(A}). Hence, it is a simplex of m(A}) and
a face of 7(72). By symmetry between 71 and 73, the intersection w(71) N w(72) is
also a face of m(m).

To prove the claim above, we need only to show that any subcomplex R of an
arbitrary simplex A meets any simplex 7 of the first barycentric subdivision A’
along a face of 7. Clearly, R N7 is an intersection of two subcomplexes of A’ and
therefore a subcomplex of 7. Set £k = dim7 and let o9 C --- C o} be the faces
of A whose barycenters v, ..., v are the vertices of 7. Let ¢ be the largest integer
such that v; € R. Since R contains an interior point of o; and R is a subcomplex
of A, we have o; C R. Then R contains the face (vg,...,v;) of 7. Since RN 7 is a
subcomplex of 7 not containing v;41, ..., v, we have RN 7 = (vg, ..., v;). O

3.2. Polychains, polycycles, and face homology
We introduce the face homology of a topological space X.
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3.2.1. Polychains. Given a partition ¢ on a manifold with faces K, we say
that a continuous map « : K — X is compatible with ¢ if ko ppg =klp: F - X
for any faces F,G of K of the same type. Every such k is obtained by composing
the projection K — K, with a continuous map K, — X.

An n-dimensional polychain or, shorter, an n-polychain in X with n > 0 is a
quadruplet X = (K, ¢, u, k) where K is an oriented n-manifold with faces, ¢ is a
partition on K, u is a map mo(K) — K called the weight, and x : K — X is a
continuous map compatible with ¢. By convention, for every n > 0, there is an
empty n-polychain @ whose underlying n-manifold is the empty set.

A diffeomorphism of n-polychains X = (K, ¢,u,k) and X' = (K', ¢, v/, &)
in X is a diffeomorphism f : K — K’ such that

(1) k=#of;

(2) faces F,G of K have the same type if and only the faces f(F), f(G) of K’
have the same type and then f|goyppg = ‘Plf(F),f(G) oflp: F— f(GQ);

(3) W (f(C)) = deg(flc : C — f(C))u(C) for any connected component C
of K where deg denotes the degree of a diffeomorphism.

We say that n-polychains X and X’ in X are diffeomorphic and we write X = X'
if there exists a diffeomorphism of X onto X’. It is clear that = is an equivalence
relation. By definition, the diffeomorphism class of a polychain X = (K, ¢, u, k)
is preserved if one simultaneously inverts the orientation of a component of K
and multiplies the corresponding weight by —1. Therefore the opposite polychain
—X = (=K, ¢,u, k) is diffecomorphic to (K, p, —u, k).

Examples of polychains are provided by singular manifolds in X, that is pairs
(an oriented smooth compact manifold M, a continuous map x : M — X). Such
a pair determines a polychain (M, ¢, u, ) where M is viewed as a manifold with
faces as in Section 3.1.1, ¢ is the trivial partition, and v = 1 € K is the constant
function on mo(M). As explained below, polychains in X may be also extracted
from singular chains in X. Thus, we can view polychains as common generalisations
of singular manifolds and singular chains in which the role of source spaces is played
by manifolds with faces.

3.2.2. Reduced polychains. A polychain X = (K, ¢, u, k) in X is reduced if
any distinct connected components of K have different types with respect to ¢ and
u(C) # 0 for any connected component C of K. We define two transformations
of an arbitrary polychain X = (K, ¢, u, ) in X whose composition turns X into a
reduced polychain.

To define the first transformation, pick a representative in each type of con-
nected components of K, and let Ky C K be the union of these representatives.
Clearly, K is a manifold with faces which we endow with orientation induced from
that of K. Restricting ¢ and k to K we obtain a partition ¢4 on K, and a map
K+ K4 — X compatible with ¢ . We define a weight vy on K by

uy (C) = deg(poor) u(C’)
=

where C' is a component of K lying in K and C’ runs over all components of K
of the same type as C. It is clear that (K, oy, uy, k1) is a polychain in X whose
distinct components have different types. This polychain, denoted red, (X), is
determined by X uniquely up to diffeomorphism.
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The second transformation of a polychain X = (K, ¢, u, k) removes from K
all connected components with zero weight and restricts ¢, u, k¥ to the remaining
manifold with faces. The resulting polychain is denoted red(X).

The two-step operation red = redg red; transforms an arbitrary polychain into
a reduced polychain defined uniquely up to diffeomorphism. It is clear that a
polychain X is reduced if and only if red(X) = K.

3.2.3. Operations. The boundary of an n-polychain X = (K, ¢, u, k) in X is
the (n — 1)-polychain 0K = (K2, 0%, u%, k%) in X defined as follows.

+ The manifold with faces K is the disjoint union of all principal faces of K
endowed with orientation induced from that of K (see the Introduction
for our orientation conventions).

+ Let ¢ : K9 — K be the natural map identifying each component of K?
with its copy in K. Two faces F, G of K? have the same type if the faces
L(F),(G) of K have the same type and

%0(1?1G = (L‘G)_l%(F)’L(G)L F G

- For any connected component P of K9, we set u?(P) = u(K ") where K
is the connected component of K containing the principal face ¢(P).
- Weset k9 =rt: K9 — X.
The boundary of a polychain is well defined up to diffeomorphism, and diffeomor-
phic polychains have diffeomorphic boundaries. The reduced boundary 0"X of a
polychain X is defined by 0"K = red(9X).

LEMMA 3.2.1. For any polychain X in X, 0"red(X) = 0"K and 0"9"K = @.

PrOOF. The first identity is clear. The second identity follows from the first:
9"0"K = 9"red(0K) = 9"0K = redy red (00K) = @. 0

The disjoint union of two n-polychains K1,Xs in X is defined in the obvious
way and is denoted X L Ky. Clearly,

red(K; UXKs) = red(Ky) Ured(Ke) and 9(K; UXKq) = 0K; U IKs

so that 9"(K; U XKy) = 9"(K1) U 9" (Ka).
For k € K and a polychain X = (K, p,u,x) in X, set kX = (K, ¢, ku, k).
Clearly,
red(kX) =red (kred(X)) and 9O(kK) = koK

so that 0" (kX) = red(k0"X). Note that the polychain (—1)X is diffeomorphic to
the polychain —X opposite to K.

3.2.4. Face homology. The diffeomorphism classes of n-polychains in X may
be added and multiplied by elements of K, but do not form a module because the
distributivity relation (k + )X = kX U IXK fails. Also, it is natural to throw in
relations identifying K with red(X) for all X. Quotienting the set of diffeomorphism
classes of m-polychains in X by the relations of these two types, we obtain the
K-module of n-polychains in X. These modules together with the boundary maps
induced by 0 form the face chain complex of X whose homology is the face homology
of X. However, we prefer the following more direct definition of face homology.
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We say that n-polychains K; and K5 in X are homologous, and write K1 ~ Ko,
if there exist (n + 1)-polychains £, L5 in X such that

red(le) (] 8TL1 = red(ng) ] BTLQ.

Clearly, the homology relation ~ is an equivalence relation (weaker than the diffeo-
morphism relation ). The homology class of an n-polychain X in X is denoted by
(K). Note that (X) = (red(X)). If X; and Ko are homologous, then 9"K; = 9"Ko.

A polychain X = (K, p,u, k) is a polycycle if "X = &. A polychain homolo-
gous to a polycycle is itself a polycycle. In particular, if X is a polycycle, then so
is red(X) and vice versa. Let

fi:n(X) = {n-polycycles in X}/ ~

be the set of homology classes of n-polycycles in X. Note that the disjoint union
of polycycles is a polycycle, and multiplication of polycycles by elements of K yield
polycycles.

LEMMA 3.2.2. Disjoint union of polycycles together with multiplication of poly-
cycles by elements of K turn H,(X) into a module (over K).

PRrROOF. Clearly, the disjoint union of polychains is compatible with ~ and in-
duces a binary operation in I;fn(X ). This operation is associative and commutative
with @ representing the zero element. Thus, I;'n(X ) is an abelian monoid.

To prove that I;fn (X) is a group, we use the cylinder construction on polychains.
Consider an n-polychain X = (K, p,u, k) in X. We define the cylinder polychain
K = (K,p,u,F) as follows. Set K = K x I where I = [0,1] is viewed as a manifold
with faces I, {0}, {1} and endow K with the product orientation. Two faces F x J,
G x J' of K x I are of the same type if F,G are faces of K of the same type and
J = J'is any face of I; then @r, ; oy = ¢r,c xid;. By definition, u(C'xI) = u(C)
for any connected component C of K, and & : K — X is the composition of the
cartesian projection K — K with x : K — X. It follows from the definitions that

red(X) 2 red(X) and 0K =X U (—-K)U0XK.
Therefore
0"K = red(0XK) = red(X) U red(—K) U red(0K) = red(XK) U red(—XK) L 97 (X).

If X is a polycycle, this gives "X 2= red(X) U red(—X). Therefore K U (—X)
We conclude that H,,(X) is an abelian group.

Given two homologous n-polycycles X; and Ko in X, pick (n + 1)-polychains
L1,Ls in X such that red(XK;) U 9" L1 = red(Ks) L 0" Lo. Then, for any k € K,

red (k(red(iKl) L 8’%1)) >~ red (k(red(ﬂ(g) L 8’%2)) .
For each i € {1,2},
red (k(red(X;) Ud"L;)) = red (kred(K;)) Ured (k0" L;) = red(kXK;) LU 0" (kL;).

We deduce that kX; ~ kXs. Thus, the multiplication by k& € K induces a well
defined map H,(X) — H,(X).

The axioms of a K-module are straightforward except the linearity in k. The
latter is a consequence of the following fact: if Ky = (K, p,u;, k) and Ko =
(K, ¢, us, k) are n-polycycles in X (with the same K, ¢, k), then the n-polychain

12

.
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K = (K, p,u; + us, k) is a polycycle homologous to Ky L Ko. To see this, con-
sider the cylinder polychain X; LI Ky = K; UK, (as defined above) and modify its
partition by additionally declaring that, for any face F' of K, the faces (F' x {0})1
and (F x {0})2 of (K x I); U (K X I)s have the same type and the corresponding
identification map is the identity map. This gives an (n+ 1)-polychain £ such that

red; (0L) 2 red (K1) Uredy (Kso) Uredy (—K) U (a polychain with zero weight).

Therefore
0" L 2 red(Ky) Ured(Kz) U red(—XK).
Hence, X is a polycycle homologous to K; LI K. O

We call H,(X) the n-th face homology of X (with coefficients in K). The
face homology extends to a functor from the category of topological spaces to
the category of modules: a continuous map f : X — Y induces a linear map
fe : Hy(X) — H,(Y) carrying the homology class of a polycycle X = (K, ¢, u, k)
in X to the homology class of the polycycle f.(X) = (K, ¢,u, fr) in Y.

3.2.5. Deformations. A deformation of a polychain X = (K, p,u,k) in X
is a family of polychains {K! = (K, p,u, k%) }ter with the same K, o, u such that
{k' : K — X}4e1 is a (continuous) homotopy of kK = k. By the definition of a
polychain, the map x! is compatible with ¢ for all ¢t € I.

LEMMA 3.2.3. If {K'}ier is a deformation of a polycycle K, then XK' is a
polycycle homologous to K = KO.

PrROOF. Equality 0"K! = @ is a direct consequence of the assumption 0"K =
@. Consider the cylinder polychain K i(K’ @, u, k) associated with X = (K, ¢, u, k)

the homotopy {x'}ics of k. Then R = (K,$,u, &) is a polychain such that
"R = red(X') U red(—K?).
This implies that K% ~ K. O

LEMMA 3.2.4. Let X,Y be topological spaces. If maps f,g: X — Y are homo-
topic, then f. = g« : Ho(X) — H.(Y).

PRrROOF. Pick a homotopy {f'}:c; between fO = f and f! = g. For any poly-
cycle X = (K, p,u, k) in X, we have a deformation {(K, p,u, f'x)} s relating the
polycycles f.(K) = (K, ¢,u, fr) and ¢.(K) = (K, ¢, u,gk). Lemma 3.2.3 implies
that these polycycles are homologous. Hence, f, = g.. [

Lemma 3.2.4 implies that a homotopy equivalence between topological spaces
induces an isomorphism of their face homology.

3.2.6. Cross product. The cartesian product K x L of two manifolds with
faces K and L can be viewed as a manifold with faces in the obvious way. The
faces of K x L are the products F x G where F runs over faces of K and G runs
over faces of L. When K and L are oriented, we always provide K x L with the
product orientation. This construction leads to a cross product in face homology
as follows.
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Let X and Y be topological spaces. The cross product of a p-polychain X =
(K, ¢,u,k) in X and a g-polychain £ = (L,v,v,A) in Y is the (p + ¢)-polychain

KxL=(KxL,poxt,uXv,kXA)

in X xY. Here ¢ x 9 is the following partition on K x L: for faces F, F’ of K and
G,G of L, the faces F x G and F’ x G’ of K x L have the same type if, and only
if, F' has the same type as F’ and G has the same type as G, and then

(o X V)pxa,prxe = Prr X Ya.ar-

The weight u x v carries C' X D to u(C) v(D) for any connected components C' of K
and D of L. We also define the reduced cross product of X and £ by

Kx"L=red(KxL).

Note that
(3.2.1) Kx"L2K x"red(L) Zred(K) x" L = red(K) x" red(L).

LEMMA 3.2.5. (i) For any p-polychains K1,Ks in X and q-polychain £ in'Y,

(K1 UXKg) x" L2 (K x"L)U (K x" L).
(ii) For any p-polychain X in X and for any g-polychain £ in'Y,
O"(Kx"L)y= (@K x"L)U(—1)P (XK x"9"L).
PRrOOF. Clearly, (X; UXs) x L = (K1 x L) U (K2 x L) so that
(K1 UXKs) x" L =red (K1 UK2) x L) Zred(K; x L) Ured(Ks x L)

which proves (i). We now prove (ii). Let K and L be the oriented manifolds with
faces underlying X and £ respectively. A principal face of K x L has either the
form P x D, where P is a principal face of K and D is a component of L, or the
form C x @, where C is a component of K and @ is a principal face of L. The
orientation of P x D C (K x L) inherited from K x L coincides with the product
orientation of P x D where P C 0K inherits orientation from K. The orientation
of C' x Q C O(K x L) inherited from K x L differs from the product orientation of
C x @, where ) C 0L inherits orientation from L, by the sign (—1)?. So

A(K x £) 22 (0K x L)L (—=1)P (X x 9L) .

Therefore
(K x"L) = 0 red(Xx L) = 9"(KxXL)
= redd(K x L)
> (K x"L)U(—1)P (K x"9L).
We conclude thanks to (3.2.1). O

LEMMA 3.2.6. The cross product of polychains induces a bilinear map
(3.2.2) X Hy(X) x H(Y) — H (X xY).

PRroOOF. Let X be a polycycle in X and £ be a polycycle in Y. Lemma 3.2.5.(ii)
implies that K x” £ is a polycycle. This polycycle is the reduction of X x £, and
therefore K x £ also is a polycycle. We claim that assigning to (X, £) the homology
class (X x" L) = (KX x £) one obtains a well defined pairing (3.2.2). Let us prove
the independence of the choice of X in its homology class (the second variable is
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treated similarly). Consider two homologous polycycles Ky and Ky in X, and let
P1, P2 be polychains in X such that

red(le) UomPp, = red(ﬂCg) O™ Psy.
Lemma 3.2.5.(1) implies that
(red(XK1) x" L) U (0"Py x" L) = (red(Ka) x" L) LU (0"P2 x" L).

For i € {1,2}, formula (3.2.1) gives red(X;) x" £ 2 red(X; x" £L). Since 0"L = &,
Lemma 3.2.5.(ii) gives 0"P; x" L = 9"(P; x" £L). Therefore K; x" L ~ Ky x" L.
The linearity of (3.2.2) in the first variable follows from Lemma 3.2.5.(1) and
the equality (X)x L = k(X x L) for all k € K. The linearity in the second variable
is proved similarly. O

3.2.7. Remarks. 1. A polychain derived from a singular manifold x : M — X
(see Section 3.2.1) is a polycycle if and only if M = &. The oriented bordism
classes of n-dimensional singular manifolds x : M — X with OM = & form an
abelian group €, (X), called the n-dimensional oriented bordism group of X. Treat-
ing singular manifolds as polychains, we obtain an additive map Q,(X) — H,(X).
By Remark 3.3.5.2 below, this map is not surjective for some n, X, and K = Z.
Thus, some face homology classes over Z are not representable by singular mani-
folds.

2. For a topological pair (X,Y) and an integer n > 0, we define the n-th
relative face homology fIn(X ,Y) as follows. Given n-polychains Xy, Ko in X, we
write Ky ~y Ko, if there exist (n + 1)-polychains £1,Ls in X and m-polychains
N1,Ns in Y such that

red(le) UorLy U L*(Nl) = red(Kg) L O™ Lo L 1y (NQ)

where ¢ : Y < X is the inclusion map. An n-polychain X in X is a polycycle
relative to Y if 9K is the image of an (n — 1)-polychain in Y under ¢. Set

fIn(X, Y) = {n-polycycles in X relative to Y}/ ~y .
The properties of the face homology of topological spaces stated above directly
extend to the face homology of topological pairs.

3.3. Face homology versus singular homology

In this section, we construct two natural transformations [—] : H, — H, and
(=) : H, — H, relating face homology to singular homology.

3.3.1. Preliminaries. For an integer n > 0, the symbol A™ denotes the stan-
dard n-simplex that is the convex hull of the standard basis (e, .. .,e,) of R**L.
We endow A™ with orientation induced by the order of its vertices, i.e. the orien-
tation represented by the basis (eo—el>, eres, ..., M) in the tangent space of A™
at any point. Each subset A = {ig,41,...,%.} of {0,...,n} with ip < i3 <+ <,
and 0 < r < n determines an affine map e4 : A" — A" carrying the vertices
€0, €1,- .-, e of A" to the vertices e;,, e, ...,e;, of A", respectively; the image of
the map ey is the combinatorial face of A™ corresponding to A.

A singular n-simplez in a topological space X is a continuous map A™ — X. A
singular n-chain in X is a finite formal linear combination of singular n-simplices
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with coefficients in K. The boundary of a singular n-simplex o : A™ — X is the
singular (n — 1)-chain
n

(3.3.1) do = Z(—l)a -oe; where a ={0,1,...,n}\ {a}.

a=0
The boundary of singular simplices extends to singular chains by linearity. The
modules of singular chains together with the boundary homomorphisms form the
singular chain complexr C,(X) of X. Its homology is the singular homology H.(X)
of X (with coefficients in K).

3.3.2. The transformation [—]. Consider an n-dimensional oriented mani-
fold with faces K. Each weight u : mo(K) — K determines a homology class

[K,ul =Y u(C)[C] € @ Hn(C,0C) = H,(K,0K)
C C

where C' runs over all connected components of K and [C] € H,(C,9C) is the
fundamental class of C. We say that a partition ¢ on K is compatible with u if for
any principal face P of K,

(3.3.2) > deg(pp,) u(K?) =0
Q

where @ runs over all (principal) faces of K of the same type as P and K is the
connected component of K containing Q.

LEMMA 3.3.1. Let ¢ be a partition on K compatible with a weight u : 7o(K) —
K. Then there is a unique homology class [Ky,u] € Hy,(K,) whose image in
H,(K,, (0K),) is equal to the image of [K,u| under the map H,(K,0K) —
H,(K,, (0K),) induced by the projection K — K.

ProoOF. Consider the commutative diagram

Hyo(0K) —— Hy(K) —— Hy (K, 0K) —2— H,_,(0K)

Hy (9K )) —— Hy (K ) —— Hy (K (0K) ) =7 Hyo1 (9K)..).

where the vertical maps are induced by the projection 7 : K — K, and each row
is a part of the long exact sequence of a topological pair. We have H, ((0K),) =0
since (0K), is an (n—1)-dimensional polyhedron. Hence, it is enough to show that

7.0 ([K,u)) = 0 € Ho_y (0K),).

Consider the commutative square
0. (K, u)) € Hyp1(0K) ——— H,_1 (0K, Kp_»)
|
Hy ((6[()90) —— Hp ((8]()@7 (Kn—Q)sa)

where j and j, are the inclusion homomorphisms. Since (K,,_2), is an (n — 2)-
dimensional polyhedron, Ker j, = 0 and it suffices to prove that j,m.0,([K,u]) =0
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or, equivalently, that m,jO.([K,u]) = 0. We have

0K, u]) = ) u(C)a.([C]) = Y u(C)[AC]

c c
where the sum runs over the connected components C' of K. Then
JOL([K,u]) =Y (@) Y [Pl = u(K")[P]
c PCC P

where P runs over all principal faces of K and K is the connected component
of K containing P. Pick a face P; € ¢ in each type ¢ of principal faces of K. Then

o (Ku)) = S u(EP)m((P])
P
D W IEX(>)

i Q€
= > > ulK9)m(deg(or.q) (vr.Q)«([P])
i QEi
= > (D uk?) deg(on,q)) 7. ([P]) =0
i Qei
where at the last step we use the compatibility condition (3.3.2). g

It follows from the definitions that a polychain (K, p,u,k) in a topological
space X is a polycycle if and only if u and ¢ are compatible in the sense of (3.3.2).
Therefore, given an n-polycycle X = (K, ¢, u,k) in X, Lemma 3.3.1 gives the
homology class [K,u| € H,(K,). Since the map s : K — X is compatible with ¢,
it induces a continuous map K, — X denoted by x,. We define

[X] = (rp)« (Ko, u]) € Hn(X).

The homology class [X] can be represented by explicit singular cycles which
are best described in terms of locally ordered triangulations. A local order on a
triangulation 7' of a topological space is a binary relation on the set of vertices
of T which restricts to a total order on the set of vertices of any simplex of T.
For example, any total order on the set of vertices of T' is a local order on T. A
triangulation endowed with a local order is locally ordered. We say that a locally
ordered smooth triangulation T of K fits the partition  if, for any faces F, G of K
of the same type, the identification map ¢r ¢ : ' — G is a simplicial isomorphism
preserving the local order on the vertices. To construct such a locally ordered
triangulation one can take a triangulation T of K provided by Lemma 3.1.1 and lift
an arbitrary total order < on the set of vertices of T, to T'. More precisely, denote
by 7 : K — K the canonical projection and, for any vertices a,b € T, declare that
a <bif m(a) < m(b). Since any simplex of T' projects isomorphically onto a simplex
of T, this gives a local order on 1" which, obviously, fits .

Pick a locally ordered smooth triangulation T' of K which fits ¢. Each r-simplex
A of T with r» > 0 determines a singular simplex in K denoted by oa and obtained
as the composition of the affine isomorphism A" — A preserving the order of the
vertices with the inclusion A — K. We define the fundamental n-chain

(3.3.3) o=0(T,u)=> eau(K*)on € Cy(K)
A
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where A runs over all n-simplices of T, K® is the connected component of K
containing A, ea = +1 if the orientation of A induced by that of K is compatible
with the order of the vertices of A and eo = —1 otherwise. Clearly, the image of ¢ in
Cn(K,0K) is a relative n-cycle representing [K, u]. Projecting o to K, we obtain
a singular n-chain o, € Cp,(K,). The compatibility of ¢ and u implies that o, is
an n-cycle. Therefore [0,] € H,(K,) satisfies the requirements of Lemma 3.3.1 so
that [K,,u] = [0,]. It follows that [K] is represented by the singular n-cycle

(Kp)x(0p) = Ky(0) = ZsAu(KA) koa € Cp(X).
A

LEMMA 3.3.2. The formula (X) — [X] defines a linear map [—] : Hy(X) —
H,(X). Moreover, [—] is a natural transformation from Hy, to H,.

PRrROOF. It follows from the definitions that [X] € H,,(X) depends only on the
diffeomorphism class of X, that [X] = [red(X)], and that [kX] = k[K] for any k € K.
Moreover, [K; U Xs] = [K1] + [K2] for any n-polycycles K1,Ks in X. Therefore,
to prove the first claim of the lemma, it is enough to show that [0£] = 0 for any
(n 4+ 1)-polychain £ = (L,%,v,\) in X. For this, pick a locally ordered smooth
triangulation T" of L that fits ¢ and consider the singular chain

o=o0(T,v) = ZeAv(LA) on € Cpya1(L).
A

Here A runs over all (n 4 1)-dimensional simplices of T, ea is the sign determined
by the orientation of L and the order of the vertices of A, and L* is the component
of L containing A. Projecting o to Ly, we obtain a singular chain oy, in L. Next we
consider the n-polycycle 9L = (L?,4? 1%, \?). The triangulation T of L induces a
triangulation T2 of L?. The local order on the set of vertices of T restricts to a local
order on the set of vertices of T9. Consider the fundamental n-chain 7 = o(T7?,v9)
in L? as defined before the statement of the lemma. Projecting 7 to the quotient
space (La)wa we obtain a singular n-cycle 7,0 representing

(L) po,u’] € Hyy ((L?)y0).
The natural map ¢ : L2 — L induces a map L (L6)¢a — Ly carrying 7,0 to Joy,.

By definition, A2 = A\¢ : L2 — X. Therefore (A?)0 = Ayty @ (L?)y0 — X where
Ayt Ly — X is the map induced by A : L — X. Hence,

[0£] = (A)y2), ([rye]) = Apty)«([ryo]) = (M)« ([80]) = 0.
To prove the second claim of the lemma, consider a continuous map f: X — Y.
For any n-polycycle X = (K, ¢,u, k) in X, we have

Fe ([K]) = (ko) (K, u]) = (Frp)s([Kp,ul) = ((fR)g), ([Kp,ul) = [f2(X)]
since f.(X) = (K, ¢, u, fr) by definition. O

3.3.3. The transformation (—). Let X be a topological space and let n > 0
be an integer. We associate with each singular n-chain ¢ in X an n-polychain P(o)
in X. Pick an expansion ¢ = ), k;o;, where ¢ runs over a finite set of indices,
k; € K, and {o;}; are singular n-simplices in X. Let K be the manifold with faces
obtained as a disjoint union of copies (A™); of A™ numerated by all i. We define a
partition ¢ on K as follows: a face F' of (A™); corresponding to a set A C {0,...,n}
and a face F’ of (A™); corresponding to a set A" C {0,...,n} are declared to be
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of the same type if, and only if, A and A’ have the same cardinality » < n+ 1, and
ogiea = opea : AT — X (where e4, ea are the maps defined in Section 3.3.1).
Then we set ppp = eA/ezl : F — F'. Clearly, the map x = [[,0; : K = X
is compatible with ¢. We define a weight u : mo(K) — K by u((A™);) = k; for
all 7. The tuple (K, ¢, u, k) is an n-polychain in X depending on the choice of the
expansion ¢ = ) . k;0;. However, the polychain P(o) = red(K, ¢, u,x) does not
depend on this choice. Indeed, any two expansions of ¢ may be related by the
following operations: replacement of koe + loe by (k + )0, for any k,l € K and
any singular n-simplex g, in X; addition of a term 0o, for an arbitrary singular
n-simplex o, in X; the inverse operations. It is easy to see that P(co) is preserved
under these transformations. By definition, if o = 0, then P(0) = @. The face
homology class (P(0)) of the polychain P(¢) will be denoted by (o).

LEMMA 3.3.3. If o is a cycle, then P(o) is a polycycle. The formula [o] — (o),
applied to singular n-cycles in X, defines a linear map (=) : H,(X) — H,(X).
Moreover, (=) is a natural transformation from H, to H,.

PROOF. We check first that for any singular n-chain ¢ in X,

(3.34) 9"P(o) =2 P(9o).

Pick an expansion o = ), k;0; such that the simplices {o;}; are pairwise distinct
and k; # 0 for all i. Then the associated polychain (K, p,u, k) is reduced and
P(o) = (K,p,u,k). A connected component P of 9P(c) = (K?,¢? u? k?) is
nothing but a principal face of (A™); C K for some i = i(P) corresponding to
the complement of a singleton ap € {0,...,n}. By the definition of u?, we have
u?(P) = kipy. We compute red;(8P(c)) as described in Section 3.2.1. Pick a
representative P for each type of connected components of K2, and let Kﬂ? C K9
be the union of these representatives. Restricting ¢? and &2 to Kﬁ we obtain a
partition gpi on K?r and a compatible map /@i : Ki — X. The weight ui on K?
is evaluated on each component P of K?r by

uf(P) =) deg(prq)u’(Q) =Y (~1)"kiq) = (-1)" Y _(~1)"?ki(q)

Q Q Q
where @ runs over all components of K¢ of the same type as P. Note that
ZQ(—l)“Q ki(q) is the total coefficient of the singular simplex o;(pyeqp : APl 5 X
in do. Also, (—1)?7 is the degree of eg5 : A"~ — P (recall that A"~ is oriented as
in Section 3.3.1 while P C 9(A™); inherits orientation from (A™); where i = i(P)).
We conclude that the polychain red; (9P (o)) consists of P(do) and eventually sev-
eral connected components of weight zero. Hence

9"P(c) = red(0P(0)) = redgred+ (0P(0)) = P(90o).
This proves (3.3.4). The first assertion of the lemma follows.
Next we claim that
(3.3.5) Plo+71)~P(o)UP(r)
for any singular n-cycles o,7 in X. To see this, pick expansions o = ). k;o;,
T= Zj lj7; and let X = (K, ¢, u,k), L = (L,v,v,\) be the associated polychains,
respectively. Consider the cylinder polychain X UL = X U £ (as defined in the

proof of Lemma 3.2.2) and modify its partition by additionally declaring that for
any face F' of (A™); C K corresponding to A C {0,...,n} and for any face G of
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(A™); C L corresponding to B C {0,...,n} such that o,e4 = 7;ep, the faces F'x{0}
and G x {0} of XU L are of the same type, and the corresponding identification
map is ege;’ x idjgy : F' x {0} = G x {0}. The resulting (n + 1)-polychain, M,
in X satisfies

red; OM 2 red (X) Ured (£) Ured4 (—R) U (a polychain with zero weight)

where R is the polychain associated with the expansion ), k;o; + Zj ljTjof o+ 7.
Hence, "M = P(o) UP(7) U (—P(0 + 7)) and our claim follows.

If K has no zero-divisors, then P(ko) = kP(o) for any singular n-chain ¢ in X
and any non-zero k € K. For an arbitrary K and all £ € K, we have

(3.3.6) P(ko) 2 red(kP(0)) ~ kP(0).
Equalities (3.3.1) — (3.3.0) imply that the formula [o] — (P(0)) defines a linear
map (—) : H,(X) — H,(X).

To prove the last claim of the lemma, consider a continuous map f: X — Y.
Let o be a singular n-cycle in X, and let X = (K, p,u,k) be the n-polycycle
associated to an expansion ), k;0; of 0. The n-polycycle associated to the ex-
pansion ). k;i(fo;) of f.(o) has the form X' = (K,¢',u, fx) and differs from
f+(X) = (K,p,u, fr) only in the partition. Modifying appropriately the parti-
tion of the cylinder polychain f,(X), we obtain an (n + 1)-polychain M in X such
that

red; OM = red, f.(X) Uredy(—X') U (a polychain with zero weight).
We deduce that 9"M = red f.(K) Ured(—X’) and
£A(0) = £.050) = (£(50) = () = @ (. (). 0

The next theorem implies that H,(X) is canonically isomorphic to a direct
summand of H,,(X).

THEOREM 3.3.4. We have [—]o (=) =id: H,(X) —» H,(X).

PROOF. Let o = )", k;jo; be a singular n-cycle in X and let P(0) = (K, ¢, u, k)
be the corresponding reduced n-polycycle. Then

(o)) = [P(0)) = (). (K ul) = [ 3 kio] = o] € Hu(X).

Here the third equality is obtained by considering the tautological locally ordered
smooth triangulation T of K and the corresponding fundamental n-chain o (7T, u)
(see the paragraph preceding Lemma 3.3.2). ([l

3.3.4. Cross product re-examined. The following lemma shows that the
transformation [—] : H, — H, carries the cross product x in face homology to the
standard cross product X in singular homology.

LEMMA 3.3.5. For any topological spaces X, Y, the following diagram com-
mutes:

(3.3.7) H,(X) x H,(Y) ——= H, (X x Y)
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We first recall the definition of the map x : H.(X) x H.(Y) - H (X xY)
and then prove Lemma 3.3.5. Fix integers p,q > 0. Any p-element subset S of
{1,...,p+ q} determines non-decreasing maps

a=as:{0,...,p+q} = {0,...,p} and F=pLs:{0,...,p+q¢} —{0,...,q¢}
such that «(0) = 5(0) =0 and forany i =1,...,p+¢q,
N ey (ali=1)+1,8(i-1)) ifieS
(a(), (D) = { Ea@ —1),8G—1)+1) ifi¢gs.

Let wg C AP x A% be the convex hull of the set {(ea(o), €3(0))s - - » (Ca(ptq) €B(p+q))}-

LEMMA 3.3.6. The set wg is an embedded (p+ q)-simplex in AP x AT with ver-
tices {(ea(i), eﬁ(i))}fig. The simplices {ws}s and their faces form a triangulation

of AP x A

PROOF. This lemma is well known but we give a proof for completeness. For
n > 0, denote by A" the affine space formed by the points of R®*! with sum of

coordinates 1. The basis (e, .. .,e,) of R"*! is an affine basis of A™ and A" C A™.
Consider the basis (v1,...,v,) = (€o€1,€1€3,...,¢p_165) of the vector space un-
derlying AP and the basis (Vpy1,...,Vpsq) = (€0€1,€1€5, .. .,q_1€4) of the vector
space underlying A?. Then (v1,...,vp14) is a basis of the vector space underlying

the product affine space AP x A9,
Recall that a (p, q)-shuffle is a permutation s of {1,...,p + ¢} such that

s(1)<s(2)<---<s(p) and s(p+1)<---<s(p+q).

Any p-element subset S of {1,...,p + ¢} determines a unique (p, ¢)-shuffle s such
that S = s({1,...,p}). The first claim of the lemma follows from the fact that the

vector basis (vs-1(1),...,Vs-1(ptq)) underlies the set of vertices of wg C AP x A%
(3.3.8)
Ys—1(1) ) Vs~ 1(p+q)
(€a(o), €s(0)) = (€aq)s €s1)) | o (Catpra) €B(+a))-

To prove the second claim, observe that given n + 1 affinely independent points
fos- .-, fn in an n-dimensional affine space, an arbitrary point fo+ > ., t; fi—1f; of
this space (with ¢y, ...,t, € R) belongs to the affine simplex spanned by fo,..., fu
ifand only if 1 > ¢y > --- > t, > 0. Therefore any point z € AP x A% expands
uniquely as

z = (e0,€0) + 2101 + -+ + Zp1gVUpiq
with
1221222 >0 and 12>z, 22> 2p44>0.
By the same observation and (3.3.8), the inclusion z € wg for a p-element subset S
of {1,...,p+ ¢} holds if and only if

Zami) 2 Fsl@) 20 2 i)

where s is the (p, ¢)-shuffle determined by S. Therefore AP x A? is the union of the
simplices {wg}s, and any two of these simplices meet along a common face. (I

For each p-element subset S C {1,...,p+q}, we turn wg into a singular simplex
in AP x AY by sending the ordered vertices ey < €1 < - -+ < e,44 of APT? to

(3.3.9) (€a(0),€8(0) < (€aqr),€8(1)) <+ < (Ca(p+q) €B(p+a))
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respectively. Summing up over all such S we obtain a singular chain
(3.3.10) wpg =Y esws € Cprq(AP x AY)
s

where £g is the sign comparing the orientation in wg determined by the order of
its vertices (3.3.9) with the product orientation in AP x A%. The Filenberg—Zilber
chain map

(3.3.11) EZ:C(X)®Cy(Y) — Co(X x Y)
is defined by EZ(c ® 7) = (0 X T)«(wp q) for any singular simplices o : AP — X
and 7 : A? = Y. Here

(0 X T)e: Cu(AP x A?) — CL(X X Y)

is the chain map induced by o x 7: AP x A? - X x Y.

The cross product of singular homology classes @ € Hp(X) and y € Hy(Y)
is defined by taking any cycles 0 € C,(X) and 7 € Cy(Y) representing « and y
respectively, and letting x x y € Hp4,(X xY) be the homology class of EZ(c ®T).

PROOF OF LEMMA 3.3.5. Let X = (K, p,u, k) be a p-polycycle in X and let
L = (L,v,v,\) be a g-polycycle in Y. We must prove that
(3.3.12) [K x L] =[K] x [£] € Hp44(X xY).

Fix a locally ordered smooth triangulation 7" of K which fits ¢ and consider the
fundamental p-chain Y, €; u(K*) o; € C,(K) where i runs over p-simplices of T, o; :
AP — K is the smooth singular simplex determined by i, &; is the sign comparing
the orientation induced by the order of the vertices of ¢ to the orientation of K,
and K is the connected component of K containing . Then

(K] = [ eru(K?) (w00 | € Hy(X)

where the square brackets on the right-hand side stand for the homology class of
a singular cycle. Similarly, fixing a locally ordered smooth triangulation W of L
which fits 1, we obtain

(€)= |2 so(ld) (o) | € Hy(Y)

where j runs over g-simplices of W, 7; : A? — L is the smooth singular simplex
determined by j, €; is the sign comparing the orientation induced by the order of
the vertices of j to the orientation of L, and L7 is the component of L containing j.
By the definition of the cross product in singular homology,

K] % [£] = [Z e e;u(K) o(L7) BZ(ko; ® Afj)}
]
(3.3.13) - [Z erejes u(KD) o(L7) (koy ATj)wS}
4,7,
where S runs over p-element subsets of {1,...,p+ ¢}.

For any simplices ¢, j as above, we push forward via o; x 7; the triangulation
of AP x A% provided by Lemma 3.3.6 to a triangulation of ¢ x j C K x L. This
gives a smooth triangulation Z of K x L. The set of vertices Z° of Z is the
cartesian product of the sets of vertices 7° and W° of T and W, respectively; we
endow Z° with the product of the binary relations on 79 and W determined by
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the local orders on T" and W. This defines a local order on Z which fits the partition
©x1. The simplices of Z can be identified with the triples (i, 7, S) as above, and the
corresponding singular simplices in K x L are the maps (o; X 7;)ws : APTY — K x L.
(Here we use the fact that the order (3.3.9) of the vertices of wg is given by the
product binary relation on the set of vertices of AP x A? determined by the natural
orders on the sets of vertices of AP and A9.) Let ¢; ; g be the sign comparing the
orientation of the simplex (i, 7, .5) induced by the order of the vertices to the product
orientation of K x L. Let (K x L)"7° be the component of K x L containing the
simplex (7,7,5). Then

(3.3.14) [K x £] = [Z eis - (ux ) (K x L)5) . ((k x \) o (07 x Tj)ws)]
1,4,
Clearly,
(uxv) (K x L)i’j’s) = u(K")v(L7).
Note that ¢; ;5 = €55 since €;¢; is the degree of the diffeomorphism o; x 7; :
AP x A? — §x j with respect to the product orientation in AP x A? and the product

orientation in K X L restricted to ¢ x j. Comparing (3.3.13) to (3.3.14), we obtain
(3.3.12). O

3.3.5. Remarks. 1. Though we shall not need it in the sequel, note that
the sign g in (3.3.10) can be computed explicitly: eg = (—1)™S where ng is the
number of pairs i < j with i € {1,...,p+¢}\ S and j € S. Indeed, in the notation
introduced in the proof of Lemma 3.3.6, the orientation of wg determined by the

sequence (3.3.9) is represented by the (p + ¢)-vector
Us=1() A v AUsoi(prg) = (1) M 0L A - At

where s is the (p, ¢)-shuffle associated with S and m is the number of inversions
in s. Therefore eg = (—1)™ and it remains to observe that m = ng.

The definition of ng may be also reformulated in terms of the maps o = ag and
B = Bs. Namely, ng is the number of pairs ¢ < j such that 8(i) = f(i — 1) + 1 and
a(j) = a(j — 1) + 1. This implies the following formula for ng used, for example,
in [FHT, Section 4(b)]:

ns=» ()= B>—1) (alj) —a(j - 1))
1<i<j<p+q

2. By a celebrated result of Thom, there are topological spaces X and integers
n > 0 such that some n-dimensional singular homology classes of X with coefficients
in K = Z are not realizable by closed singular manifolds. For such X and n, the
natural map from the n-dimensional oriented bordism group Q,(X) to H,(X),
carrying a closed singular manifold x : M — X to k.([M]), is not surjective. This
map splits as a composition of the map Q,,(X) — H,(X) described in Remark 3.2.7
with the surjective map [—] : Hn(X) — H,,(X). Therefore, for such X and n, the
map Q,(X) — H,(X) is not surjective.

3. The face homology seems to be difficult to compute. As a consequence, the
authors do not know whether the transformation [—] : H. — H, is injective, and,
equivalently, whether (—) : H, — H, is surjective. In fact, the authors even do not
know whether the face homology of a point is trivial in positive degrees.

4. The constructions and results of this section easily extend to the face ho-
mology of topological pairs (cf. Remark 3.2.7).
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3.4. Smooth polychains

We reformulate face homology of the path spaces of manifolds in terms of
smooth polychains. We start by studying polychains in manifolds.

3.4.1. Polychains in manifolds. Recall from Section 3.1.1 that a map &
from an n-dimensional manifold with faces K to a smooth m-dimensional mani-
fold M (possibly, with boundary) is said to be smooth if restricting x to any local
coordinate systems in K and M we obtain a map that extends to a C*°-map from
an open subset of R” to R™. If N C K is a union of (some) faces of K, then we
call a map N — M smooth whenever its restrictions to all faces of K contained
in N are smooth. Such a map N — M is necessarily continuous. This terminology
applies in particular to N = 0K.

LEMMA 3.4.1. Let K be a manifold with faces. Any smooth map 0K — M
extends to a smooth map from a neighborhood of 0K in K to M.

PRrOOF. Using a partition of unity on K and local coordinates on M, we easily
reduce the lemma to the case where K = R} = [0,00)" with n > 0 and M = R.
We need to prove that every function f : R} — R whose restrictions to all
proper faces of R} are smooth extends to a smooth function on R’}. We exhibit
one such extension explicitly. For a subset S of the set {1,...,n} and a point
r = (x1,...,2,) € R} denote by x5 the point of R} whose i-th coordinate is x; if
i € S and zero otherwise. If S # {1,...,n}, i.e. if S is a proper subset of {1,...,n},
then g € OR. Set

(3.4.1) Fay=" > (=1t p(ag).

SC{1,...,n}

Each function & — f(xg) is smooth because it is a composition of f with the
projection of R’} onto its proper face. Therefore the function f: R} — Ris smooth.
Moreover, it satisfies f(z) = f(z) for all z € OR". Indeed, pick i € {1,...,n} such
that x; = 0 and observe that each term in (3.4.1) corresponding to S with i ¢ S
cancels with the term corresponding to S U {i} provided the latter set is proper.
This leaves only the term f(xg) = f(z) determined by S = {1,...,n}\ {i}. O

LEMMA 3.4.2. Let k : K — M be a continuous map from a manifold with
faces K to a smooth manifold M. Then any homotopy of klox : 0K — M to a
smooth map extends to a homotopy of k to a smooth map K — M.

PROOF. Observe first that if k|ox : K — M is smooth, then there is a
homotopy of k rel 0K to a smooth map K — M. Indeed, Lemma 3.4.1 yields an
extension of k|px : 0K — M to a smooth map U — M where U is a collar of
OK in K. The latter map obviously extends to a continuous map ' : K — M
homotopic to x rel K. Since /|y is smooth and K \ U is a compact subset of the
smooth manifold K\ 0K, there is a homotopy of £’ to a smooth map K — M, and
this homotopy may be chosen to be constant in a neighborhood of 0K in U. The
resulting smooth map K — M is homotopic to x rel 0K.

To prove the lemma, take an arbitrary (continuous) extension of the given
homotopy of k|sx to a homotopy of , and compose it with a homotopy rel 0K of
the resulting map K — M to a smooth map as in the previous paragraph. Next,
using a collar of 9K in K, deform the composed homotopy of k into a homotopy
satisfying the conditions of the lemma. O
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As an exercise, the reader may deduce from Lemma 3.4.2 (by an inductive
construction on the faces of K) that any continuous map K — M is homotopic to
a smooth map.

A polychain (K, ¢, u, k) in M is smooth if the map «: K — M is smooth. We
explain now how to deform arbitrary polychains in M into smooth polychains. For
the notion of a deformation of a polychain in M, see Section 3.2.5. We explain first
how to extend deformations. Let N C K consist of some faces of K. We say that
a homotopy {(k|n)! : N — M}ser of k| is compatible with the partition ¢ if

(kIn)'le o prc = (8|n)'|F
for any t € I and any faces of the same type F,G C N.

LEMMA 3.4.3. Let X = (K,p,u,k) be a polychain in M and let N be a
union of faces of K. Let {(k|n)t : N — M}ier be a homotopy of k|n compat-
ible with ¢ such that (k|n)' : N — M is smooth. Then there is a deformation
{Kt = (K, o,u, k) }rer of KO =K such that X! is smooth and for all t € I,

Ht‘N = (H|N)t:N—>M.

PrOOF. For any integer r, denote (as in Section 3.1.1) by K, the union of all
faces of K of dimension < r. Recursively in r = —1,0, . .., we construct a homotopy
(k|k, )t of K|k, to a smooth map (k|k,)! : K, — M. For r = —1, there is nothing
to do since K_; = @. The induction step goes as follows. For each type of r-
dimensional faces of K, select a representative face F' so that if at least one face of
the given type lies in N, then F C N. If F C N, then set (x|r)! = (k|n)!|r for
all t. If F ¢ N, then by Lemma 3.1.2 there is a homotopy of x| to a smooth map
extending the homotopy of k on 0F C K,_; obtained at the previous step. The
homotopy on the selected r-dimensional faces uniquely extends to a homotopy of k
on K, compatible with ¢. For r = dim(K), we obtain the required deformation
of k. |

LEMMA 3.4.4. For any polychain X = (K, p,u, k) in M, there is a deformation
{Kt = (K, p,u, k") }ier of KV = K such that X' is smooth and k'|p = k|r for all
t € I and all faces F' of K on which k is smooth.

PRroor. This is a special case of Lemma 3.4.3 where IV is the union of all faces
of K on which & is smooth and {(x|x)!}+cs is the constant homotopy. O

We can now reformulate the face homology of M in terms of smooth polychains.
Note that if a polychain X in M is smooth, then so are the polychains red X,
0K, and 9"K. Disjoint unions of smooth polychains are smooth. Applying the
definitions of Section 3.2.4 to X = M but considering only smooth polycycles and
smooth polychains we obtain smooth face homology fNIf(M)

THEOREM 3.4.5. The natural linear map HS(M) — H, (M) is an isomorphism.

PRrROOF. Lemmas 3.2.3 and 3.4.4 imply that any polycycle in M is homologous
to a smooth polycycle. This proves the surjectivity of the map in the statement of
the theorem. To prove the injectivity it suffices to show that, for any homologous
reduced smooth n-polychains K, Ky in M there are smooth (n + 1)-polychains
Ry, RS in M such that K; U9"R) = Ko UO"RS,. By assumption, there are (n + 1)-
polychains Ry, Ry in M and a diffeomorphism f : Xy U 3" Ry — Ko LI "Ry, For
i = 1,2, set (P, pi,u; ki) = K; UI™R; and let K; C P; be the union of the
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components of P; underlying X;. Lemma 3.4.4 yields a homotopy {x} : P, — M},
of k! = k1 to a smooth map «} in the class of maps compatible with the partition ¢,
which is constant on all faces of P; on which k; is smooth. In particular, this
homotopy is constant on Kj. Consider the homotopy {x = k! f~1: P, — M}, of
K9 = kg. This homotopy is compatible with the partition o and is constant on Ko
(because k1 = ko f is smooth on f~1(K>)). Clearly, f : P, — P, is a diffeomorphism
of the smooth polychains (P, @1, ui, k1) and (P, @2, uz, k3 = ki f~1). Fori=1,2,
the polychain (P;, p;, u;, k1) is obtained from X; LI 9"R; by a deformation which is
constant on X; and transforms 9"R; into a smooth polychain. To finish the proof,
we need only to show that this deformation of 9"R; extends to a deformation of R;
into a smooth polychain. This is done in 3 steps. First of all, applying Lemma 3.4.3
to X = redy OR; and taking for IV the union of all connected components of non-
zero weight we obtain that our deformation of 9"R; = redgred; OR; extends to a
deformation of red; OR; into a smooth polychain. The latter deformation induces a
deformation of OR; into a smooth polychain. One more application of Lemma 3.4.3
allows us to extend the latter deformation to a deformation of R; into a smooth
polychain R;. Then K; UO"R] =2 Ky U O™ RS, O

3.4.2. Polychains in path spaces. Pick two points x,*' in a smooth mani-
fold M (possibly, x = +" and OM # @ ). A path in M from % to ¥’ is a continuous
map I = [0,1] = M carrying 0 to x and 1 to «". Let Q = Q(M, x, ') be the space of
such paths with compact-open topology; we call Q the path space of M. Note that
a map o from a topological space K to () is continuous if and only if the adjoint
map 6 : K xI — M, carrying any pair (k € K,s € I) to o(k)(s) € M is continuous;
see, for example, [FuR, Section 1.2.7].

Given a subspace X of ), we call a map from a manifold with faces K to X
smooth if the adjoint map K x I — M is smooth in the sense of Section 3.4.1. A
polychain X = (K, ¢, u, k) in X is smooth if k : K — X is smooth. The definitions
of Section 3.2.4 restricted to smooth polycycles and smooth polychains in X, yield
the smooth face homology HZ(X) of X. In the next theorem, X = Q.

THEOREM 3.4.6. The natural linear map H?(2) — H, () is an isomorphism.

PrOOF. We follow the lines of Section 3.4.1 with M replaced by Q. First, we
show that given a manifold with faces K, any smooth map f : 0K — ) extends
to a smooth map from a neighborhood of K in K to . Indeed, the adjoint map
f: 0K x I — M extends to a smooth map (K x I) — M by sending K x {0}
to x and K x {1} to . By Lemma 3.4.1, the latter map extends to a smooth map
f:U — M for some neighborhood U of (K x I) in K x I. Clearly, U DV x I for
a neighborhood V of K in K. The map f|y «r is adjoint to a smooth map V — Q
extending f.

Lemmas 3.4.2-3.4.4 remain true with M replaced by 2. The proofs above apply
with the only difference that Lemma 3.4.1 should be replaced by the result of the
previous paragraph. The proof of Theorem 3.4.5 also works with M replaced by €.
This gives the desired result. (]

In the case where x,* € M, the path space Q@ = Q(M,*,*") is homotopy
equivalent to a smaller space. Let 2° = Q°(M, %, ") be the subspace of {2 consisting
of all paths a : I — M from * to «' such that a=1(OM) = 0I. We call Q° the
proper path space of (M, *,*").
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LEMMA 3.4.7. The inclusion map Q° — € is a homotopy equivalence.

PrOOF. We begin with an observation in set-theoretic topology. Consider a
topological pair Y C X and suppose that there is a homotopy {f; : X — X }er of
the identity map fo = idx such that f;(X) C Y for all ¢ > 0. Then the inclusion
t Y — X is a homotopy equivalence and its homotopy inverse g : X — Y is
obtained from f; by reducing the image to Y. Indeed, the family {f; : X — X}, is
a homotopy between fo = idx and f; = 1g. Since f;(Y) C Y for all ¢ € I, we have
the family of maps {f;t: Y — Y};. This is a homotopy between idy and gu.

Using a tubular neighborhood of M in M, we can easily construct a (smooth)
family of embeddings {Fs; : M < M}, er such that F,, = idy if s € {0,1} or
t =0, and Fy (M) C Int M = M \ OM for all other pairs (s,t). Given ¢ € I and a
path o : I — M from « to +', we define a path oy : I — M by oy (s) = Fs (a(s))
for all s € I. This gives a family of paths {a;}+er such that ap = a and o € Q° for
all ¢ > 0. The formula f;(«) = a; defines a homotopy {f; : @ = Qs of fo =idg
such that f;(Q2) C Q° for all ¢ > 0. Now, the result of the previous paragraph
implies that the inclusion 2° — € is a homotopy equivalence. O

Lemma 3.1.7 implies that H, (Q°) ~ H, (©2). The following theorem computes
the face homology of Q° and 2 in terms of smooth polychains in °.

THEOREM 3.4.8. The natural linear map H:(Q°) — H,(Q°) is an isomorphism.

PRroOF. Consider the homotopy {fi}ter of fo = idg introduced in the proof of
Lemma 3.4.7 and set f = f1: 2 = Q° C €. For any manifold with faces L and for
any map A : L — Q, the adjoint map fiA: L x I — M of fi ) is given by

FMs) = frAD)(s) = AMD)e(s) = Fue(MD)(s)) = Fue (A1, 5)).
Consequently, if A is smooth, then f;A : L — € is smooth for all t € I. We conclude
that for any smooth polychain £ in Q, the polychain f.(£) in Q° is smooth.

By the surjectivity of the map in Theorem 3.4.6, any polycycle X in ° is
homologous in € to a smooth polycycle X' in Q. Applying f, we obtain that f.(X)
is homologous in 2° to the smooth polycycle f.(X’). The homotopy {f;}+ induces
a deformation of X into f.(X) in Q°. Therefore X is homologous to f,(X) in Q°.
Thus, X is homologous to f«(K’) in Q°. This proves the surjectivity of the natural
map Ijlf (Q°) — H*(QO) To prove the injectivity, consider two reduced smooth
n-polycycles K1, Ko in 2° that are homologous in £2°. Then they are homologous
in Q. By the injectivity of the map in Theorem 3.4.6, there are smooth (n + 1)-
polychains £1, L9 in £ such that Ky LU 9"L; =2 Ky LU I"Ls. Applying f we obtain

Fo(K) U™ (fo(L1)) = fo(Ka) U™ (f4(L2))
where f. (K1), f«(L1), f«(K2), f«(L2) are smooth polychains in Q°. So,

(f+(K1)) = (fu(K2)) € H(2°).
The homotopy {f;}+ induces a smooth deformation of K; into f,(X;) and therefore
(K) = (f.(K)) € HE(Q°) for i = 1,2, Hence (K1) = (Ky) € HE(Q°). This
completes the proof of the injectivity of the natural map ﬁf(Q") — H, (©2°) and of
the theorem. 0






CHAPTER 4

Operations on polychains

Throughout this chapter, M is an oriented smooth m-dimensional manifold
with boundary, where n > 2. We fix points %1, %2, *3,*4 € M and assume, unless
explicitly stated to the contrary, that {x1,%2} N {*3,*4} = @ (possibly, 1 = %o
and/or x3 = %4). For 4,j € {1,2,3,4}, let Q;; = Q(M, *;,%;) be the path space and
Q3; = Q°(M, %;,%;) C ;5 be the proper path space of (M,*;,x;).

4.1. Transversality in path spaces

In this section, we study transversality of polychains in the proper path spaces
Q95 and Q3,.

4.1.1. Transversal maps. The diagonal of M
diag,; = {(z,z) |z e M} C M x M

is a smooth manifold diffeomorphic to M. We say that a smooth map g from
a manifold with faces N to M x M is weakly transversal to diag,; if g(N) does
not meet 9(diag,,) and the restriction of g to Int(N) = N \ ON is transversal to
Int(diag,,) in the usual sense of differential topology. (The interiors of N and diag,,
are smooth manifolds so this condition makes sense.) The map g is transversal to
diag,, if its restriction to any face of N is weakly transversal to diag,,.

Fix manifolds with faces K and L. Consider smooth maps « : K — 9,
)\:L—>Q§4and1et,%:K><I—>M,S\:LXI%Mbetheadjointmaps. The
product map

EXAN:KXIxLxI—MxM

carries a tuple (k € K,s € I,l € L,t € I) to the point (k(k)(s), A()(t)). The latter
point can lie on diag,; only when s,t € Int(I) = (0,1) and never lies in 0(diag,,).
We say that x and A are transversal if the map & x )\ is transversal to diag,; in the
sense above. Note that the maps x and A are transversal in our sense if and only
if they are transversal in the sense of [MrOd], see Proposition 7.2.2 therein. (Our
notion of transversality is stronger than the one in [Jo], see Remark 6.3 therein.)
If Kk and A are transversal, then their restrictions to arbitrary faces of K, L are
transversal. Clearly, smooth homotopies of x and A that are sufficiently C*-small
preserve transversality.

LEMMA 4.1.1. For any smooth maps k : K — QS5 and X\ : L — Q3,, there is
an arbitrarily C°°-small smooth homotopy {k'}ier of kK° = Kk such that k' and )
are transversal.

PROOF. Proceeding by induction on dim(L) > —1, we can assume that x
is transversal to the restrictions of A to all proper faces of L. All subsequent
homotopies of k are chosen to be small enough to preserve this property. Fix a

55



56 4. OPERATIONS ON POLYCHAINS

smooth triangulation 7" of K x I. A map from a simplex e of T' to M is smooth if it
is smooth as a singular simplex in M. A smooth map f : e — M is A-transversal if
the map [ x NiexLxI— MxDMis weakly transversal to diag,,. We call a map
g: K xI—= M good if the adjoint map from K to the space of paths in M takes
values in 09, = Q°(M, %1, *2). The map g is T-good if it is good and the image of
any simplex of 7" under g lies in a closed ball in M.

Consider the map < : K x I — M adjoint to k. Clearly, & is good. Since
{51, %2} N {*3, %4} = @, the set &(K x A1) is disjoint from A\(L x I). By continuity,
there is a small § > 0 such that the sets &(K x [0,4]) and (K x [1 — §,1]) are
disjoint from A(L x I). Subdividing T', we can assume that & is T-good and Ts =
K x ([0,6] U[1 —4,1]) is a subcomplex of T. For any simplex e of Ts, the map &|,
is A-transversal because (i x A)(e x L x I) N diag,, = @.

Set p = dim(K). We shall construct p + 2 homotopies & = kg ~> K1 ~> -+ ~>
Kpt2 in the class of T-good maps K x I — M such that for all » > 0 and any
simplex e of T of dimension < r — 1, the map x|, is A-transversal. Then, the
restriction of kpy2 to any simplex of 7" is A-transversal. For each face E of K,
the product £ x I is a subcomplex of T'. Therefore, the restriction of xp42 X A to
E x I x L x I is weakly transversal to diag;,. By the beginning of the proof, the
same holds when L is replaced with any of its proper faces. This shows that the
smooth map K — €27, determined by x,2 is transversal to A.

The homotopies kK = kg ~» K1 ~» -+ are constructed recursively. For r = 0,
the condition on k, is void, and we can take kg = k. Assume that we have required
homotopies kg ~» K1 ~» --- ~> K, for some r > 0. Consider an r-dimensional
simplex e € T'\ Ts. Clearly, e C K x Int(I). For ¢ > 0, let U. denote the (closed)
metric e-neighborhood of de in K x Int(I). The inductive assumption implies that

(x) for a sufficiently small & > 0, the restriction of the map , x A

to U. x L x I is weakly transversal to diag,,.
Since £, is good and e C K x Int(]), we have k,.(e) C Int(M). Since &, is T-good,
kr(€) C B for a closed ball B C M. We can choose B so that x,(e) C Int(B). We
identify B with the closed unit ball in Euclidean space with center 0. Pick a small
neighborhood S C B of 0 € B so that x,(e) + s C Int(B) for all s € S. Consider
the smooth maps {fs : e & B C M }scs where f; carries any u € e to £,(u) +s. It
is obvious that the family of maps

{fexX:ex LxT—Mx M}s
is weakly transversal to diag,, in the sense that the adjoint map
exLxIxS—>MxM

is weakly transversal to diag,,. By the classical transversality theorem (see [GP,
Section 2.3]),

(s%) the set Sy = {s € S : the map f, x X is weakly transversal to diag,, }
is dense (and open) in S.

(This argument is adapted from that of Laudenbach [La, Proof of Lemma 2.6].) In
our terminology, fs is A-transversal for any s € S). For each s € S, we define a map
gs: e — B C M by gs(u) = kr.(u) + h(u)s for all u € e where h : e — I is a smooth
function carrying eNU, 5 to 0 and e\ Ue to 1. Then g, = s, on eNU, /5 and g, = f
on e\ U.. We deduce from (x) and (xx) that, for all sufficiently small s € Sy, the
map ¢, is A-transversal. Pick such an s and consider the obvious linear homotopy
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Krle ~ gs constant on e N U./p. Combining such homotopies corresponding to
all r-dimensional simplices e € T \ Ts and extending by the constant homotopy
on Ts we obtain a homotopy of k, on the union of T with the r-skeleton of T.
The latter homotopy extends to a homotopy k, ~ k,11 in the class of good maps
K x I — M. Taking the vectors s in this construction small enough, we can always
choose the homotopy k, ~» k.41 so that it proceeds in the class of T-good maps.
Since this homotopy is constant on Ty and on the (r — 1)-th skeleton of T', the -
transversality of x, on the simplices of T" of dimension < r acquired at the previous
steps is preserved during the homotopy. By construction, k.41 is A-transversal on
all r-dimensional simplices of T'. O

LEMMA 4.1.2. The homotopy in Lemma /.1.1 may be chosen to be constant on
the union of all faces E of K such that k|g is transversal to .

PRrROOF. The proof proceeds by induction on dim(K). If dim(K) = 0, then
we take the constant homotopy on all connected components of K on which « is
transversal to A and we take the homotopy provided by Lemma 4.1.1 on all other
components of K. Let p be a positive integer such that the lemma holds for all K of
dimension < p. We prove the lemma for an arbitrary p-dimensional manifold with
faces K. As above, if k is transversal to A on some connected components of K,
then we take the constant homotopy on that components. Thus we can assume
without loss of generality that x may be transversal to A only on proper faces of K.

Let X be the set of all faces E of K such that x|g is transversal to A\. By the
definition of transversality, if E € ¥, then all faces of F also belong to X. Set |3| =
Uges E and note that |X| C 0K by our assumption. All homotopies of x : K — 03,
in the following construction are arbitrarily C'*°-small smooth homotopies constant
on |X|. We recursively construct p homotopies kK = k_1 ~» kg ~» -+ ~» K,_1 such
that the restriction of k, to any face of K of dimension < r is transversal to A
for all . Assume that we already have homotopies kK = K_1 ~ Kg ~> -+ ~> Kp_1
with the required properties where 0 < r < p. Consider an r-dimensional face F
of K not belonging to . By the assumptions on k,_1, the restriction of x,_1 to
any proper face of E is transversal to A. Since dim(E) = r < p, the inductive
assumption guarantees that there is an arbitrarily C'°°-small, smooth, constant on
OF homotopy of k,_1|p into a map E — 9, transversal to A. Combining these
homotopies over all E as above together with the constant homotopy on |X| and
extending to a small smooth homotopy of k,_; on the rest of K, we obtain a
homotopy k,_1 ~ Kk, with the required properties.

Next pick a collar U =2 0K x I C K of 0K =2 0K x {0} in K. Set V =
K\U C K. Then V is a manifold with faces and 0V = U NV = 0K. By the
above, k' = kp_1 : K — Q95 is a smooth map whose restriction to all proper faces
of K is transversal to A\. Therefore, choosing the collar U sufficiently narrow, we
can ensure that the map «'|yy : U — €9, is transversal to \. By Lemma 4.1.1, there
is an arbitrarily C°°-small homotopy {s'|y }ies of K%y = &/|v such that x!|y is
transversal to A. This homotopy extends to a small homotopy {x’}ier of K = &’
constant on a neighborhood of K in U. If the homotopy {x!|y }ier is sufficiently
small, then the extension may be chosen so that x|y is transversal to A for all
t € I. Then k!|y is transversal to A, and so, k! : K — 5, is transversal to A. The
composite homotopy

I{:H_lw"~wlﬂ:p_1:/€/:ﬁ0w/€1
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satisfies all the conditions of the lemma. O

4.1.2. Transversal polychains. We call smooth polychains X = (K, ¢, u, k)
in QY5 and £ = (L,9,v,\) in O3, transversal if the maps k : K — Q9 and A : L —
Q3, are transversal. The following two lemmas show that any smooth polychain
can be made transversal to a given smooth polychain by a small deformation.

LEMMA 4.1.3. Let X = (K, p,u,k) and L = (L,9,v,\) be smooth polychains
in Q95 and §3,, respectively. Let N be a union of faces of K. Let

{(6ln)" : N = Qfs }rer

be a smooth homotopy of k|x compatible with ¢ such that (k|n)* : N — Qf, is
transversal to L. Then there is a smooth deformation {X' = (K, p,u, ') }ier of
K9 = K such that X' is transversal to £ and for all t € I,

I-it|N = (R‘N)t N — QTQ'

PROOF. We apply the same recursive method as in the proof of Lemma 3.4.3
with M replaced by 275. The homotopy of x on a representative face F' is obtained
in two steps. First, we take an arbitrary smooth homotopy of k|r extending the
homotopy of «|sr obtained at the previous step. Then we compose with an addi-
tional smooth homotopy rel OF to a map F' — f, transversal to A\. The latter
homotopy is provided by Lemma 4.1.2. O

LEMMA 4.1.4. Let X = (K, ¢, u, k) and L = (L, 1, v, \) be smooth polychains in
Q75 and Q3,, respectively. There exists an arbitrarily C'°°-small smooth deformation
{K! = (K, ¢,u, k") }ier of K such that the polychain X' is transversal to £ and
k' F = k|F for allt € I and all faces F of K on which k is transversal to \.

ProoOF. This is a special case of Lemma 4.1.3 where N is the union of all
faces of K on which « is transversal to A and {(x|y)'}: is the constant homotopy.
That the deformation {K*}; may be chosen arbitrarily C*°-small follows from Lem-
mas 4.1.1 and 4.1.2. O

We say that a pair of face homology classes (a € H,(03,),b € H,(Q3,)) is
transversely represented by a pair (X, £) if K is a smooth reduced polycycle in 09,
representing a, £ is a smooth reduced polycycle in 5, representing b, and X is
transversal to £. The following lemma will play a key role in the sequel.

LEMMA 4.1.5. Every pair (a € H,(95,),b € H, (Q3,)) can be transversely repre-
sented by a pair of polycycles. Any two pairs of polycycles transversely representing
(a,b) can be related by a finite sequence of transformations (X, L) — (K, L) of the
following types:

(i) £L 2L and K = KUIM or K = KL M where M is a smooth polychain
in 1Y, transversal to L;

(i) K=K and L= LUIN or L= LUIN where N is a smooth polychain
in Q3 transversal to XK.

PROOF. The first claim follows from Lemma 4.1.4 and the surjectivity in The-
orem 3.4.8. That we need only reduced polycycles follows from the fact that the
reduction of a (smooth) polycycle gives a homologous (smooth) polycycle.

We prove the second claim of the lemma. Consider pairs of reduced polycycles
(X1,L) and (Ko, £) transversely representing (a, b). Since X; is homologous to Ko,
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we have K1 U 9"Ry = Ko U "Ry for some (n + 1)-polychains Ry, Rg in QF,. The
injectivity in Theorem 3.4.8 ensures that Ry, Ry can be chosen to be smooth. Then
there are smooth polychains R}, R} in 9, transversal to £ such that K; U 9"R] =
Ko U O"R,. These polychains are obtained from R;, Ry using the same method
as in the proof of Theorem 3.4.5 with the following replacements: M ~» €95,
“smooth” ~~» “transversal to £”, “homotopy” ~~ “smooth homotopy”, Lemma 3.4.3
~» Lemma 4.1.3, Lemma 3.4.4 ~» Lemma 4.1.4. The move (X1,£) — (Kq,L)
expands as the composition of the following type (i) moves:

(:KhL) — (le L 8rfR'1,L) — (IKQ [ aT:R/Q,L‘/) — (‘:KQ,L)

(The middle move is a type (i) move corresponding to M = &.) A similar argument
shows that if two pairs of polycycles (K, L) and (X, Ls) transversely represent
(a,b), then the move (X, L1) — (X, L2) is a composition of type (ii) moves.

Consider now any pairs of polycycles (X1,£1) and (KXo, £2) transversely repre-
senting (a,b). By Lemma 4.1.4, there is an arbitrarily C'°*°-small smooth deforma-
tion of K; into a polycycle K transversal to £L,. We assume the deformation to be
so small that X is transversal to £1 as well. By Lemma 3.2.3, X ~ K; represents a.
By the previous paragraph, each of the moves

(Kl,ﬁl) — (K,Ll) — (K,Lg) — (KQ,LQ)

expands as a composition of moves of types (i) and (ii). |

4.2. Intersection of polychains

We define “intersection” for transversal polychains in 02, and QS,.

4.2.1. The intersection polychain. Let X = (K, ¢, u, k) be a smooth poly-
chain of dimension p in 9, and let £ = (L,%,v,A) be a smooth polychain of
dimension ¢ in Q85,. Assume that X and £ are transversal in the sense of Sec-
tion 4.1.2. We derive from X and £ an “intersection polychain” in Q35 X 4.

Let/?;:K><I—>Mand;\:L><I—>Mbetheadjointrpapsof/ﬁand)\
respectively. Set N = K x I x L x I and consider the map K x A: N — M x M.
Since K, L and I are manifolds with faces of dimensions p, ¢ and 1, respectively, N
is a manifold with faces of dimension p+¢+2. The transversality of x and A implies
that the set

D = (& x X) ' (diagy;) ¢ N
is empty if p+¢+2 < n and is a (p+ ¢ + 2 — n)-dimensional manifold with corners
if p4+ ¢+ 2 > n. In the latter case each point of D has a neighborhood V in NV
such that V' N D is homeomorphic to R* x [0, 00)" for some integers u,v > 0 with
u+v=p+q+2—nand V is homeomorphic to R” x (V N D). These claims
follow from the general theorems about transversality and about submanifolds of
manifolds with corners, see [MrOd, Propositions 3.1.14 and 7.2.7]. Consequently,
P(D) C P(N) so that we can consider the commutative diagram of inclusion maps

mo(P(D)NV) ——— s 1o (P(N) N V)
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The structure of V' described above implies that 7 is a bijection between v-element
sets. Since N is a manifold with faces, j is an injection. Therefore j' is injective
which implies that D is a manifold with faces. The faces of D are the connected
components of the intersections of D with faces of N.

We now upgrade D to a polychain in Q35 x Q4. First of all, we orient D as
follows. We use the orientation of diag,, ~ M and the product orientation of M x M
to orient the normal vector bundle of diag,, in M x M (see the Introduction for our
orientation conventions). Next, we pull-back this orientation of the normal vector
bundle along & x A to obtain an orientation of the normal vector bundle of D in N.
The latter orientation together with the product orientation in N = K x [ x L x I
induces an orientation of D. We also equip D with the weight w : mo(D) — K
which, for any connected components X of K and Y of L, carries all connected
components of D contained in X x I xY x I to u(X)v(Y) e K.

Next, we define a continuous map k<A : D x I — M x M by

AMy)(txu),k(x)(sxu)) if0<u<1/2

(k®A) (2, 5,y,,u) = {(H(x)(s su), Ay)(txw) if1/2<u<1

for any (z,s,y,t) € D C K x I x L x I and u € I, where we set

Vxu— 20u for € I,u €0,1/2]
YTl 1-20 -0 —u) forlelue(l/2,1].

The key property of the operation * is that for any ¢,u € I, we have 0 < Zxu </
ifuel0,1/2] and £ < lxu <1if u e [1/2,1]. For a fixed (z,s,y,t) € D, the point
(k<P (x, s,y,t,u) € M x M moves along the path (S\(y,t * u), &(z,s * u)) from
(%3,%1) to the diagonal point (f?a(ac7 ), S\(y, t)) as u increases from 0 to 1/2 and, next,
it moves from that diagonal point to (x2,*4) along the path (Fo(m, s*u), S\(y, 1 u))
as u increases from 1/2 to 1: see Figure 4.2.1. Thus the map k<> is adjoint to a
continuous map

KA D — Q(M X M, (*37*1)7 (*2,*4)) = Q30 X Q4

whose coordinate maps are denoted by kK <A : D — Q3s and k> A : D — Q4.
Finally, we define a partition of D. Here we need the assumption that the
images of x and A lie in 2, C 42 and QF,; C Qs4, respectively. This assumption
implies that
D C K xInt(I) x L x Int(I) C N.

Therefore each face F' of D is contained in a unique smallest face
NF:AFXIXBFXI

of N, where Ar is a face of K and By is a face of L. Note that the codimension
of Fin D is equal to the codimension of Np in N. We declare two faces F' and F’
of D to have the same type if and only if A = A has the same type as A’ = Ap/
in K, B = By has the same type as B’ = Bp in L, and the diffeomorphism

Pa,Ar xidy XwB,B/ xidy

Np=AxIxBxI A" x I x B xI=Npg

carries F' onto F’. By restriction, we obtain a diffeomorphism g g : F' — F” for
any such F, F’. This defines a partition, 6, of D. Note that, for each face F of D,
the faces of D of the same type as F' are in one-to-one correspondence with the
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0 u 1/2 u’ 1
FIGURE 4.2.1. The pair («,>) = (kdPN)(z,s,y,t,u) € M x M
for a fixed (z,s,y,t) € D and w running from 0 to 1.

pairs (A’, B") where A’ is a face of K of the same type as Ar and B’ is a face of L
of the same type as Bp.

LEMMA 4.2.1. The tuple D(X, L) = (D, 0,w, k<> ) is a polychain in Q39X Q4.

PROOF. We need only to show that the map x <> A\ is compatible with the
partition 6. Consider two faces F' and F” of the same type in D and set

A=Ap, B=Bp, A =Ap, and B = Bp.

For any (z,s,y,t) € F and u € [0,1/2], we have

(k<> X) (Op,p (2,5, y,1)) (u) (k<) (SOA a(x),8,98,8(y),t) (v)

()\(1/}3 B ) tru), k(paa(x))(s*u))

= (K‘,QD)\) (x, s, y,t) (u)

where the third equality follows from the compatibility of x with ¢ and of A with ).
A similar argument works for v € [1/2,1]. Thus, (k<)) 0p p = (k<> N)|p. O

4.2.2. Properties of D. We study the behavior of the polychain D(X, L)
under the operations on X and £ introduced in Sections 3.2.2 and 3.2.3.

LEMMA 4.2.2. Let X, X' be smooth p-polychains in Q5 and L,L' be smooth
g-polychains in Q3, such that K, X" and L,L" are pairwise transversal. Then
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(i) DK, L) 2 D(K, kL) 2 kD(XK, L) for any k € K;

(ii) red D(red K,red L) = red D(K, L);

(i) OD(X, £) = (—1)" DK L)L (~1) D (X, 06);

(iv) 0"D(X,L) = (—=1)"red D(0"K,red L) U (—1)" P+ red D(red K, 0" L);

(v) (fKUJC’ L) D(K,L)UD(K', L), DK, LUL") = D(K,L)UD(K, L.

PrOOF. Claims (i) and (v) are obvious. Claim (iv) easily follows from (ii)
and (iii). We prove (ii). It is clear that

red_|_ @(red_,_(f),red_,_(f)) = red+ @(7 7)

and
redg D(redp(—),redo(—)) = redoD(—,—).
Using the identities red redyp = red = redred, we conclude that
red D(red K,red L) = redredyD(redyred K, redgred; L)

= redredg D(red; K,red; L)
= redred; D(reds K,redy L)
= redred; D(K,L) = red D(X, L).

We now prove (iii). Let X = (K, p,u,&), L = (L,¢,v,\) and D(K,L) =
(D, 6, w,k<>\) as in Section 4.2.1. Consider the boundary polychain

OD(K, L) = (D?,67,w?, (k> \)?)

as defined in Section 3.2.3, as well as the polychains D(9K, £) = (*D, *0, w, % <> \)
and D(X,0L) = (D*, 0%, w*, k<>\?). We verify that

Consider a principal face F' of D. Since the codimension of F' in D is equal to
the codimension of Np = Ap x I x Bp x I in N = K x I x L x I, the face Nr
is a principal face of N. Therefore either Ap is a connected component of K and
Bp is a principal face of L, or, Ar is a principal face of K and B is a connected
component of L. We first analyze the former case. Set N* = K x I x L9 x I.
Then F' C D C N corresponds to a connected component F* of D* C N* via the
map idxg xidy x¢ x id;y : N* — N where ¢ : L? — L is the natural map as in
Section 3.2.3. The orientation of F' induced by that of 0D C D may differ from
the orientation of F* induced by D*, and we now compute this difference. Let &!
be the trivial 1-dimensional vector bundle equipped with the canonical orientation
and let —e! be the same bundle with the opposite orientation. Given a cartesian
product of topological spaces, let pr; denote the projection onto the i-th factor. Set
Nj = K x I x Bp x I, which is a submanifold with faces of N* of codimension 0
containing F*. We can also view N} as a submanifold of N of codimension 1, so
that F'* C Nj corresponds to F' C N. Using the orientation conventions of the
Introduction and using the letter T" for the tangent vector bundle of a manifold, we
obtain the following orientation-preserving isomorphisms of oriented vector bundles:

TN|n;. pry(TK)|n;: ® pry(T1)|n; © pr3(TL)|ny © pry(T1)|n,
pr;(TK) ® pry(TI) ® e @ pri(TBr) & pr(T1)
(=1)P*'e! @ pri(TK) @ pry(T1) @ prj(TBr) ® pri(TI).

=TN},

o

1%
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Therefore

TN|p-

1

(71)17“1’161 @ TN}*?|F*
e (-1l @Un F*oTF* = (-1)'"'e' o Un-F* @ TF*
where the letter I stands for the normal vector bundle of a submanifold in the

ambient manifold. On the other hand, restricting the orientation-preserving iso-
morphism of oriented vector bundles TN|p = Uy D @ TD to F we obtain that

TN|p & UND|p®TD|p = UyDlp@e' @TF=(-1)"¢' @ UxD|p & TF.

Since the orientations of Un+«EF* = Un: F* and VyD are both induced by the
orientation of the normal bundle of diag,, inx M x M, the bundle isomorphism
Un: F* — VnD|p induced by the inclusion Ny C N is orientation-preserving.
Combining with the computations above, we deduce that TF = (—1)"tPH1 TF*,
The case where Ap is a principal face of K and Bp is a connected component
of L is treated similarly. In this case, F' corresponds to a connected component *F
of *D, and the orientation of F' induced from that of D differs by (—1)" from the
orientation of *F' induced by *D. This gives the diffeomorphism (4.2.1) of oriented
manifolds with faces, which is easily checked to be a diffeomorphism of polychains
as in (iii). O

4.3. The operation T

We introduce an operation T in the face homology of path spaces.

4.3.1. Definition and properties of 7. First, we show that the intersection
operation defined in Section 4.2 induces an operation in face homology.

LEMMA 4.3.1. For any integers p,q > 0, the intersection (X,L) — D(XK, L)
from Section /.2.1 induces a bilinear map

Hy(Q2) x Hy(Q34) = Hppqra—n(Q32 X Qu4).

Proo¥r. Consider any face homology classes a € I:Q,(ng) and b € ﬁq(QM).
By Lemmas 3.4.7 and 4.1.5; the pair (a,b) can be transversely represented by a
smooth reduced p-polycycle X in €2, and a smooth reduced g-polycycle £ in 03,.

polycycle. Consider another such pair (X, L) transversely representing (a,b). We
claim that the polycycles D(X, L) and D(XK, L) are homologous. By Lemma 4.1.5,
it suffices to prove this claim in the following two cases:

+ £ = £ and there exists a smooth (p 4 1)-polychain M in S, transversal
to £ such that X = KL M or K = KU IM;

- K = K and there exists a smooth (g + 1)-polychain N in 0, transversal
to K such that £ = L1JO™N or £ = L UO"N.

Assume for concreteness that £ = £ and K 2 K U §"M (the other cases can be

0"D (M, L) =(—1)"redD ("M, L).
This and Lemma 4.2.2.(v) imply that
red D (X, L) Zred D (KU M, L) ZredD (K, L) Ld™D ((—1)"M, L) .
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We conclude that D (X, £) is homologous to D (X, £). Thus, the face homology
class (D (X, L)) € ﬁp+q+2_n(932 x Q14) of D (K, L) depends only on a € flp(ng)
and b € I;'q(934). This defines the pairing in the statement of the lemma. The
bilinearity of this pairing follows from assertions (i) and (v) in Lemma 4.2.2. O

The pairing produced by Lemma 4.3.1 induces a linear map
Hpy(Q2) ® Ho(Qs4) — Hyygion(Q32 X Qa).
Taking the direct sum over all p,q > 0, we obtain a linear map of degree 2 — n
(4.3.1) T : H, () @ Hy(Qsq) — H, (g x Q14).

To stress the role of the tuple of base points (%1, *2,%3,*4) we will also denote
this map by YTi234. Any permutation (x;,*j,*g,*;) of (x1,%2,*3,%4) such that
{*i, %} N {*k, %} = @ yields a map

Tz’j,kl : ﬁ*(ng) ® H, () — ﬁ*(Qk; x Qar).
We now establish the following symmetry for T.

LEMMA 4.3.2. Let p : Q30 X Q14 — Q14 X Qgg be the map permuting the two
factors of the cartesian product. For any a € Hp(12) and b € Hy(Q34) with

p,q >0, B B
pT1234(a ® b) = (_1)(p+1)(q+1)+n Ts112(b® a).

PROOF. We assume that (a,b) is transversely represented by a smooth re-
duced p-polycycle X = (K, p,u, k) in 9, and a smooth reduced g-polycycle £ =
(L9, v,\) inQ3,. Let D(K, L) = (D, 0,w, k<> A) and D(L,K) = (D', 0,0, \<> k).
Let q be the permutation map M x M — M x M, (my, my) — (msg, my). This map
preserves diag,,; pointwise and preserves (respectively, inverts) the orientation of
the normal bundle of diag,, in M x M if n is even (respectively, odd). Let

h: KxIXLxI—>LxIxKxI
be the permutation map defined by (k,s,l,t) — (I,t,k,s). Clearly,
degh = (—1)®PD@+)  and (A x 7)h = q(7 x A).

Thus, h restricts to a diffeomorphism h|p : D — D’ of degree (—1)P+h(a+l)+n,
This diffeomorphism carries the weight w to w’ and the partition 6§ to 6’. Also,
(A< k)oh|lp = po (k< A). Thus, h|p is a diffeomorphism of the polychains
p.D(K, L) and (—1)P+DatD+nD (£ %), We conclude that

P T1234(a®b) = (p.D(K, L)) = (—1)FPFDtDIn (DL %))
= (_1)(p+1)(q+1)+nf34’12(b®a)_ 0

4.3.2. Computation of Y. To evaluate T on a pair of face homology classes
in Q19, Q34, we represent these classes by smooth reduced transversal polycycles in
09,,Q3, and take the fa(ze homology class of the intersection polycycle. We now
explain how to compute T from more general polycycles in 215, 34.

We say that polycycles (possibly non-smooth and non-reduced) X = (K, ¢, u, k)
in Q2 and £ = (L,¢,v,\) in Q34 are admissible if there exist open sets U C
K x Int(I) and V C L x Int(I) such that

(i) the maps &|y : U — M and Ay : V — M are smooth and their images
do not meet OM;
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(i) (% x A)~Y(diag,;) C U x V; i
(iii) for any face E of K and any face F of L, the restriction of & x X to

(Int(Ex I)NU) x (Int(F x I)NV)

is transversal to Int(diag,,) in the usual sense of differential topology.

If X and £ are admissible, then we can define the intersection polycycle D(XK, L)
in Q35 X Q14 repeating word for word the definitions of Section 4.2. The polycycle
D(XK, L) depends only on X, £ and does not depend on the choice of U, V.

LEMMA 4.3.3. Let X and L be admissible polycycles in (12 and S34 represent-
ing, respectively, a € H,(Q12) and b € H,(Q34). Then T(a,b) = (D(X, L)).

PRrROOF. Let X = (K, ¢,u,x) and £ = (L,9,v,\). The set
(F x X\~ Ndiagy,) € K x I x L x I

is closed and, hence, compact. By (ii), there are compact sets A C U and B C
V such that (& x \)~!(diag,;) € A x B. Pick a small deformation of x and A
into smooth maps (in the class of maps compatible with the partitions). The
deformation may be chosen to be constant on some open neighborhoods U’ C U,
V' C V of A, B, respectively, and to be so small that the condition (ii) with U x V'
replaced by U’ x V' is met during the deformation. The condition (iii) with U, V'
replaced by U’, V' is automatically met during the deformation. By Lemma 3.2.3,
the face homology class (D(X, L)) is preserved under such a deformation. Thus,
without loss of generality we can assume from the very beginning that the maps
and A are smooth.

Pick a small neighborhood W of @M in M such that #(U) U X(V) € M\ W.
The proof of Lemma 3.4.7 and Theorem 3.4.8 provides, for any 4,5 € {1,2,3,4},
a homotopy of the identity map id : €;; — €2;; into a map fi; : Qi; — QF; C Qy;
such that smooth polycycles in {);; remain smooth throughout the homotopy. The
homotopy acts on a path in M from x; to x; by pushing the interior points of the
path inside M along a 1-parameter family of embeddings M — M. We can assume
that these embeddings are constant on M \ W and so, the homotopy fixes all points
of the paths lying in M \ W. For i = 1,5 = 2 and i = 3,j = 4, these homotopies
induce a smooth deformation of polycycles

{Kt}tGI = {(Kv P, U, Ht)}tef’ {Lt}tel = {(Lv by, )‘t)}tel
0

where k” = k, ):0 = /\,~/-£1 = fiz2k, A' = faA. Our assumptions ensure that
Ry = Rk|ly and M|y = M|y for all t € I. Thus the set (&' x A\!)~!(diag,,) does
not depend on ¢, and X! L' are admissible for all ¢ € I. Then the polycycle
D(K?, £1) is obtained from the polycycle D(X°, L%) = D(XK, L) by deformation.
Hence, by Lemma 3.2.3, (D(X*, L)) = (D(X, £)). The polycycles red(X') in QF,
and red(L!) in Q3, transversely represent the pair (a,b). We conclude that

Y(a,b) = (D(redX' redL'))
= (redD(red XK', red L))
= <red'D(3<1,£1)> = <D(j<1751)> = <D(j<7£>>
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4.3.3. The Leibniz rule. We formulate for T a Leibniz-type rule in the sec-
ond variable. (Since T is symmetric in the sense of Lemma 4.3.2, a Leibniz-type
rule in the first variable easily follows.) Pick a fifth base point x5 € M. For any
i,j,k € {1,...,5}, the concatenation of paths c : €;; x € — ;3 induces a bilinear
concatenation pairing

(4.3.2) H. () x Ho(Qr) — Ho (1), (a,b) — ab = c,(a x b),

Similarly, for any 4,j,k,I,m € {1,...,5}, the map c : Q;; x Q;;, — Q;, induces
bilinear pairings

H Q% Qij) x ﬁ*(ij) — Hy(Qm X Qux), (2,0) — za = (id x0)4(z x a),
Ho(Qij) X Ho(Qg X Q) = Ho(Qig X Q), (a,2) = az = (c x id).(a x z).
LEMMA 4.3.4. If x5 € OM \ {*1,%2}, then for any a € flp(ng), be fIq(Q34),
and ¢ € H;(Qy5) with p,q,i > 0,
Ti235(a @be) = (—1) T1a34(a @ b) ¢ + (—1)PTFDIBT 1 45(a © ).
PrOOF. Let X = (K, p,u,k),L = (L,¥,v,\),R = (R, x, 2, p) be smooth poly-
cycles in €29,, Q%,, 235 representing a, b, ¢ respectively. Applying Lemma 4.1.4 twice

(and choosing homotopy there sufficiently small), we can assume that X is transver-
sal to both £ and R. Then bc is represented by the following polycycle in 35:

N=c.(LxR)=(LXR,pXx,vX2zmn)
where 77 = c(\ X p) and the adjoint map 77 : L x R x I — M is computed by

1) = (L, 2t) forle L,r € R,t €[0,1/2],
e p(r,2t—1) forle L,r € Rt €[1/2,1].

The polycycles K and N are admissible in the sense of Section 4.3.2: we can take
U=K xInt(I) and V = N x (Int(I) \ {1/2}). It follows from Lemma 4.3.3 that

T12.35(a ® be) = (D(K,N)). Thus, to prove the lemma, it is enough to show that
(4.3.3) DK,N) ~ (=1)"(id xc).(D(K, L) x R)
U (=1)P+ D (5 id), (L x D(K, R)).
To this end, we compare D(X,N) = (D, 0, w, k<>n) with
D(K, L) = (D', ,w ka)) and D(K,R)= (D, 0, w,kwp).
Consider the embedding
P:(KXIXLxI)xR—KxIx(LxR)xI
defined by P’(k,s,l,t,r) = (k,s,l,r,t/2) and the embedding
P:Lx(KxIxRxI)—KxIx(LxR)xI
defined by 'P(l,k,s,r,t) = (k,s,l,7,(t + 1)/2). Note that P’ has degree (—1)°
while ‘P has degree (—1)®*+14, Consider also the cartesian projections
pr': (KXxIXxLxI)xR— KxIxLxI,
‘priLx (KxIxRxI)— KxIxRxI.

Clearly, (kxn)P' = (kK x X) pr’. Therefore, the map P’ restricts to a diffeomorphism
D'x R — P'(D' x R) C D of degree (—1)*. Similarly, since (k x 1) 'P = (& x p) 'pr,
the map ‘P restricts to a diffeomorphism L x ‘D — 'P(L x 'D) C D of degree
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(—1)(P+1a+tna Here we use the following general fact involving our orientation
conventions stated in the Introduction: if X, Y are oriented manifolds and S is an
oriented submanifold of X, then the bundle map Vxxy (S xY) — VxS induced by
the cartesian projection X x Y — X is an orientation-preserving isomorphism on
each fiber, while the bundle map Vy xx (Y x S) — VxS induced by the cartesian
projection Y x X — X is orientation-preserving if and only if the product (dim X —
dim S) - dim(Y") is even.

It is clear from the definition of N and the computations of degrees above that

P'U'P:(—=1)(D" x R)U (=1)PT+([, x 'D) — D

is an orientation-preserving diffeomorphism. We claim that it transports the poly-
chain structures of (id xc). (D(K, L) x R) and (c x id), (£ x D(K,R)) into the
polychain structure of D(XK,N) up to deformation of the latter. This will imply
(4.3.3) and the lemma.

To prove our claim, we need to verify that P’ LI ‘P preserves the face partitions
and the weights and commutes with the maps to the path spaces up to deformation.
We start with the face partitions. Let F’, G’ be faces of D’ of the same type and
let H,.J be faces of R of the same type. Then I’ x H and G’ x J are faces of D’ x R
of the same type. We claim that the faces F = P/(F' x H) and G = P(G' x J)
of D have the same type. By Section 4.2.1, 0%, o, : F' — G’ is the restriction of
the diffeomorphism

PAp,Agr xid XwBF’vBG’ Xid : Np: = AF/ XIXBp xI — AG/ XIxXBg XI = Ngr

to F’ where Np (respectively, N ) is the smallest face of K X I x Lx I containing F”
(respectively, G'). The smallest faces Nr and Ng of K xI X (L x R)x I containing F
and G respectively are

NF:AF/XIX(BF/XH)XI and NG:AG/XIX(BGVXJ)XI.
Clearly, the diagram

(APAF/vAGI xid XwBF/ s Bgr Xid) XXH,J

NF/XH NG/XJ

l )
CAp Ag XA X (Y5, B, XXH,5)xid
Np Ng

commutes, so that the bottom diffeomorphism in that diagram carries F' onto G.
We deduce that F' and G have the same type in D and the identification map
Or ¢ : F — G (which, by definition, is the restriction of the bottom diffeomorphism
to F') satisfies

GF,G o P/|F’><H = P/|G’><J [e] (G%I,GI X XH,J)'

This proves that P’ carries the partition 6’ X y on D’ x R to the partition 6 restricted
to P/(D’'x R) C D. A similar argument shows that ‘P carries the partition ¢ x 6 on
L x 'D to the partition 6 restricted to ‘P(L x ‘D) C D. It remains only to observe
that a face of D lying in P’(D’ x R) cannot have the same type as a face of D lying
in 'P(L x 'D). To see this, we use the fact that every face F' of D determines a
smallest face Np = Ap X I X (Bp X Cp) x I of K xIx (L x R)xI such that F C Ng
and Ap, Bp, Cr are faces of K, L, R respectively. If F, G are faces of D of the same
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type, then Ap, Bp, Cr must have the same type as Ag, Bg, Cq respectively, and
the diffeomorphism

VAp Ae X id X(wBF,BG X XC'F,CG) xid : Ngp — Ng
carries F' onto (G. Since this diffeomorphism preserves the last coordinate and
P'(D'xR)C KxIx(LxR)x[0,1/2], 'P(Lx'D)C K x1Ix(LxR)x][1/2,1]

we deduce that F and G are both contained either in P'(D’ x R) or in 'P(L x 'D).

We next show that the diffeomorphism P’ LI ‘P preserves the weights. Let W’
be a connected component of D’ and let Z be a connected component of R. The
weight of the connected component W’ x Z of D’ x R is

(W' x 2) (W' x Z) =w'(W"2(Z) = uw(U)v(V)2(Z)

where U and V are connected components of K and L, respectively, such that
W' cUxIxV xI. Clearly,

PW'xZ)cUxIx(VxZ)yxI
so that
w(P' (W' x 2)) =u(U) - (vx2)(VxZ)=uU)(V)z(2) = (' x 2)(W x Z).

This proves that P’ carries the weight w’ X z on D’ x R to the weight w restricted to
P/(D' x R). A similar argument shows that 'P carries the weight v X w on L x D
to the weight w restricted to 'P(L x'D).

We now show that P’ U 'P commutes with the maps to Q32 X Q15 up to defor-
mation. The maps in question are k<> : D — Qg5 X Q15 and f U g where

(434) f = (ld XC)((K,<]I>A) X p) :D'x R— 932 X 9157

(4.3.5) g=(cxid)(A x (k<>p)) : L x 'D — Q353 x Q5.
We first compute (k<>n)P’. Pick any (k,s,l,t) € D’ and r € R. For x € [0,1/2],
(k<on)(P'(k,s, I, t,7))(x) = (k<>n)(k,s,l,rt/2,2)
(n(l,r, (t/2) * z), Rk, s * )
= (n(l,r,tz),k(k,2sz))
= ()\(l 2tx), k(k, 2sz))
()\(l,t*x (k,2sz)).
Similarly, for z € [1/2,1],
(<o) (P (K, 5,11, 7)) (2)

(k<>n)(k,s,l,rt/2,x)
(R(k,s*x),n(l,r,(t/2) x x))
(R(k,s*x),n(l,r,1 — (2—t)(1 —))).

We separate two cases depending on whether or not 1 — (2 —¢)(1 — z) < 1/2 or,

equivalently, on whether or not « < (3—2t)/(4—2t). For x € [1/2,(3—2t)/(4—2t)],
we obtain

(ken)(P'(k,s,L,t,7)(x) = (R(k,s*2),\1,2—2(2—t)(1—2)));
for x € [(3 — 2t)/(4 — 2t), 1], we obtain
(ren)(P'(k,s,L,t,r)(x) = (Flk,s*2),p(r,1—2(2—t)(1 - x))).
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These computations show that the first coordinate map D’ x R — 235 of (k<>n)P’
is equal to (k < A) o pr’ |prx g, which is also the first coordinate of the map f given
by (4.3.4). The second coordinate maps D’ x R — Q5 of (k<>n)P’ and f may
differ. Nonetheless, they are homotopic in the following way. For any s,t,y € I,

consider the numbers
1 1+y

SIS D E R
SO TS T T S

N |

and let
Qs g 2 [O,Qy] — [075]a Bt,y : [ayabt,y] — [t7 1]3 Yty ¢ [bt,ya 1] — [Oa 1]

be the affine maps carrying the left/right endpoints of segments to the left/right
endpoints respectively. We define a continuous map e: D’ x R x I x I — M by
Rk, asy(x)) ifz €0,ay],
(4.3.6) e(k,s,1,t,r,2,y) = A, Bry(x)) if 2 € [ay, bry),
p(rsvey(x)) if @ € [byy, 1].
Observing that ag = 1/4,bi0 = 1/2 and a1 = 1/2,b1 = (3 — 2t)/(4 — 2t), we
conclude that e determines a homotopy between the second coordinate maps of f
and (k<>n)P’ in the class of maps D' x R — Q5. It remains to check that this
homotopy is compatible with the partition 6’ x xy on D’ x R. Any faces F,G of
D' x R of the same type expand as F = F/ x H and G = G’ x J where F',G’ are
faces of D’ of the same type and H, J are faces of R of the same type. Let

NF/ZAF/XIXBFIXI and NGIZAG/XIXBG/XI

be the smallest faces of K x I x L x I containing F’ and G’ respectively. The
identifying map (6’ x x)r.¢ : F' — G is the restriction of the diffeomorphism

(L‘OAFUAG’ X id XwBF',BG’ X ld) X XH,J - Npr x H— Ngr X J.

Since the maps k, A, p are compatible with the partitions ¢, ¥, x respectively, we
deduce from (4.3.6) that for any (k,s,l,t) € F',r € H, and z,y € I,

e((0' x X)ra(k, s, 1, t,7), 2,y)
= e(pap.ag k), 8,08 80 1), txms(r),z,y) = ek, s, t,rzy).
Hence for each y € I, the map
D'x R— M5, (ks 1,t,r) — (v e(k,s,l,t,r,2,y))

is compatible with the partition 6’ x y. We conclude that the homotopy of f to
(k<>n)P" determined by e is compatible with the partition # x x. One similarly
constructs a deformation of the map (4.3.5) into (k <>n)’P compatible with the
partition. ([l

4.3.4. Change of base points. Consider one more tuple (x,*5,x5,x}) of
points of OM such that {x},*5} N {x5,%;} = @ and set Q;; = Q(M,x},«;). Sec-
tion 4.3.1 yields a linear map

Y Ho () © Ho(Q) — Ho(Qh x D).

We compare Y’ to the map T : H, (Q12)® H, (Qs4) — H,(Q32 x Q14) assuming that
*; and +; belong to the same connected component of M for all i € {1,2,3,4}.
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Choose a path ¢; : I — IM from *; to +; for each i. The formula v — qi_lfycj
defines a continuous map (s;, ;) from Q;; to Q;/;. Homotopic paths yield homo-
topic maps, and constant paths yield maps homotopic to the identity. Therefore
(Si»Sj)# is a homotopy equivalence with homotopy inverse (g;” t ;i 1)#. The homo-
topy equivalence (s;,s;)# induces an isomorphism in the face homology which we
denote by the same symbol:

(4.3.7) (Sirj)s : Hi(Qi5) — Ho ().
Similarly, the isomorphism H, (4 x Q) — H, (Q27; x€Qy,) induced by the homotopy
equivalence (g;,<j)% X (S, <)% is also denoted by (<, <)% X (Sk,<1)%-

LEMMA 4.3.5. If n > 3, then the following diagram commutes:

T

(4.3.8) H,(Q12) ® H,(Q34) H. (32 x Qu4)

(§1,<2)#®(<3,<4)#l2 2l(<3,<2)#><(<1,§4)#

(%) © FL(%,) (S x 04,).

PROOF. Since the isomorphism (g;, ;)4 depends only on the homotopy classes
of the paths ¢;, ;, and since composition of the paths leads to composition of the
corresponding isomorphisms, it is enough to consider the case where three of the
paths ¢;’s are constant. Assume for concreteness that x; = %}, 2 = x5, x3 = *§,
and <1, 62,3 are constant paths. The assumption n > 3 implies that deforming if
necessary the path ¢ = ¢4, we can ensure that ¢(I) C IM \ {*1,*2}.

Let a € flp(ﬂm) and b € ﬁq(QM). Consider smooth polycycles K = (K, ¢, u, k)
in Qf; and £ = (L,v¥,v,A) in Q3, transversely representing the pair (a,b). The
class (1,¢)4(b) € H(€,) is represented by the polycycle £’ = (1,¢)4xL in Qf, (but
not in 2%;). The polycycles K and £’ are admissible in the sense of Section 4.3.2:
we can take U = K x Int(J) and V = L x (0,1/2). Set D(X,L) = (D, 0, w, k> A)
and D(X, L") = (D',0',w',k <> \') where N = (1,¢)3A. It is easy to construct a
diffeomorphism f : D — D’ preserving the orientation, the weight, and the face
partition, and such that (k<)) o f is homotopic to (id x(1,¢)x) o (k<> ) in the
class of maps D — Q35 x ), compatible with . Lemma 4.3.3 implies that

(D(K, L)

((id x(1,6)4) DX, £))

(id % (1,6)4) (D(X, £)) = (idx(1,)4) Y(a,b).
This proves the commutativity of the diagram (4.3.8). O

T'(a® (1,6)4(b))

4.3.5. Extension of T. Assuming that n > 3, we extend the definition of T
to all 4-tuples of points x1, %o, x3, x4 € OM. Deforming these points in M, we can
obtain points x|, x5, x5, x) € OM such that {x}, x5} N{x},%,} =@. Fori=1,...,4,
pick a path ¢; : I — OM from *; to ;. Section 4.3.1 yields a linear map

T ﬁ*(Q/w) ® g*(ﬂfm) — g*(ﬂfsz x Q)

where Q;; = Q(M, ], %) for all i,j. Then we define

T = T12,34 : ﬁ*(le) X ﬁ*(934) — ﬁ*(ﬂgz x Q14)
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to be the unique linear map such that the diagram (4.3.8) commutes. Lemma 4.3.5
implies that this map depends neither on the choice of the paths <1, <2, ¢3, 4 nor on
the choice of the points x, x5, x5, xy. If {*x1,%2} N {x3,%x4} = &, then we can take
*; = %; and the constant path ¢; for all ¢, and recover the same map T as before.

The properties of T established under the assumption {x1,x2} N {*x3,%1} = @
remain true for arbitrary base points in M. This easily follows from the definitions
and the fact that the concatenation pairing (4.3.2) is preserved under the change-
of-base-points isomorphism (4.3.7).

4.3.6. Renormalization. We will use a renormalized version
(439) T = T12734 : H* (912) X ?I*(ngl) — ﬁ*(ﬂgg X 914)

of T defined by T(a ® b) = (=1)/1*7lal Y (¢ ® b) for any homogeneous a € H, ()
and b € H,(Qs4). The properties of T can be rephrased for Y. In particular,
Lemma 4.3.2 yields the identity

(4310) p*T12,34(a ® b) = *(71)|a|"‘b|"'f34,12(b ® a)

where |—|, = |—| + n is the n-degree. Also, for any x5 € M (distinct from *;
and 2 if n = 2) and any homogeneous a € H,(Q12), b € H.(Q34), ¢ € H,(Q5),
Lemma 4.3.4 yields the Leibniz rule

(4.3.11) T12735(a (24 bC) = T12734(a X b) c+ (—1)|a|"|b‘ bT12,45(a (2] C).

Finally, the diagram (4.3.8) remains commutative with T replaced by T.

4.4. The operation T

We derive from T an operation Y in singular homology. In this section we drop
the assumption {x1,*2} N {*3,%4} = & when n > 3.

4.4.1. Definition and properties of T. Consider the linear map
(441) T = T12’34 : H*(ng) (029 H*(Q34) — H*(Qgg X 914)

defined by the commutative diagram

ﬁ*(le) & ﬁ*(934) —r 5 ﬁ*(Qsz X Q14)

<—>X<—>T l[—]

H,($12) ® Ho(Q34) — — — = = + Ho (32 X Q14).

Formula (1.3.10) and the naturality of the transformation [—] : H, — H, imply
the following antisymmetry of T: for any homogeneous a € H,(212), b € H,(Q34),

(4.4.2) P T1231(a®b) = —(=1) 2Pl Ts, (b ® a)

where p, : H.(Q32 X Q14) = H,(Q14 X Q32) is the linear map induced by the
permutation map p : Q32 X Q14 — Q14 X Q30.
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If n > 3, then the diagram (4.3.8) with T replaced by T and the naturality of

the transformations (—) and [—] imply that the following diagram commutes:
(443) H*(912) ® H*(Qg4) X H*(Qgg X 914)
(§1,§2)#®(§3,§4)#l"‘ NJ/(CS’Q)#X(Q’Q)#
T/

H, (15) ® Hi(Q34) H, (55 x Q7).

Here, for every i € {1,2,3,4}, x; is a point of M connected to x; by a path
G : I — OM, Y is the map (4.4.1) determined by the base points %}, x5, x5, x, and,
for all 4,5 € {1,2,3,4}, (si,;)# stands for the homotopy equivalence

Qij — Qi = QUM %, %), v 6ty

s Xir Ng

and for the induced isomorphism in singular homology.
The following crucial lemma will be proved in Section 4.4.3.

LEMMA 4.4.1. The following diagram commutes:
(4.4.4) H.(Q12) X Ho(Qs4) —— 4 H. (232 x Q)
[]X[]J l[]
H.o(Q12) X Ho(Q4) ————— H.(Qa2 x Qua).

4.4.2. The Leibniz rule for T. As in Section 4.3.3 in the case of face homol-
ogy, the concatenation of paths induces three kinds of bilinear pairings in singular
homology:

(4.4.5) H,(Qi;) x Ho(Qjg) — Ho(Quix), (a,b) — ab=c.(a x b),
H (Qum X Qij) x Ho(Qjk) = Hio(Qum X Qig), (z,0) = za = (id x¢).(z X a),
H, (Qij) x Ho(Qjr X Q) = Ho(Qie X Q) (@, ) = az = (c x id)«(a X z).

LEMMA 4.4.2. For any x5 € OM (distinct from x1 and %o if n = 2) and any
homogeneous a € H,(12), b € Hy(Q34), ¢ € Hy(Qus),

(446) T12)35(a X bC) = T12’34(a [ b) c—+ (—1)‘(1‘"“)' bT12,45(a X C).

PrOOF. For any x € fl*(Qij), y € ﬁ*(ij) with 4,7,k € {1,...,5}, we have

(4.4.7) [zy] = [ew(@ x y)] = cufz x y] = C*([JC] x [y]) = [=][y]
where we use the naturality of [—] and Lemma 3.3.5. In particular, be = [(b)][{c)] =
[(b) (c)]. We deduce that
Tios5(a®be) = Tiz35([(a)] @ [(b) (c)])
= [Tlg 35( (a) s b> <C )]
= {T12735( (a), (b)) (c) + 1)lalnl®l (p) Ti2,35((a), (c) )}
= [T12,35( {a), (b) )] Ia‘"lblb [T12,35( {a),{c) )}

= Tig3s(a,b)c+ (—1 )lal’le‘bT12,35(a;C)

where the second, third, fourth and fifth formulas follow respectively from (4.4.4),
(4.3.11), (4.4.7), and the definition of Y. O
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4.4.3. Proof of Lemma 4.4.1. We claim that, for all a € ﬁ*(ng) and
be H, (934)7

(4.4.8) [T (([a]).b)] = [T(a,b)] = [T (a, (B]))].

This would imply similar equalities with T replaced by T. Therefore

Y([al, [8]) = [T ((lal) , ([6]) )] = [T (a, ([b]) )] = [T(a, )],
which proves the commutativity of the diagram (4.4.4).

We prove the first equality in (4.4.8); the second equality follows by the symme-
try of T (Lemma 4.3.2). By Section 4.3.5, we can assume that {*1,x2}N{x3,%4}= @.
We need to prove that, for any smooth polycycle X = (K, ¢, u, k) in Q9, and any
smooth polycycle £ = (L, ), v, A) in 3, transversal to X,

(4.4.9) [T (K1), (£))] = [D(K, £)).

Set p = dim(K). Pick a locally ordered smooth triangulation T of K which
fits ¢. The construction of such a triangulation in Section 3.3.2 (using Lemma 3.1.1)
shows that we can further assume that (*) FN7 is a face of 7 for any face F' of K and
any simplex 7 of T' (cf. the last paragraph in the proof of Lemma 3.1.1). Consider
the fundamental p-chain

oc=o0(T,u) = Z eau(K2)on € Cp(K)
A

determined by T as in Section 3.3.2 (here A runs over all p-simplices of T'). Then
k«(0) is a smooth singular p-cycle in 9, representing the singular homology class
(K] € Hp(Q],). Next consider the smooth p-polycycle XK' = (K',¢', v/, k") in Qf,
associated with the expansion . (o) = >, ea u(K?) koa as in Section 3.3.3. By
construction, K’ is a disjoint union of copies of the standard p-simplex AP indexed
by p-simplices A of T' and k' = k(¢ where ( =[], oa : K’ — K. By the definition
of the transformation (=) : H, — ﬁ*7

(X)) = ([k(0)]) = (X'} € Hp(Qu2),
so that (4.4.9) is equivalent to
(4.4.10) [T ((K'),(£L))] = [D(K, L)].

Lemma 4.1.4 yields a deformation of £ into a polycycle £! transversal to K'.
Such a polycycle £ is also transversal to K. By Lemma 3.2.3, (£) = (£') so that
[T( ('), (£))] = [T( (X’),(£"))]. By Lemma 4.3.1, the polycycles D(X, £) and
D (K, £1) are homologous so that [D(X, £)] = [D (K, £')]. Thus, in order to prove
(4.4.10), we may assume without loss of generality that £ is transversal to X'. We
need to prove that

(4.4.11) (DK, £)] = [D(K, £)].
Set D(K, L) = (D, 0,w, k> A), DK, L) = (D', 0w, k'<a>\) and
(=(xidy xidp xidy : K' x Ix LxIT — K x I x L x I.

It follows from the definition that D’ = Zil(D). Thus D’ is obtained by cutting D
into pieces, each “piece” being a connected component of D N (A x I x L x I)
where A is a p-simplex of 7. The map (|p/ : D' — D is the obvious gluing map.
It is surjective and its restriction to every connected component of D’ is injective.
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Consider the equivalence relations ~y on D and ~g on D’ defined by the
partitions (see Section 3.1.2). We claim that if some points di,dy € D’ satisfy
¢(dy) ~g C(da), then dy ~¢ dy. We now check this claim. Assume that for i = 1,2,

di= (K, s,li,t) €D C K' x Ix Lx I, andset k;=C((k)€K.

By assumption, there exist faces Fy, F» of D of the same type such that ((d;) =
(i, s,list) € Fyfori=1,2and 0p, f, : F1 — F» carries ((d1) to ((dz). Fori = 1,2,
let A; and B; be faces of K and L respectively such that A; x I x B; x I is the smallest
face of K x I x L x I containing F;. Then k; € A;, l; € B;, A has the same type as
Az, By has the same type as B, and @, a,(k1) = k2, ¥p,.B,(l1) = l2. To proceed,
let A; ~ AP be the connected component of k; in K’, and let 0; = oa, : AP — K
be the corresponding singular simplex (which is a simplicial isomorphism onto a
p-simplex of the triangulation T'). Then k; € A; No;(4;). By the assumption (*)
above, A; No;(4;) is a face of the p-simplex o;(A;). Since T fits ¢, the sets

T =01(A1) Naya, (A2N02(A2)), 72 =02(A2) Npa, 4, (A1 No1(A1))

are faces of the p-simplices 01(A1), 02(Az) containing k1, ko respectively. The map
©A;,4, @ A1 — Ay restricts to a simplicial isomorphism @12 : 7| — T2 preserving
the order of the vertices and carrying ky to ka. Set r = dim(71) = dim(72). Then
7/ = o' (7;) is an r-dimensional face of the p-simplex A; containing k/ for i = 1,2.
The map @}, = 05 " 1201 |7/ : 71 — 75 is an order-preserving simplicial isomorphism
and ¢,(k]) = kb. Since Ay, Ag are copies of the standard p-simplex AP, their faces
71, T4 correspond to certain (r+1)-element subsets S1, Sz of the set {0, ...,p}. Since
KQA, A, = K|a,, we have

(ko1)oeg, = (kog) oeg, : A" — Q7.
By the definition of X', the latter equality implies that the faces 71, 7% of K’ have
the same type and SD’/T{,Té = ¢}y : 71 — 75. Consider now the map
O = (¢l oy xid X9, g, xid) 7] x I x By x I =15 x I x By x I.

We have
O(d1) = (P12(k1), 5, ¥, B, (1), t) = da.

Let G; be the connected component of d; in D' N (7 x I x B; x I). The equality
O(dy) = dy implies that ©(G1) = G2. Thus, G; and G5 are faces of D’ of the same
type, and the identification map 0’017G2 = O|q, carries di to dy. This proves that
d1 ~g do as claimed.

Consider the canonical projections 7 : D — Dy and 7’ : D' — Dy,. The
previous claim implies that there exists a unique map g such that the diagram

DgéD

[ e

Dy, +—— D'

commutes. The map g is continuous because 7’ is continuous and ¢, 7 are quotient
maps. Set S = ((0D’) = DNTP~! where TP~ is the (p— 1)-skeleton of T. Clearly,
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0D C S. Consider the commutative diagram

H, (Dg, (0D)g) +——— H.(D,dD) > [D,w]

] |

[Dg,w] € H.(Dg) —— H. Dy, Sp) ¢———— H.(D,S) 3> ({[p)«([D,w])

g*J{ g*l T(CDI)*

[Dy,w'] € H.(Dj)— H. (D, (dD')g) = H.(D',0D') 3 [D',w

where the unlabelled arrows are the inclusion maps. The definition of X’ implies
that the weight v’ : mo(K’) — K of K’ is the composition of (x : mo(K') — mo(K)
with the weight u : mo(K) — K of K. Using the definition of the operation D, we
deduce that the weight w’ : mo(D’) — K is the composition of ({|p/)# : mo(D') —
mo(D) with the weight w : mo(D) — K. This fact and the definition of [D’, w'], [D, w]
imply that (¢|p/)« ([D’,w’]) is the image of [D,w] in H.(D,S). By Lemma 3.3.1,
the image of [Dy,w] in H, (Dgy,(0D)p) is equal to m,([D,w]). Using this fact, the
uniqueness in Lemma 3.3.1, and a simple diagram chasing we obtain that

(4.4.12) 9«([Dg,w]) = [Dpy,,w'] € H.(Dy).
Next, we verify that
(4.4.13) (K'<>N)gg=(kN)g: Dy — Q32 X Q4.

Given d = (k,s,l,t) € D, we have gn(d) = 7' (K, s,l,t) for any k' € (~(k) Cc K.
Then

(K <> X)gg(m(d) = (K<) (K, s,1,t) = (k> A)(k, 5,1,t) = (k<> X)g(7(d))
where we use the equality (k') = k(k). Since m : D — Dy is onto, we conclude
that (4.4.13) holds. This and (4.4.12) imply (4.4.11):

(DX, £)] (k<> X)g), ([Do, w])

= ((K'®X)g), 9:([Do, w])

(KX)o, ([Dy,w']) = [DK', L)].






CHAPTER 5

The intersection bibracket

Throughout this chapter, M is an oriented smooth n-dimensional manifold with
non-void boundary, where n > 2.

5.1. Construction of the intersection bibracket

We introduce the path homology category of M and define the intersection
bibracket in this category.

5.1.1. The path homology category. Let € = C(M) be the graded cat-
egory whose set of objects is M and whose graded modules of morphisms are
defined by

Home (x,*") = H, (M, *,+"))
for any *,+ € OM. Composition in € is the pairing (4.4.5) defined via concate-
nation of paths. For x € OM, the identity morphism of x in € is the element of
Hy(Q(M, *,x)) represented by the constant path in x. We call € the path homology
category of M. By Section 2.2.1, this category determines a graded algebra

(5.1.1) A=AC) = P H.(UM,*+)).

*,%'€OM

The subcategory C° of @ formed by all objects and morphisms of degree 0 can be
formulated in terms of paths in M: for any %, € M, the module of morphisms
Homeo (%, ") is freely generated by the set of homotopy classes of paths from x
to «' in M. Thus the category €° is the linearization of the fundamental groupoid
71 (M, 0M) of M based at OM, and the algebra A(C°) is the corresponding groupoid
algebra. Clearly, A(C°) embeds in A as a subalgebra.

5.1.2. The intersection bibracket. Assume that n = dim(M) > 3 and

the cross product in the homology H,(§)
(5.1.2) of the loop space Qy = Q(M,*,*) based at x € OM
induces an isomorphism H,(Q,) @ H, () ~ H, (e x Q).

By the Kiinneth theorem, the condition (5.1.2) holds if K is a principal ideal domain
and H, () = H.(Q; K) is a flat K-module (this occurs, for instance, when K is a
field); it also holds for any K if H.(£4;Z) is a free abelian group. Then the cross
product induces an isomorphism wsg 14 @ Hy(232) @ Hy(Q14) = Hi(Q32 X Qq4) for
any choice of base points x1, x2,*3, x4 € M. Composing the inverse isomorphism
with the map Y12 34 defined in Section 4.4.1, we obtain a linear map

(w32,14)71T12,34 tHo(Q2) @ Hy (Q34) = Hi(Q32) @ Ho(Q14).
The direct sum of these maps over all 4-tuples of points in OM is a linear map
{—-}:A®A4A— AR A

7
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called the intersection bibracket of M. We can now state our main result.

THEOREM 5.1.1. Under the assumptions above, (C,{—,—}) is a double Ger-
stenhaber category of degree d = 2 — n.

PRrOOF. That the bibracket {—, —} has degree d follows from the fact that the
intersection polychain of a p-polycycle and a g-polycycle has dimension p+q+2—n =
p+ q+d for any p,q. The d-antisymmetry of {—,—} follows from the formula
(4.4.2) and the following well-known fact: for any topological spaces X and Y such
that the cross product induces an isomorphism H,(X) ® H.(Y) — H.(X xY),
the isomorphism H,.(X) ® H.(Y) — H.(Y) ® H.(X) induced by the interchange
of factors X x Y — Y x X and the cross product isomorphisms, carries a ® b
to (=1)lPlp @ a for any homogeneous a € H,(X), b € H,(Y); see, for example,
[FHT, Section 4(b)]. The bibracket {—, —}} satisfies the first Leibniz rule (1.2.2)
as easily follows from Lemma 4.4.2 using the associativity and the naturality of the
cross product in singular homology. By Lemma 1.2.2 and the d-antisymmetry, the
bibracket {—, —} also satisfies the second Leibniz rule (1.2.3). Therefore {—, —}
is a d-graded bibracket in A.

It is obvious from the definitions that {—, —} annihilates the identity mor-
phisms of all objects. It remains only to prove that the associated tribracket is
equal to zero; we postpone the proof to Section 5.2. ([

Since d = 2 — n < 0, the restriction of the intersection bibracket in € to C°
is equal to zero. Moreover, the morphisms in €° represented by paths in 9M
annihilate the bibracket in € both on the right and on the left.

Theorem 5.1.1 and Lemma 2.2.1 imply that for every integer N > 1, the asso-
ciated representation algebra C}; is a unital Gerstenhaber algebra of degree 2 — n.

5.1.3. The Pontryagin algebra. We now fix a base point x € 9M. By the
Pontryagin algebra of M, we mean the unital graded algebra

A, = Endean () = Hi(Q)  where Q, = Q(M, %, %).

Multiplication in A, is the Pontryagin product given by ab = c.(a x b).

Pontryagin algebras have been extensively studied since Serre’s thesis [Se].
They can be explicitly computed using the Adams—Hilton model [AH] or the tech-
niques of rational homotopy theory (at least, in the simply connected case). We
only mention the relation with the homotopy groups, and refer to [FHT] for a
detailed exposition. Consider the boundary homomorphism

8i : 7T1(M) = ﬂi(M,*) — Wi_l(Q*) = ﬂi_l(Q*,e*)

for the path space fibration of M where ¢ > 1 and e, € €, is the constant path
at x. Since the total space of that fibration is contractible, 0; is an isomorphism for
all i. Composing 9; with the Hurewicz homomorphism m;_1 () — H;—1(Qy), we
obtain an additive map 9; : m;(M) — A1 called the connecting homomorphism.
For i = 1, this homomorphism extends to a ring isomorphism K[m; (M, )] ~ A%.
For i = 2, this homomorphism induces an isomorphism from K ®z 72 (M) onto
Hi(Q) ¢ ALl where Q™! is the connected component of (2, formed by all null-
homotopic loops.

The group m (M, *) acts on A, by graded algebra automorphisms: the action
of any g € m(M,*) is the automorphism a + a9 = gag™! of A, where g is viewed
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as an invertible element of A?. The inclusion M C M allows us to consider the
induced action of w1 (OM,*) on A,.

THEOREM 5.1.2. Ifn = dim(M) > 3 and the condition (5.1.2) is satisfied, then
the restriction of the intersection bibracket {—,—} in the category C(M) to Ay is
a w1 (OM, *)-equivariant Gerstenhaber bibracket of degree 2 — n.

Proor. Clearly, A, = A(C,) where C, is the full subcategory of € determined
by the object x. Therefore our claim is a consequence of Theorem 5.1.1 and the
results stated at the end of Section 2.2.2. We only need to check the equivariance.
Let a,b € A, and let ¢ be a loop in @M based at * representing g € w1 (OM, *). We
deduce from the commutativity of the diagram (4.4.3) that

T(a@b) =T (7' yla), (T He(0) = ((The™ e x (71 e™hy) Tlasb).
Using the naturally of the cross product, we conclude that

a7} = (fa.0} )" @ ({a.0}")"- 0

By Theorem 5.1.2 and Lemma 2.1.1, the intersection bibracket in A, induces
a natural structure of a Gerstenhaber algebra of degree 2 — n in the commutative
unital graded algebra (A,)% for all N > 1. We call (A,)}; the N-th representation
algebra of M. The action of m1(0M,*) on A, induces an action of w1 (OM,*) on
(A,)} by graded algebra automorphisms, and the Gerstenhaber bracket in (A,)7
is m1 (OM, x)-equivariant. The isomorphism classes of the double Gerstenhaber al-
gebra A, and the Gerstenhaber algebras {(A,)} }~ depend only on the connected
component of x in OM.

5.1.4. The induced Lie bracket. We keep notation of Section 5.1.3 and
let A, be the quotient of A, = H,(Q,) by the submodule [A,, A,] spanned by
the vectors ab — (—1)?/Ilbg where a,b run over all homogeneous elements of A,.
Under the assumptions of Theorem 5.1.2, the intersection bibracket {—, =} in A,
composed with the multiplication of A, induces a (2—n)-graded Lie bracket (—, —)
in A,, see Section 1.4.1.

The Lie bracket (—, —) can be computed using the map c, : H. (2, X Q) —
H.(f,) induced by the concatenation of loops. Namely, if h : A, — A, is the
natural projection, then for any homogeneous a,b € A,,

<h(a)7h(b)> = h({avb}/{%b}//)
= ha.Y(a®b) = (~1)PHFlelhe, ([T((a) @ (B)])-

The resulting expression may be used as the definition of (—, —) avoiding the use of
{{—, —}. This gives a (2—n)-graded Lie bracket in A, over an arbitrary commutative
ring K. The Jacobi identity for (—, —) may be deduced from Lemma 5.2.6 below.
Presumably, the Lie bracket (—, —) is related to the operation discussed in [KK1,
Remark 3.2.3] using Chas—Sullivan’s techniques.

5.1.5. The simply connected case. Suppose that the manifold M is sim-
ply connected and the ground ring K is a field of characteristic zero. The classical
Milnor-Moore theorem (see [FHT, Theorem 21.5]) asserts that, the Pontryagin
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algebra A, = H.(1,) is fully determined by 7. (M) = @p>0 mp(M) and the White-

head bracket [—, —]wn in 7. (M). More precisely, consider the graded module
L. =P Kezm(Q)
p=>0

(obtained from 7, (M) by tensorizing with K and shifting the degree by 1), and
equip L, with the bracket defined by

k®a,l® 8] = K ® (=1 it ([0711(0). 01 (B)] ) € K@ mpeg(S2)

for any k,l € K, a € m,(%), € mg(2,). Then L, is a O-graded Lie algebra and
the Hurewicz homomorphism L, — A, extends to an isomorphism of the universal
enveloping algebra U (L) onto A,. Moreover, under this isomorphism, the standard
comultiplication in U(L) carrying any « € L, to « ® 1 + 1 ® « corresponds to the
comultiplication in A, induced by the diagonal map ©, — 2, x Q,. Note that,
by the Poincaré-Birkhoff-Witt theorem for graded Lie algebras [FHT, Theorem
21.1], the natural linear map L, — U(L,) is injective so that L, can be treated as
a submodule of U(Ly) ~ A,.

Recall from Section 2.1.2 that the 0-graded Lie algebra L, gives rise to rep-
resentation algebras {(L,)n}n>1. The Milnor-Moore isomorphism U(L,) ~ A,
induces an isomorphism (L,)n ~ (A,)} for all N > 1. In this way, the algebras
{(Lx)~n}n~n>1 acquire a structure of Gerstenhaber algebras of degree 2 — n.

5.1.6. The 2-dimensional case. The case n = 2 (so far ruled out in this
section by the assumptions of Section 5.1.2) has been extensively studied by several
authors and gave the original impetus to this work. We briefly discuss this case.

A connected oriented surface M with OM # @ is an Eilenberg—MacLane space
K(m, 1) where 7 is the fundamental group of M. For any points x1,%x € OM,
the space Q (M, 1,%2) is homotopy equivalent to the underlying discrete set of .
Therefore, in the notation of Section 5.1.1, we have € = €° and A = A(C?) is the
groupoid algebra of 71 (M, 0M).

For any points x1,%g,%3,% € OM such that {x1,%*2} N {*3,%x4} = &, Sec-
tion 4.4.1 yields a linear map

T12,34 : Ho(Q12) @ Ho(Q34) — Ho(Q32 X Q1a) = Ho(Q32) ® Ho(Q14)

(the latter equality holds for all K). This construction extends to arbitrary 4-tuples
of points in OM by slightly pushing these points in the positive direction along M
and proceeding as in Section 4.3.5. After an appropriate normalization, this yields
a O-antisymmetric 0-graded bibracket of degree 0 in the groupoid algebra A. This
bibracket is quasi-Poisson in an appropriate sense, cf. [AKsM, VdB, MT1]. For
* € OM, the restriction of this bibracket to the group algebra A, = K[m; (M, )] is
the double bracket {—, —}° studied in [M'T'1, Section 7]. It is closely related to the
homotopy intersection form in K[m (M, x)] introduced in [Tul]; see also [KK 2] for
a similar operation. The associated Lie bracket (—, —) in A, was first introduced
by Goldman [Go2].

Lemma 2.2.1 implies that for every integer N > 1, the above bibracket in A
induces a bracket in the associated representation algebra G}. This bracket is quasi-
Poisson (and not Poisson), cf. [MT1]. Note that €} is the coordinate algebra of
the affine scheme (over K) that associates to any unital commutative algebra B the
set of groupoid homomorphisms 71 (M,90M) — GLy(B). Indeed, through linear
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extension of groupoid homomorphisms, the latter set may be identified with the set
of linear functors from € to the category Maty (B) considered in Section 2.2.1. We
conclude by applying (2.2.1).

5.2. The Jacobi identity

We conclude the proof of Theorem 5.1.1 by proving that the tribracket associ-
ated with the intersection bibracket is equal to zero. We resume notation of Chap-
ter 4, i.e., fix points x1, g, *3, x4 € OM such that {*1, %2 }N{*x3,*4} = & and, for any
i,j € {1,2,3,4}, let Q5 = Q(M,%;,%;) be the path space and QF; = Q°(M, %;,*;)
be the proper path space of (M,#;,*;). We start by developing a parametrized
version of the theory of polychains in path spaces.

5.2.1. Parametrized versions of T, T, and Y. Let Z be an arbitrary
topological space. Given a polychain £ = (L,¢, v, A) in Q5, X Z, we let X and \”
be the compositions of A : L — 3, x Z with the projections to Q$, and Z,
respectively. We call the polychain £ smooth if the map X : L — Q3, is smooth in
the sense of Section 3.4.2. Applying the definitions of Section 3.2.4 but considering
only smooth polychains in 98, x Z, we obtain smooth face homology ﬁf(Q§4 X 7).
The proof of Theorem 3.4.8 easily adapts to this setting and yields that the natural
linear map

HE(QS, X Z) — Ho (5 X Z) == H(Qaza x Z)
is an isomorphism. This computes the face homology of (234 X Z in terms of smooth
polychains in Q8 x Z.

We say that smooth polychains X = (K, p,u,k) in QY9 and £ = (L, ¥, v, A)
in Q%, x Z are transversal if the maps k : K — QS5 and X : L — Q3, are
transversal in the sense of Section 4.1.1. A pair (a,b) € flp(ng) X ﬁq(934 X 7))
with p,q > 0 is transversely represented by a pair (K, L) if X is a smooth reduced
p-polycycle in 27, and £ is a smooth reduced g-polycycle in 25, X Z transversal
to K. Adapting the proof of Lemma 4.1.5, we obtain that any pair (a,b) as above
can be transversely represented by a pair of polycycles, and, furthermore, any two
such pairs of polycycles can be related by a finite sequence of transformations
(X, L) = (K, L) of the following types:

(i) L= L and X =K UM or K =2 K L1 0"M where M is a smooth (p + 1)-
polychain in Q9, transversal to £;

(i) K=K and L= LUINor £ =L1UIN where N is a smooth (g + 1)-
polychain in 98, x Z transversal to X.

We next adapt the construction of the intersection polychain. Consider smooth
transversal polychains K = (K, ¢, u, k) in Q95 and £ = (L, v, v, A) in 23, x Z. Since
the polychain £’ = (L,,v, ') in Q3, is smooth and transversal to X, Section 4.2.1
yields an intersection polychain D(X, L) = (D, 0, w, k<> XN) in Q3o X Q14. We lift
D(XK, L") to a polychain in Q33 X Q14 X Z as follows.

LEMMA 5.2.1. Letpr: K xI X LxI — L be the cartesian projection. The tuple
DZ(K, L) = (D,0,w,0) with § = (k<> N, N opr|p) is a polychain in Qza x Q14 % Z.

PROOF. We need only to check that the map X’ opr|p : D — Z is compatible
with the partition 6. Let F,G be two faces of D of the same type and let

NF:AFXIXBFXI, NGzAGxIxBGxI
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be the smallest faces of K x I x L x I containing F,G, respectively. Since A’ is
compatible with the partition ¢ of L, we have for any (k, s,l,t) € F

A pr (HF,G(k'a s, 1, t)) =\ pr (QOAF,AG (k)’ 5, ¢BF,BG (l)’ t)

= N'(¥Bs,Bs()
= X)) = XN'pr(k,s,l,t). 0

The next claim is a parametrized version of Lemma 4.3.1 and is proved similarly.

LEMMA 5.2.2. For any integers p,q > 0, the intersection (K,L) + D? (X, L)
induces a bilinear map Hp(12) X He(Q34 X Z) = Hppgro—n(Q32 X Q14 X Z).

The direct sum over all integers p, ¢ > 0 of the pairings produced by Lemma 5.2.2
is a linear map of degree 2 — n

T12,34Z D Ho(Q12) © Hy(Q34 X Z) — H,(Qsy X Qu4 X 2).
As in Section 4.3.6, a normalized version of this map
Y1234z : Ho(Qu2) @ Hy(Q34 X Z) — H,(Qgz X Qg ¥ Z)

is defined by T12734Z(a ®b) = (71)“"*"‘“‘ T12,34Z(a ® b) for any homogeneous
a € H.(Q12) and b € H,.(Q34 x Z). We also define an operation Y12 347 in singular
homology by the commutative diagram

~ ~ Y1234z ~
(521) H*(ng) X H*(Qg4 X Z) - H*(Qgg X 914 X Z)
(-)X(—)T l[—]
Yi2,342
H*(le) ®H*(Qg4 X Z) - — == - 9H*(Q;32 X Q4 X Z)

The proof of Lemma 4.4.1 extends to this setting and gives the commutative dia-
gram

Y1234z

ﬁ*(ﬂgg X Q14 X Z)

|-

H*(Qgg X 914 X Z)

(5.2.2) H,(Q12) ® H,(Q34 x Z)

(1% []J

H.(Q12) ® Hi(S234 x Z)

Ti2,342

The following two lemmas will help us to compute Y12734 z and T12347.

LEMMA 5.2.3. For any a € H.(Q13), any b € H,(Qs4) and any homogeneous
c€ H.(Z), we have T12,34Z(a ® (b x c)) = (—1)‘C| Ti234(a®b) x c.

PROOF. It suffices to consider the case where a and b are homogeneous. Let
X = (K, ¢,u,k) and £ = (L, ), v, A) be smooth polycycles in 9, and §23, represent-
ing a and b respectively, and such that X is transversal to £. Let N = (N, x, z,7)
be a polycycle in Z representing c¢. Then

T1o34(a®b) x ¢ = (D(K, L) x N) .
By the definition of T12,34Z,
T12,312 (a®@ (bxc)) =(D?(K,LxN)).
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Therefore, it is enough to show that
(5.2.3) D(K, L) x N = (=1)lIDZ(K, £ x N).
We set D(K, L) = (D, 8, w, k<> A) so that
D(K, L) x N= (D x N, x x,wx z,(k®X) xX7n).
We also set
DZ(K, L x N) = (D?,0%,w?,67) with 67 = (k<> (Apry),npry |pz)

where pry : LXx N — L and pry : K x I x (L x N) x I — N are the cartesian
projections. The map

(KXxIXLxI)xN-—KxIx(LxN)xI, (ksltn)— (ks,l,n,t)

restricts to a diffeomorphism f : D x N — D% of degree (—1)3™(N) = (—1)l¢l, For
any point (k,s,l,t,n) in D x N, we have

6% f(k,s,l,t,n) = 6%(k,s,l,n,t) = ((keN)(k,s,1,t),n(n))
= ((k®X) xn)(k,s,1,t,n).

Furthermore, the diffeomorphism f carries the partition  x y to 8% and the weight
w X z to the weight w?. Hence, f is a diffeomorphism of polychains (5.2.3). O

LEMMA 5.2.4. For any a € H.(Q2), b € H.(Q34) and ¢ € H,(Z), we have
T12,347 (a ® (b x C)) =T12.34 (a ® b) X c

PROOF. It suffices to consider homogeneous a, b, c. By Lemma 3.3.5, we have
bx c=1[(b)] x [{c)] = [(b) x {(c)]. We deduce that

Tizzaz(a® (bxc) = Tizguz([(@)e [<b> X <C>])
= [Y12,34Z( (a) ® ( )}
= (—p)liHlernlel[Y (a) ® ((b) x (c)))]

T12 347

= ()P [Y 4 ((a) @ (B)) x (€)]

= (=) T a0 ((a) @ (B))] x [(0))

= T12734 (a X b) X c
where the second, fourth and fifth equalities follow from (5.2.2), Lemma 5.2.3 and
Lemma 3.3.5 respectively. (]

Given two topological spaces Y and Z, a straightforward generalization of the
constructions above and of Lemma 5.2.2 yields a bilinear map

;‘fY12,34Z : ﬁ*(y X 912) X ﬁ*(934 X Z) — FI*(Y X 932 X 914 X Z)
A normalized version Ty12734 2 of this map is defined by

Ty12.31z(a ®b) = (—1)tlFnlal TY12,34Z(04 ®b)
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for any homogeneous a € H, (Y x Q12) and b € H,(Q34 x Z). The corresponding
map in singular homology is defined by the commutative diagram

Tyi12,342 ~

(5.24)  H (Y x Qu2) ® H(Q3q X Z) ——————— H (Y x Q32 X Qg X Z)
<—>X<—)T l[—]
H (Y X Q2) @ Hy(Q34 X Z) — = === > H (Y X Q39 x Q14 X Z).
Then, again, we have the commutative diagram

Tyi12,342 ~

H*(Y X Qgg X 914 X Z)

|-

H*(Y X 932 X 914 X Z)

(5.2.5)  H.(Y x Q1) ® H,(Q34 x Z)

(1% HJ,

H*(Y X 912) ® H*(Q34 X Z)

Yyi12,342

Finally, Lemma 5.2.4 generalizes to the identity
(526) Ty12,34z((6 X CL) X (b X d)) =cX T12734 (a X b) x d
for any a € H,(Q12), b € H,(Q34) and c € H.(Y), d € H.(2).

5.2.2. Half-smooth polychains. We compute the intersection operations of
Section 5.2.1 via so-called “half-smooth” polychains. Let Z be a topological space.
A g-polychain £ = (L0, (NN 0 L — Q8 X Z) is half-smooth if the restrictions
of the map A" : LxI — M (adjoint to \') to the manifolds with faces L x [0,1/2] and
L x[1/2,1] are smooth. Furthermore, £ is half-transversal to a smooth p-polychain
K = (K, p,u, k) in Qf, if for any face F of K, any face F' of L, and any of the three
sets J =[0,1/2],[1/2,1],{1/2} the map

EXN:EXIxFxJ— MxM
is weakly transversal to diag,, in the sense of Section 4.1.1. Then the set
D(J) = {(k,s,l,t) € K x I x L x J : &i(k,s) = A(I,1)}
inherits from K x I x L x J a structure of a manifold with faces, and we have
(5.2.7) D(J) € K x Int(I) x L x (J N Int(I)).
Set
D~ =D(0,1/2), D*=D(1/2,1]), D’* = D({1/2}).

It is clear that D> = D~ N D* = 9D~ N9D* and

dimD~™ =dimD* =p+¢+2—n, dimD”?=p+q+1—n.

Since £ may be non-smooth, we cannot consider the intersection polychain
DZ(X,L). (A priori, the set D~ UDT does not have a structure of a manifold with
faces.) Instead, we turn the disjoint union D~ L D into a polychain which will
serve as a substitute for DZ (X, £). The inclusion (5.2.7) allows us to use the same
construction as in Section 4.2.1 in order to upgrade D, Dt, and D> to poly-
chains in Q3, x Q, x Z denoted, respectively, D~ = D~ (X, L), Dt = D (X, L),
and D> = D/>(K, £). As can be checked from our conventions, the oriented man-
ifold D'/* has the orientation inherited from (—1)PT9t1*"9D~ or, equivalently, the

orientation inherited from (—1)P*9+79D+. The inclusions D> C D* are compat-
ible with the polychain structures (except for the orientations): they map faces of
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D2 diffeomorphically onto faces of D*, map faces of the same type onto faces
of the same type, commute with the identification diffeomorphisms of the faces,
commute with the maps to 93, x 9, x Z, and the induced maps in 7y commute
with the weights. Also, a face of D* having the same type as the image of a face
F of D'? must be the image of a face of D'/? of the same type as F. These facts
allow us to form a (p + ¢ + 2 — n)-polychain D" = D"(K, L) in 03, x O, x Z by
taking the disjoint union D~ UD* and declaring that the images of any face of D"/?
in D~ and D% have the same type and the identification diffeomorphism between
them is the identity map. We shall sometimes write
D~ uUDt
1/2

for this polychain D",

LEMMA 5.2.5. Let K be a smooth p-polycycle in Q95 and let £ be a half-smooth
g-polycycle in Q%, x Z half-transversal to K. Then D"(XK, L) is a polycycle in
03, x Q74 X Z and

[T12,302((X) , (£))] = [D"(K, £)] € Hppgr2-n(Q32 X Q14 X Z).

PROOF. Lemma 4.2.2 directly extends to smooth polychains X, X" in Qf, and
half-smooth polychains £, £" in 3, x Z half-transversal to X, X'; one should only

replace D by D". This implies the first claim of Lemma 5.2.5.

There is an arbitrarily small deformation {£*= (L,%,v,((X)",\"))},., of
L0 = £ into a smooth polycycle L. We can assume that the restrictions of the
maps () : Lx[0,1] = M to Lx[0,1/2] and L x[1/2,1] are smooth maps smoothly
depending on ¢t € I. As in the proof of Lemma 3.2.3, we derive from the deforma-
tion {£'},.; a (¢+ 1)-polychain R in Q8 X Z such that 9"R = red(£') Ured(—L).
The assumptions on the deformation imply that R is half-smooth. Taking the de-
formation small enough, we can ensure that R is half-transversal to X. By the
assumption "X = & and the generalized version of Lemma 4.2.2,

(1) DMK, R) = red D (red K, red(L1) Ured(—L))
= red D"(red K,red £1) LU (—red D (red X, red £))
= red D"(K, L") U (—red D"(K, L)) .
Therefore
(DMI, L)) = (DMK, £Y)) € Hyrgro—n(Qs2 X Qua X Z).
Projecting to singular homology, we obtain the equality
[DM(K, £)] = [DM(K,LY)] € Hpsgro—n(Qa2 x Qua x Z).

Since the polycycle £! is smooth, the manifold with faces underlying D" (X, £1)
is obtained by cutting out the manifold with faces underlying DZ (X, £') along a
smooth compact oriented proper submanifold of codimension 1. This easily implies
the equality [D"(X,£Y)] = [D?(K, £Y)]. Thus,

[T12’34z(<3<> 5 <L>)] = [T12,34Z(<g<> ’ <Ll>)]
[QZ(KVC})} = ['Dh(:K?L)jI : O
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5.2.3. A Jacobi-type identity for Y. As in Section 4.3.5, the operations
Tu 347, T 347, Y1234z generalize to all tuples *1, %2, %3, %4 6 oM. We pick
two extra pomts *5, %6 € OM. For Z = Q567 the maps Tlg 347, T]g 347, Tlg 347
will be denoted respectively by T12 3456, Tis 3456, L123456. Given a permutation
(4,4, k,l,m,n) of (1,2,3,4,5,6), we can accordingly renumber the points *1,.. ., *¢
and consider the corresponding maps T”,klmn, T” ktmns Lijkimn. We now establish
a Jacobi-type identity for Y; rimn-

LEMMA 5.2.6. Consider the permutation maps
P2zt 1 36 X sz X Qg — Q52 X Qg X Q3g,  (2,y,2) — (y,2,2),
P31z 1 Q14 X Qg X Qg2 — Q5o X Qg X Qz6,  (2,y,2) — (2,2,9).

For any a € Hy(Q12), b € Hy(34) and ¢ € H,(Qs56) with p,q,r > 0, we have the
following equality in Hyyqyria—on(Qs2 X Q14 X Q3g):

T12,5436 (@ ® T34,56(b @ c))
+(=1) P (py15), Taa.1652 (0 ® Ts6,12(c ® a))
+(=1) PO (pos1), To63014 (¢ @ Ti2ga(a@b)) = 0.
PROOF. Set & = (—1)"@+D)+PT The definition of Y34 56 and (5.2.2) imply that
T12,5436 (@ @ Y34,56(b @ ¢))
= Tizz436 ([(a)] ® [T34,56(<b> @ (e)])
= [Ti2,5136 ((a) ® T3456((b) ® (c)))]
= (—1)rFnaHatrintne) (Y Ca6((a) @ Taass((D) @ ()]
= (=) 5436 ((a) @ Taase(() @ ()]
Using the naturality of the transformation [—], we also obtain that
(—1) P+ (5310), Vg 1652 (0 @ Ts6,12(c © a))
= (=1)ptmiatn) [(P312)+ Taa,1652 ((b) ® Ts6,12((c) @ (a)))]
= (=1)Ptm@tr)+ptnn)+(rtptning [(p312)*~f34,1652( (b) ® Ts6.12((c) ® (a)))]
= 5(—1)”‘1(”“’) [(P312)*T34,1652( (b) ® T56,12(<C> ® <a)))}

(=1)PFDTH+M) (5521), Ts6.3014 (¢ © T12.34(a @ b))
= (=)@ [(py51), V56,3214 ( () @ T12,31((a) @ (b)))]

(— 1)(p+q (r+n)+(g+np)+(p+g+ntnr) [(P231)*T56,3214( (&) ® T12,34(<a> ® (b)))}
= e(=1)PFD [(py31), Ts6,3214 ({€) @ Tro3a((a) @ (B)))].

Thus, it is enough to prove the following identity in H, (252 X Q14 X Q3g), where
a € Hy(2), b € Hy(Q34) and ¢ € H,(256) are now any face homology classes:

(5.2.8) (—1)7te(nt) [T12,5436 (a® Tau,56(b® 0))]
+(—1)rratntp) [(P312)*T34,1652 (b® T56,12(6 ®a))]
H(=1)PH0FD [(po31), Vs 3214 (¢ @ T123a(a®b))] = 0.
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Slightly moving the points *i,...,%¢ in M, we can assume that they are
pairwise distinct. Let X = (K, ¢, u, k) be a smooth p-polycycle in Qf, represent-
ing a, let £ = (L,4,v,\) be a smooth ¢-polycycle in Q3, representing b, and let
N = (N,x, z,1) be a smooth rpolycycle in Q2 representing c. We will assume
that K, £, N are pairwise transversal in the sense of Section 4.1.1. This assumption
and other transversality conditions imposed below in the course of the proof are
always achieved by a small deformation of X, £, N.

Let Dy = D(L,N) be the intersection polycycle as defined in Section 4.2.1.
Recall that its underlying manifold with faces, Dy,.., consists of all tuples (I, h,n,7) €
L x I x N x I such that A(I,h) = 7j(n,i). Let (cb,be) stand for the underlying
continuous map A<>n : Dpe — Q2,4 x Q55 of Dye. The map cb = A<an: Dy = Qg4
carries a point (I, h,n,4) to the path I — M which runs from *5 to 7(n,i) along
fi(n, —) in the first half-time and then runs from A(, h) to x4 along A(l, —) in the
second half-time. (Here and below, the time parameter of paths always increases
along subintervals of I with constant speed.) The map bc = A>n : Dy, — Q54
carries (I, h,n,i) to the path I — M which runs from *3 to A({, h) along (I, —)
in the first half-time and then runs from 7(n, ) to *¢ along 7(n, —) in the second
half-time. Thus the paths ¢b(l, h,n,i) and be(l, h,n, i) are obtained from the paths
7(n, —) and (1, —) by switching direction at the intersection point 5\(1, h) =n(n, i),
see Figure 5.2.1.

—

*2

*4

*6

/\

FIGURE 5.2.1. The polycycle Dy, in 2, x Q4.

We set I° =Int(I) = (0,1), Z = Q%5 and view Dy, as a polycycle in Qg x Z.
It is half-smooth in the sense of Section 5.2.2. Slightly deforming the map & :
K x I — M adjoint to k, we can assume Dy, to be half-transversal to X in the
sense of Section 5.2.2. In the sequel, we consider the associated (p+q+r+4—2n)-
polychains D, = D~ (X, Dy.) and D, = DH (K, Dp) in Qg5 x Q5 x Z.

On the one hand, the manifold with faces D, underlying the polychain D_,
consists of all tuples

(5.2.9) (k,s,l,h,n,it) € K xI°x LxI°x N xI°x(0,1/2]
such that A(l, k) = 7j(n, i) and #(k,s) = 7j(n,i = t). The map
(5.2.10) (ca,a(ch),be) : D, — 2y X Q74 X Z = Qg x Q74 X Q4

abce
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underlying D_, . is schematically shown in Figure 5.2.2 where one switches direction
at the dotted intersections. The first coordinate ca : D_,. — €5, sends any point
(5.2.9) to the path I — M which goes from %5 to 7j(n,i x t) along 7(n,—) in
half-time and, next, goes from &(k, s) to x5 along #(k,—) in half-time. The map
a(chb) : D, — §Qf, carries a point (5.2.9) to the path I — M which goes from
*1 to K(k, s) along &(k,—) in half-time, next, goes from 7(n,i x t) to 7(n,4) along
7(n, —) in time [%, 1— ﬁ] and, finally, goes from S\(Z, h) to x4 along M, —) in

time [1 — ﬁ, 1}. The map bc : D_,. — Q34 sends a point (5.2.9) to the path

I — M which goes from %3 to A(, h) = 7j(n,7) along A(, —) in half-time and, next,
goes from 7(n, 1) to xg along 7(n, —) in half-time.

On the other hand, the manifold with faces D7,  underlying the polychain D},
consists of all tuples

(5.2.11) (kys,l,hyn,it) € K x I° x LxI°x N x1I°x][1/2,1)
such that A(l, k) = 7j(n, i) and #(k,s) = A(I, h * t). The map
(5.2.12) ((eb)a,ab,bc) : D, — Q2 x Q9 x Q54

is computed similarly to (5.2.10) and is schematically shown in Figure 5.2.2. We
only note that the map (cb)a : D}, — Qg, carries a point (5.2.11) to the path
I — M which goes from *5 to 7j(n, ) along 7(n, —) in time [O, ﬁ], next, goes from
A(1, k) to A(I, hxt) along A(l, —) in time (4, 3] and, finally, goes from &(k, s) to *2
along &(k, —) in the remaining half-time.

Consider also the polychain D;/;C = D"2(K, D) in QZy x Qf4 x Z. Its under-

lying (p + ¢ + r + 3 — 2n)-manifold with faces D2 = D~ N DY consists of the

. abc abc abc

tuples (k, s,l, h,n,7,1/2) such that &(k, s) = A(l, h) = 7(n,i). The underlying map
(ca,ab, cd) : D2

abe

*3 *4 *3 *4 *3 *4

— Q5y x Q74 x Q3

*1 *6 *1 *6 *1 *6

FI1GURE 5.2.2. The polychains D, D72 and DT,

abe? abe abc®

Cyclically permuting a,b,c, we similarly obtain polychains D, D/ DF

bea? beca’ “beca

and D__,, 'Dl{fb, Djab. Lemma 5.2.5 allows us to rewrite (5.2.8) as the identity
(_1)q+p(n+7‘) [ggbc 1L/J2 D(J{bc] + (_1)T+q(n+p) (p312)* [D;ca 1L/Jz l;kca]
(5.2.13) H(=1)PTOFD (o), [ D, Y ] =0
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in H,(Qs52 x Q14 X Q36). The idea of the proof is to show that the six polychains
on the left-hand side of (5.2.13) cancel each other pairwise.
We first explain how to relate the polychains D, and D;rca. Observe that the

abe
manifold with faces D;rm underlying D;rm consists of all tuples

(5.2.14) (I, hyn,d' ks, t’) € LxI°x NxI°x K xI°x[1/2,1)
such that 7j(n,’) = &(k, s) and X({, h) = 7j(n, i’  t'). We define a smooth map
F:KxI°XLxI°xNxI°x(0,1/2] 5 LxI°xNxI°xKxI°x|[1/2,1)
by the formula
F(k,s,l,h,n,i,t) = (I,h,n,i' (i, t), k,s,t'(i,t))

where i’ : I° x (0,1/2] — I° and ' : I° x (0,1/2] — [1/2,1) are given by

1—13
2 — 4t
Observe that the functions i’,t' satisfy the equations i = i * ¢ and ¢ = ¢’ * t'.
It easily follows that the transformation (¢',t') : I° x (0,1/2] — I° x [1/2,1) is

a diffeomorphism, so that F' is a diffeomorphism carrying D_, . onto D;rca. The
resulting diffeomorphism

(5.2.15) i'(i,t) = 2it and t'(i,t) =1—

Fape : Do, — D

bca
is compatible with the partitions and the weights of the polychains D_, , Dzrca.
Moreover,

(5.2.16) (ca, a(ch),be) = ps12((ac)b,be,ca)Fope : D, — Q2o x Q74 x Q54

abe
up to homotopy of the second coordinate map compatible with the partitions.
The map F,p. carries D;/bzc C D, diffeomorphically onto D)/? © Df via the

abc bca beca

permutation (k, s,l, h,n,i,1/2) — (I, h,n,i,k,s,1/2) and (5.2.16) holds on DY? as

abc
an equality of maps (no homotopy needed). One easily constructs a homotopy of

the map a(cb) : D_,. — Qf, into ((ac)b) o Fyup. constant on D;/zfc Since the left-hand
side of (5.2.13) is preserved under such a homotopy of a(cb), we can assume that
(5.2.16) is an equality of maps.

We prove now that

(5.2.17) deg Fope = (—1)1HPrtantetatn)

The diffeomorphism Fyp. carries the open subset R~ = D, \Dl/ ® of D, . onto

abce abc c
the open subset R = D;rm \ D;ﬁ of D;rm, and deg F ;. is equal to the degree of

the restricted diffeomorphism R~ — RT. Clearly,

R™=D,.NX,. where X, =KxI°xLxI°xNxI°x(0,1/2)
and
Rt =Df nX where X} =LxI°xNxI°xKxI°x(1/2,1).

Consider the maps

X S M4 (k5,0 by, iy t) — (R(k, ), ii(ny i+ £), X(I, h), 7i(n, 6))
and
Xt G MY (1 hyn, i K, s, t) s (R(R, 8,7, ), M0 B, i(n, & % 1)),
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Since N is transversal to both K and £, the map G~ is transversal to diag,, x diag,,
in the following sense: for any faces A, B, C of K, L, N respectively, the restriction
of G~ to the interior of A x I° x B x I° x C' x I° x (0,1/2) is transversal to the
interior of diag,, x diag,, (in the usual sense of differential topology). Similarly,
the map G is transversal to diag,, x diag,,;. Observe that G~ = G+F|X;bc and

that the inverse images of diag,,; x diag,, under the maps G~, GT are, respectively,
the sets R, RT. We identify

(5.2.18) Vya(diagy, x diag,,) = pris Va2 (diag,,) @ pri, Vasz(diag,,)

where pr;; : M* — M? is the cartesian projection defined by pr;; (mq, ma, ms, my) =
(m;, m;). As above, Vps2(diag,,) carries the orientation induced by that of diag,, ~
M using our orientation convention, and we give to (5.2.18) the product orienta-
tion. Pulling back the latter orientation along G, we obtain an orientation on the
normal bundle of R~ in X, _; this oriented normal vector bundle is denoted by /~.
The normal bundle of R in X ;;a is oriented similarly and denoted by *. Let T~
be the tangent bundle of R~ with the orientation induced by that of I/~. Similarly,
let TT be the tangent bundle of RT with the orientation induced by that of I/t.
Clearly, the diffeomorphism (i’,¢') : I° x (0,1/2] — I° x [1/2,1) defined by (5.2.15)
is orientation-reversing. Hence deg F' = (—1)+®+1(a+7) " and since F carries R~
onto RT and induces an orientation-preserving map I~ — /T, we have

(5.2.19) o (TH) = (=1) (et p=

abe

Next, consider the following isomorphisms of oriented vector bundles over R,
where T stands for the tangent bundle, I/ stands for the normal bundle, and pr
denotes the appropriate cartesian projection:

T(KXIXLxIxNXIxI)|g-
pr*T(K x I)|g- ®@pr* T(L X I x N xI)|g- ®pr* T(I)|p-
pr* T(K x I)|g- ® pr* (Vixrxnx1(Dye) @ T(Dye)) |- ® pr* T(I)|g-
(=" pr* Uy e nsr (Dye) g~ @ pr* T(K x I x Dye x I)| -
(=)™ pr*Vp s ru vt (Dye) - & Vicsrxppox 1 (R7) & T(R™)
= (=" Uk xixpyx1(R7) @ pr*Vpsrxnx1(Dpe)|lr- @T(R™).
-
It follows that T~ = (—1)"? T(R™). Similarly,

R IR

2

T(LXxIXxNxXxIxKxIxI)|g+

pr*T(L x I)|g+ @pr*T(N x I x K x I)|g+ @ pr* T(I)| g+

pr* T(L x I)| g+ & pr* (Unxixk x1(Dea) ® T(Dea)) |y @ pr* T(I)| g+

(=)™ pr*Unyrwrex1(Dea)| g+ @ pr* T(L x I x Deq % I)| g+

(=)™ pr* U i1 (Dea) | gt @ Vixrxpo,x1(RT) @ T(RY).
(=l

1R IR

Il

Here the sign (—1)" accompanying It is the degree of the permutation map
M? — M2, (my,mz2) — (mz2,mq). Tt follows that T+ = (=1)"?T(R"). Formula
(5.2.19) and the computations of T, T~ imply (5.2.17).
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Cyclically permuting a, b, ¢, we obtain diffeomorphisms Fy., : D,_, — Dj’ab and
Feap : Dy — Djbc such that
(5.2.20) deg Fyeq = (—1)1Hantrnt(at)(r+p)
and
(5.2.21) deg Flqp = (,1)1+M+Pn+(r+1)(p+q)_

To conclude the proof, we set

DE=D% UD:E UD:, and DV*=D*nD-=D">uD/ LD

abc bca cab abc beca cab*

Clearly, FeapFpeaFape = id on D;/bgc. Therefore any triangulation of D;/bi
uniquely to a triangulation, T2, of D"/? invariant under F,p. U Fyeq U Fugp. (All
triangulations in this argument are supposed to be locally ordered and to fit the
given partitions, cf. Sections 3.1.2 and 3.3.2.) Subdividing, if necessary, T"/> we
can assume that it extends to a triangulation, T, of D~. Transferring T~ along
the diffeomorphism F,p. U Fyeq U Frqp : D~ — DT we obtain a triangulation, T,
of DT also extending T'/2>. We use the triangulations 7~ and T+ to represent
the left-hand side of (5.2.13) by a (p + g + r + 4 — 2n)-dimensional singular chain.
According to (5.2.17), (5.2.20) and (5.2.21), every singular simplex contributed by
a top-dimensional simplex of T~ cancels with the corresponding singular simplex
in T*. Therefore the singular chain in question is equal to zero and so is the
left-hand side of (5.2.13). O

5.2.4. Proof of Theorem 5.1.1 (the end). Let {—, —, —} € End(A®3) be
the tribracket induced by the intersection bibracket {—, —} in A = A(C). Pick any
points *1,...,x; € dM and any homology classes a € Hp(12), b € Hy(Q34) and
¢ € H,(Qs56). We need to show that the tensor

(52.22)  fa,b,c} = fa, {b.c} @ {b,c}”
HD) TP (b, fe al Y @ fe,a) )
HE) P (fle fa, b} Y @ o, b))

vanishes, where P319,Pa31 € End(A®3) are the graded permutations defined in
Section 1.2.1. For any i, 7, k,l,u,v € {1,...,6}, let

Wijhl + Hio(Qij) @ Hy () — Hi(Qij X Q)
Dij okl He(Qij) @ Ho(Q) @ Hu(Quy) — Ho(Qij X Qg x Qo)

be the linear maps induced by the cross product. By definition of the intersection
bibracket and Lemma 5.2.4,

W52,14,36 ({{a, {o, c}/}} ® {b, c}”) = Ws214 ({{a, {o, c}}»/}}) x {b, c}”

= Tiasa (Cl ® {0, CH’/) x {0, C}H

= Tizsuse(a® ({b.c} x {b,c}"))
= Ti25436 (a @ wsa,36 ({b,c}))

= Tio5436 (@@ T3a56(b@¢)).

Cyclically permuting a, b, ¢, we also obtain
Ws2,14,36 P312 ({{b, {e, CL}}/}} ® {e, a}}u)
= (p312)«mia,36,52 ({6, {e.a} J} @ {c,a}”)

extends
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= (p312)+Y34,1652 (b ® Ts6,12(c ® a))

and

ws2,14,36P231 ({{c, {a, 0} }} ® {a,b}")
= (p231)+«™36,52,14 ({{C, {a,b}l}} ® {a, b}”)
= (p231)«Y56,3214 (c® T12,34(a ® D)) .

Combining the last three identities, formula (5.2.22) and Lemma 5.2.6, we obtain
that ws214,36 ({a,b, c}) = 0. We conclude that {a,b,c} =0.

5.3. Computations and examples

We compute YT for spherical homology classes of complementary dimensions
and for 0-dimensional homology classes. We use these results to determine the
intersection bibracket in two examples.

5.3.1. Intersection of spheres. Assume that n = dim(M) > 4. We compute
the operation Y on the loop homology classes arising from spheres of complementary
dimensions. Let us fix a base point s, in the k-sphere S* for every k > 1. For
x € OM, we let mp(M,x) = [(Sk,sk), (M, x)] be the k-th homotopy group of M
at x. For x,y € OM, we set w1 (M, x,y) = mo(QUM, z,y)).

Consider base points *,* in M and integers p,q > 2 such that p+qg =n =
dim(M). Let YT ,, be the following composition:

WP(Mv*) X WQ(Mv*/) T T T - \T:*/

Ip xaql T~

~
Hyp 1(0) ® Hy 1 () —— Ho(Qury X Qo) = Kmy (M, ', %)] @ K[y (M, %, +)].

Here Q, = Q(M,x,%), Quur = Q(M, %, %), Ox : (M, %) — H,_1(£) is the con-
necting homomorphism of Section 5.1.3, and similar notation applies with x and '
exchanged. The following lemma computes Y7 ,, when * # *

LEMMA 5.3.1. Assume x # «'. Let o : (SP,s,) — (M, %) and 5 : (8,34) —
(M,*") be continuous maps such that o= (OM) = {s,}, B~ (OM) = {s,} and
alsm\ (s, Blsa\(s,} are transversal smooth maps. Then

(5.3.1) Y7o, [B]) = ()" PN " e(ay) [Byaz ] @ [anBy )

(z,y)
Here: the sum runs over all (z,y) € SP x S? such that a(x) = B(y); e(x,y) is the
sign of the product orientation in a.(T,SP) @ B.(TySY) = Ty ()M with respect to
the orientation of M; oy is the composition of o with a path from s, to x in SP
and By is the composition of B with a path from sq to y in S9.

PROOF. For k > 1, let hy, : I¥ — S* be a continuous map such that hy(9IF) =
{5k}, hilme(rr) is smooth and the quotient map hy : IF/OIF — S* is a degree 1
homeomorphism. Then ah, : I? = IP~1 x I — M is adjoint to a continuous
map we : IP7! — Q, which carries OIP~! to the constant path e,. Let @, :
IP=1/91P=t — Q, be the quotient map. Then

9y ([0]) = @)« ([177/01771]) = [X]
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where K = (Ipfl, Op—1, l,wa) is the polycycle in €, with weight 1 and with par-
tition 6,_1 defined as the product of p — 1 copies of the partition of I identifying
{0} to {1}. Similarly, 9, ([8]) = [£] for £ = (I97,0,_1,1,wg).

The polycycles K and £ are admissible in the sense of Section 4.3.2 where
*] = kg =%, k3 = x4 = %, U = Int(IP~1) x Int(I) and V = Int(I971) x Int(I). We
can therefore consider the intersection polychain D(X, L) and by Lemma 4.3.3, it
represents T((X) ® (£)). Then, using Lemma 1.1.1, we get

YT ([a][8]) = YK L) = ()@ EDIY () @ (£)) ]
(—1)rtPEOFLID (¢, £)].

The intersection polycycle D(X, L) is 0-dimensional, and its points bijectively cor-
respond to the pairs (x,y) € SP x S such that a(z) = S(y). Such a pair (z,y)
contributes

é(l‘,y) (ﬁy@wvamgy) € Qe X Qe
to D(K, L) where ag, 3, are paths as in the statement of the lemma, @&, is the
composition of o with a path from x to s, in S?, and B_y is the composition of
with a path from y to s; in S?. Here &(z,y) is the sign of the linear isomorphism

ax )«

T (57 x 59) 2% Lt

T(z,2) (M x M) T gy = YMxm(diagay)z 2,

where z = a(x) = B(y), T(z,y)(SP x S?) = TSP © T, S has the product orientation
and vy« ar (diag,,) has the orientation induced from that of diag,,; ~ M. The linear
map T, ) (M x M) =T.M ©T.M — T.M defined by (u,v) — u — v induces an
orientation-preserving isomorphism vy ar(diagy,)(z,-) — T>M. Composing with
the linear isomorphism above, we obtain the map o, & (—5) : T, 5P @T,S9 — T, M
whose degree is (—1)%(x,y). Therefore &(x,y) = (—1)%(x,y). Thus,

il [8) = (1)@ " e(a,y) [ (Byan, auBy) |
(z,y)
= (_1)n(p+1)+1 Z e(z,y) [/BU&I] ® [amgy].
(z,y)
Since p > 2, the path «, is well defined up to homotopy rel 0I and &, is homotopic
to a; !. Similar claims hold for 8 since ¢ > 2. This yields (5.3.1). |

If we consider a single point x in the boundary of M, then we can similarly
compute the linear map

YT =77, mp(M, %) x (M, %) — Klm (M, *)] @ K[m (M, x)].

Fix a path ¢ : I — OM from % to a different point + € M, and consider maps
a : (SPsp) — (M,x) and B : (S9,s,) — (M,*") satisfying the conditions of
Lemma 5.3.1. Transporting 3 along ¢!, we obtain a map s 13 : (59,5,) — (M, x).
Applying Lemmas 4.4.2 and 5.3.1, we obtain that

T™([a],[s7'8]) = Y (Iplal,s(Fq[B])s")
= <T(9pla], 04(8)) s
= <Y (o], [B)s!

(5:3:2) = ()OS (o) B3] @ oy s
(z.y)
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This computation implies that the map Y™ is determined by the pairing
(aug ®id) X" : m, (M, *) X mg(M,*) — K[m1 (M, %)],
where aug : K[m (M, *)] — K is the addition of coefficients. Note that
(5.3.3) (aug @1d) Y™ ([a], [s18]) = ()" N " e (a,y) [an B, T
(z,y)
The pairing on the right-hand side is the well known “geometric intersection” of

spherical cycles or the “Reidemeister pairing”, see [Ke| or [Wa, Section 5].

5.3.2. Intersection of arcs with spheres. Assume that n = dim(M) > 3.
We fix three points %1,%2,%x3 € OM and consider the map YT, 5 defined by the
following composition:

(M, *1,%2) X Tn_1(M,*3) — — — — _ _ T

~
— — -~
alxanll ~
~

<
Ho(12) @ Hp—2(233) —r Ho(Qs2 x Q13) = K[m1 (M, *3,%2)] @ K[m1 (M, x1,3)].
As in the previous sections, Q;; = Q(M, *;, ;) for any 4, j € {1,2,3}. Lemma 5.3.1

easily adapts to this setting and yields the following computation of YT, ;.

LEMMA 5.3.2. Let a € Q55 and let B: (S" Y, s,_1) — (M,*3) be a continuous
map such that B7YH(OM) = {s,_1}. Assume that x; # %3, *2 # %3 and that al(0,1),
Blsn-1\fs,_,} are transversal smooth maps. Then

YT s(al, [8]) = = D e(@,9) [Bycar] ® [aoa By .

(z,y)

Here: the sum runs over all (z,y) € [0,1] x S"=1 such that a(z) = B(y); (x,y)
is the sign of the product orientation in o (T3[0,1]) & By (T, S™ 1) = Ty )M with
respect to the orientation of M; ag, (respectively a1 ) is the path running along o
from x1 to a(z) (respectively from a(z) to *2) in the positive direction and B, is
the composition of B with a path from s,_y toy in S"1.

Lemma 5.3.2 can be adapted to the cases where x; = %3 and/or xo = *3.

Besides, we can similarly define an operation
T71T723 : 7Tn_2(M7*1) X 7T1(M, *2,*3) — K[T{'l(M,*g,*l)] X K[TF1(M,*17*3)]

and compute it as in Lemma 5.3.2.

5.3.3. A simply connected example. Fix 2g integers p1,q1,...,Pg,q9 > 2
such that p; +¢ = --- = py + ¢4 = n. Consider the closed smooth n-manifold

(5.3.4) W = (SP' x ST) .. 4 (SPs x §)

with the product orientation on each summand, and assume that M = W \ Int(D)
where D is a closed n-ball smoothly embedded in W. Fix a point x € M and
consider the Pontryagin algebra A, = H,.(€Q) where Q, = Q(M,*,*). We now
compute the intersection bibracket in A,.

For an appropriate choice of D, of the base points {s; € S¥}, and of the balls
along which the connected sums are performed in (5.3.4), the sets

X =8P x{sq,} CSP* x S and Y; = {sp,} x ST C SV x S%
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are embedded spheres in M, for alli = 1,...,¢g. Since M is simply connected, these
spheres define certain elements 7 € mp,, (M, *) and yI € m,, (M, *), respectively.
Consider the corresponding elements of the Pontryagin algebra
2 = Op, (a]) € ALY,y =y, (y]) € AL
Since M deformation retracts to a wedge of 2¢ spheres isotopic to X1, Y1, ..., Xy, Yy,
it follows from [BS, I11.1.B] (or, alternatively, from [AH, Corollary 2.2]) that 21, y1,
..., Tq,Yg freely generate the unital graded algebra A,.
In particular, if K = Z, then A, is a free abelian group. Therefore the condition
(5.1.2) is satisfied for any ground ring K. Hence the intersection bibracket {—, —}
in A, is defined for any K, and is fully determined by its values on the generators.

These values can be computed from the formula (5.3.2): for any 4,5 =1,...,g,
(535) {{xi,yj}} = 5ij(—1)qi(pi+l)+l 1® 1, {yj,l‘i} = 5ij(_1)p7:+1 1® 1,
(5.3.6) {zi,z;} =0, fyiui} =0.

Here we use the assumption that the spheres X;,Y; have codimension > 2 in M
and so can be made disjoint from the interiors of arcs connecting them to x. As
a consequence, we observe that the bibracket {—, —} is a graded version of the
bibracket associated by Van den Bergh [VdB] with the (double of the) quiver @,
having a single vertex and g edges.

The graded module A, = A, /[A,, A,] is freely generated by words in the letters
Z1,Y1,---,%g,Yg, Subject to the cyclic relations wiws = (71)‘“’1| lw2lypowy for any
words wy, we where |w;| is the sum of the degrees of the letters appearing in w;.
The (2 —n)-graded Lie bracket (—, —) in A, induced by {—, —} is a graded version
of the necklace Lie bracket associated to @, see [BLb, GI.

For any integer N > 1, the Gerstenhaber bracket {—, —} in (4,)} induced by
{—, =} can be computed from (5.3.5), (5.3.6). In particular, (A,)]7 = Com(A,)
is the unital commutative graded algebra with free generators x1,y1,...,24,¥, in
degrees |z;| =p; — 1,|yil = ¢ — 1, and for any 4,5 = 1,..., ¢,

{xzvyj} = (_1)‘11‘(1%"!‘1)-"-16“7 {y]71.1} = (_1)1714-151_]_’ {xzvxj} = 0’ {yhy]} =0.
The bracket {—,—} is a graded version of the standard Poisson bracket in the
symmetric algebra of a free module of rank 2g equipped with a symplectic form.

5.3.4. A non-simply connected example. Let n > 3. We compute the
intersection bibracket in the Pontryagin algebra of the exterior of a ball in W =
St x S™~1. We endow W with the product orientation and set

X=8"x{s, 1} CcW and Y ={s;}xS"'cWw

where s; € S' and s,_1 € S™ ! are the base points. As above, assume that
M = W \ Int(D) where D is a closed n-ball smoothly embedded in W\ (X UY).
Pick a point x € OM = 0D and connect it to the point s = (s1,$,-1) € Int(M)
by a path v : I — M such that y"1(X UY) = {1}. Up to homotopy relative to
the endpoints, there are two such paths; we take the path ~ such that a positive
tangent vector of v followed by a positively oriented basis of Ty, _,S"~! yields a
positively oriented basis of Ty, M, see Figure 5.3.1. Transporting X and Y along ~,
we obtain certain homotopy classes ™ € 71 (M, *) and y™ € m,_1(M, ). Consider
the corresponding elements

r=01(2") €AY and y=0,1(y") € AT
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of the algebra A, = H,(f,). Note that z is invertible in A ~ K[mi(M,*)]. We
claim that the unital graded algebra A, is generated by z*! and y subject to the
only relation zz~! = 1. Indeed,

A, = @ IiH*(QiluH)
ez

where Q2! is the connected component of €2, consisting of null-homotopic loops.
The space Q2! can be identified with the loop space of the universal cover of M.
This cover has the homotopy type of a wedge of countably many copies of ™!
since M deformation retracts to X UY =2 §' v S7~1. Therefore, the unital graded
algebra H, Q) is freely generated by the elements {x'yz~'};cz, and the claim
above easily follows.

FIGURE 5.3.1. The manifold M = (S* x S"~1) \ Int(D).

In particular, if K = Z, then A, is a free abelian group. Therefore the inter-
section bibracket {—,—} in A, is defined for any ground ring K. To determine
{—, -1}, it suffices to compute its values on the generators z,y. For degree reasons,

(5.3.7) {z,z} =0.

Let ¢ be an arc in &M connecting x to another point x. By Lemma 5.3.2, we obtain
fz,c7lyclt = =z ®@s, {Tlys, 2} =@ a

This implies the equalities

(5.3.8) {r,y}=-221, {y,z}=1x=z.

Observe next that x 'yx and ¢ 'ys are images under the connecting homomor-
phism of certain elements of m,_1(M,*) and 7,_1(M,*") that can be represented
by disjoint embedded spheres. It follows that {{z~'yz, ¢ 'yc}} = 0 which implies
that {{mflyz, y}} = 0. Using the Leibniz rules and (5.3.8), we deduce that

(5.3.9) {v.vp=1y-yol

Using (5.3.7)~(5.3.9), one can also compute the graded Lie bracket (—, —) in A,
and the Gersthenhaber bracket {—, —} in (A])y for any integer N > 1.



CHAPTER 6

Properties of the intersection bibracket

In this chapter, M is a smooth oriented connected manifold of dimension n > 2
such that OM # @ and the condition (5.1.2) is satisfied.

6.1. The scalar intersection form

We derive from the intersection bibracket of M a scalar intersection form and
compute it in terms of usual homology intersections. We begin with algebraic
preliminaries.

6.1.1. The scalar form induced by a bibracket. Consider an arbitrary
graded category € and the associated graded algebra A = A(C), see Section 2.2.1.
Given an augmentation ¢ : A — K and a d-graded bibracket {—, —} in C with
d € Z, we define the induced scalar form ¢ : Ax A — Kby aeb= (e®¢)({a,b})
for any a,b € A. Observe that

ae(bc)=(aeb)e(c)+e(b)(aec),

for any a € A, b € Home(X,Y), ¢ € Home(Y, Z) with X, Y, Z € Ob(C); similarly,
(ab)ec=c¢c(a)(bec)+ (aec)e(b)

for any ¢ € A, a € Home(X,Y), b € Home(Y, Z) with X,Y,Z € Ob(C). Further-

more, if the bibracket {—, —} is d-antisymmetric, then a @ b = —(—1)lelalblep 0 g
for any homogeneous a,b € A.

6.1.2. The scalar form induced by the intersection bibracket. The
path homology category € = C(M) of the manifold M has a canonical augmentation
e : A(C) — K obtained as the direct sum over all x,x" € OM of the compositions

H.(Q(M,*,+")) — Ho(QM,*,+")) — K,

where the left arrow is the obvious projection and the right arrow carries the ho-
mology classes of all points to 1. By the previous subsection, this augmentation
together with the intersection bibracket induce a bilinear form e : A(C) x A(C) — K.

We compute e in terms of standard homological intersections in M. For sim-
plicity, we assume in the rest of this section that n > 3, though the case n = 2 may
be considered similarly. For any points x1,xo, %3, %4 € M, we define a linear map

(6.1.1) H, (M, {*1,%2}) @ Hy (M, {*3,%4}) — K.
It suffices to define the restriction of * to Hy ® H; for any k,1 > 0. If k+1 # n,
then this restriction is equal to zero. Suppose now that k + 1 = n. When

{*1, %2} N{*3,*1} = &, the form - is the standard homological intersection, see, for
example, [Br]. When {x1,*2} N {x3,%4} # &, we separate two cases. If k > 2, then
Hy (M, {*1,%2}) is canonically isomorphic to Hy(M) and the pairing * is induced

97
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by the homological intersection Hy (M) ® Hy(M,{*3,%*1}) — K. The case | > 2
is treated similarly using that H;(M, {*3,*4}) is canonically isomorphic to H;(M).
Note that the assumption k + [ = n > 3 guarantees that &k > 2 or [ > 2. If both
these inequalities hold true, then the two definitions above give the same pairing.

The next lemma yields a version of the homological suspension homomorphism
due to Serre [Se, §IV.5].

LEMMA 6.1.1. Let Q = Q(M,,«") with x,* € OM. There is a unique ho-
momorphism ¥ : H.(Q) — H.i1(M,{*,%'}) such that for every polycycle X =
(K, p,u, k) in Q, we have

(6.1.2) S([K)) = [(K x I,p x 7,u x 1,R)]
where T is the trivial partition on I =[0,1].

PROOF. The uniqueness of ¥ is a direct consequence of Theorem 3.3.4. To
prove the existence, define a continuous map ev : Q@ — M by ev(a) = a(1/2) and
set Q7 = ev™1({*,%'}). The formula

* iftel0,1/2—-s/2],
dla,s)(t) = ¢ a(s+2t—1) iftell/2—-5/2,1-3s/2],
* iftell—s/21]

defines a continuous map d: (2 x I, x 9I) — (Q, Qa). Let
A H(Q) — Hoyr (2,09)

be the linear map sending any = € H.(Q) to d.(z x [I,01]) (the definition of A is
inspired by [CS1, §5] and [KK1, Remark 3.2.3]). Finally, we set ¥ = ev, A. To
check (6.1.2), observe that the fundamental class [I,9I] € Hy(I,0I) is represented
by the 1-dimensional polycycle J = (I,7,1,id : I — I) relative to 9I. Lemma 3.3.5
implies that for any polycycle X = (K, ¢, u, k) in Q,
N(KD = evedi([X] x [I])
= (evd).[K xJ) = [(K xI,¢x71ux1Ri). 0

We can now state the main result of this section.
THEOREM 6.1.2. For any 1,2, *3, %4 € OM, the following diagram commutes:

H, (Q(M,%1,%2)) @ H, (Q(M,*3,%1)) —— K.

—(—1)"2®2l

H, (M, {*1,%2}) @ Ho (M, {*3,%4})

The proof of Theorem 6.1.2 proceeds in three steps. First we consider arbitrary
disjoint subsets 0_ M, 0; M of OM and the standard homology intersection form
H.(M,0-M)® H,(M,0,. M) — H,(M).

We denote this form by ® and compute it in terms of polycycles. Secondly, we

relate ® to the operation Y. Finally, we deduce Theorem 6.1.2.

LEMMA 6.1.3. Let _M, 0 M be disjoint subsets of OM. Let X = (K, p,u, k)
be a smooth p-polycycle in M relative to O_M, let L = (L,v,v,\) be a smooth
q-polycycle in M relative to O M such that the map K X A : K x L - M x M
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is transversal to diag,, in the sense of Section /.1.1. Let D = (k x \)~!(diag,,)
and let pry : K x L — K be the cartesian projection. Then D is a manifold with
faces and, for some orientation, partition 6, and weight w on D, the polychain
D =(D,0,w,kprg |p) is a polycycle such that

(6.1.3) %) © [6] = (~ 1)1 [D] € Hypqn (M),

PROOF. The transversality assumption ensures that D inherits from K x L a
structure of a manifold with corners, see [MirOd]. The same argument as at the
beginning of Section 4.2.1 shows that D is a manifold with faces. We orient D so
that the induced orientation of its normal bundle in K x L is the pull-back of the
orientation of the normal bundle of diag,, = M in M x M via (k x A)|p. The
partition 6 of D is defined as follows: the faces of D are the connected components
of the intersections (F' x G) N D where F and G range over faces of K and L
respectively; two such faces C C (F x G)ND and C' C (F' x G') N D are of
the same type if F,F’ are of the same type, G,G’ are of the same type, and
(prr xYa,c)(C) =C". Thenbc.cr = (pr,r x¥a,c)|c. The weight w of D carries
a connected component Z of D to u(X)v(Y) where X,Y are connected components
of K, L respectively, such that Z € X xY. Then D = (D,0,w,kprg|p) is a
polycycle satisfying (6.1.3).

We leave the general case of this claim to the reader and prove it only under
the following assumptions: K and L are transversal compact oriented smooth sub-
manifolds of M such that 0K = OM N K C 0_M and 0L = OM N L C 0+M,
the partitions ¢ of K and v of L are trivial; the weights v : m(K) — K and
v : mo(L) = K send all connected components to 1 € K; the maps k: K — M and
A : L — M are the inclusions. Under these assumptions, we have

KoLl =[KloL]=[KNL]
where [K] € H.(M,0-M), [L] € H,(M,0+M) and [K N L] € H.(M) are the
fundamental classes, and K N L is oriented so that
(614) VM<KﬂL) :VM(K)‘KI’WLEBVM(L”KQL

(this agrees with the orientation rule in [Br, p. 375]). Since D = (K x L) Ndiag,,
corresponds to K N L C M under the standard identification diag,; ~ M, we
need only to compare the orientation of D with that of K N L. Note the following
orientation-preserving isomorphisms of oriented vector bundles:

T(M?)|kxe = pri (T(M)|k) @ pry, (T(M)|L)
= prgvm(K) ®prg T(K) @ pr vam (L) @ pry, T'(L)
= (=) pric vy (K) @ pry v (L) ® priy T(K) @ prj T(L)

1%

(=1)P@+™) prt vy (K) @ pry v (L) @ T(K x L)

where pryr : K X L — K and pr; : K X L — L are the cartesian projections.
Restricting to D C K x L, we obtain

T(M?)|p = (=) (prf var(K)) p @ (prpvar(L)) o @ T(K x L)|p
(=P p* (uag (K) kne) ® p* (v (L) k) @ T(K x L)|p
= (—=1)Pp* (K N L) @ vk (D) @ T(D)
where p is the identification diffeomorphism D — K N L. On the other hand,

T(M?)|p = varxar(diagy)|p ® T(diagy,)|p

Il
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vixm(diagy)|p © p* (T(M)|knL)
Z/MX]\/[(dlagM)|D @p*VM(K N L) @p*T(K N L)
(=1) D™ (K N L) @ varwar (diagy,)|p ® p*T(K N L).

1%

1%

Since v« (D) = v m(diag,,)|p as oriented vector bundles, we deduce that
T(D) = (=1)Platm) (—) P+ (K N L) = (=1)7P+Hp*T(K N L)
and (6.1.3) follows. O

LEMMA 6.1.4. Let, under the assumptions of Lemma 0.1.5, x1,*x2 € O_M and
*3,%4 € 01 M. Lete; be the composition of the augmentation e : Hy(Q32xQ14) = K
with the linear map K — H,(M) sending 1 € K to [x1] € Ho(M). Then the
following diagram commutes:

Y1234

H,(12) @ Hi(Qs34) H, (Q32 x Q14)

—(—1)"L2®2J Jsl

H,(M,0_M)® H,(M,0, M) —=— H,(M).

PROOF. Let prgy : Q32 x Q14 — {232 be the cartesian projection. Clearly, the
map ev : {235 — M is homotopic to the constant map a +— %3 so that, in homology,
(evprsy)s« = €1. Pick now any a € H,(Q2) and b € H,(Q34) with p,g > 0. Let
KX = (K, p,u, k) be a smooth reduced p-polycycle in Qf, and let L = (L, ¢, v,\)
be a smooth reduced g-polycycle in Qf, transversely representing the pair of face
homology classes ({(a), (b)). Set D(K, L) = (D,0,w,x<>\). Then

e1Tiz34(a®b) = (=1)77"P(ev pry,y). ([D(K, L))
(=)™ ev, [(D,0,w,k<N)]
(—1)7tme [(D, 0,w, K opr \D)}

where pr: K x I x L x I — K x I is the cartesian projection. We deduce from
Lemmas 6.1.1 and 6.1.3 that

(=)™ %(a) © ()
= —(-1)"[(KxI,ox1ux1,k)][(LxI4dxT1vx1,MN)]

_ (_1)1+np+(q+1)(17+1+n) [(D, 0, w, ko pr |D)}

_ (_1)1+q+(q+1)(?+1+n)61'r12,34(a ® b) _ (_1)(q+1)(10+n)€1rr12,34(a ® b).

Since (¢ +1)(p+n) iseven if p4+¢g=mn —2 and £1T12,34(a ® b) = 0 otherwise, we
obtain the claim of the lemma. O

We can now complete the proof of Theorem 6.1.2. Set O_-M = {*1,*2} and
Oy M = {x3,%4}. Suppose first that O_M N O M = &. The desired claim is
obtained by combining the diagram in Lemma 6.1.4 with the obvious diagram

w32,14

H(Q32 X Q14) —— Hi(Q32) @ Hi(Q4)

H, (M) K
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where w3z 14 denotes the inverse of the cross product isomorphism as before, and
the bottom horizontal arrow is the standard augmentation. To handle the case
{x1,%2} N {x3,%4} # @, consider a smooth isotopy {¢’' : M — M}sc; of ¢° = idys
which is constant outside of a small neighborhood of the points x;,*2 and such
that the point ¥ = ¢!(x;) lies in OM \ {x3,%4} for i = 1,2. The diffeomorphism
@'+ (M, *x1,%2) — (M, *},*5) induces horizontal isomorphisms in the commutative
diagram

H, (UM, %1,%2))) —— H.(QUM,*;, %))

(1)n|—IZJ/ (1)H_EJ/

H (M, {x1,%2}) —— H, (M, {x},%,}).

Note that the upper horizontal arrow coincides with the isomorphism (1, 2)4 de-
fined in Section 4.4.1 where ¢; : I — OM is the path t — ¢'(x;). Tensoring this
diagram by the obvious commutative diagram

H. (M, %3, %4))) — = He (M, %3, %))

EJ( EJ(
H. (M, {x3,%4}) —— H..(M, {x3,%4})

we obtain a commutative diagram

H, (UM, %1,%2)) @ H, (Q(M,x3,%4)) —— H, (M, %, %5)) @ H, (QM,*3,%4))

_(_1)"Z®Zl —(—1)”||E®EJ

H* (M, {*1,*2}) ®H* (M, {*3,*4}) éH* (]\47 {*3,*’2}) ®H* (]\47 {*3,*4}) .

By the first part of the proof, we have the diagram in Theorem 6.1.2 for the points
*1, %5, *3,%4. Combining it with the diagram above we obtain the required di-
agram. Indeed, according to (4.4.3), the upper line represents the scalar form
o H, (UM, x1,%2)) @ H, (UM, %3, %4)) — K. In the bottom line we obviously get
LI H* (M, {*1,*2}) X H* (]\/[7 {*3, *4}) — K.

6.2. The reducibility

The path homology category € = C(M) has a natural structure of a graded
Hopf category, which generalizes the usual Hopf algebra structure on the Pontryagin
algebra. The comultiplication A in € is the direct sum over all x,* € M of the
linear maps

H. (Q(M,*,+")) — Ho(Q(M,*,+")) @ Hy (UM, *,+"))

induced by the diagonal maps Q(M,*,+") — Q(M,*,*") x Q(M,x,+"). (Note that
we use here the condition (5.1.2).) The counit ¢ in € is the augmentation defined
in Section 6.1.1. For x,+ € OM, the inversion of paths induces a homeomorphism
Q(M,*,+") — Q(M,*,x) which in its turn induces a graded linear isomorphism
H,. (UM, *,+")) = H(Q(M,*,x)); the direct sum of these isomorphisms over all
*, % € OM defines an antipode s in €. It is well-known that the path homology
category C with this data is a cocommutative Hopf category.
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LEMMA 6.2.1. The intersection bibracket in C = C(M) is reducible.

Proor. Let A = A(C) be the graded algebra associated with € and let A =
A({—,—}) be the map (2.3.1) associated with the intersection bibracket {—, —}
in €. We must show that A(a,b) € A(A) for any a,b € A. Since A is bilinear,
it suffices to consider the case where a € Hp(2) and b € H, ((234) for some
p,q > 0. Here Q;; = Q(M, *;,%;), and *1, 2, x3, %4 are four points in M. Observe
that a path in OM starting from %o represents a certain element v € A° and, by
Lemma 2.3.2,

A(av,b) = A(a,b) e(v) + A(a)A(v, c) = A(a, b).
Similarly, a path in M ending at *; represents a certain u € A° and
A(ua,b) = A(u,b) e(a) + A(u)A(a,b) = A(u)A(a,b).
Thus it suffices to consider the case where {x1,x2} N {*3, %4} = @.

Pick transversal smooth polycycles K = (K, ¢, u, k) in Q5 and £ = (L, 9, v, A)
in 93, representing respectively (a) € H,(Q12) and (b)) € Hy(Qs34). We form
the intersection polycycle D = (D, 0, w, k<> A) in Q32 X 14 as in Section 4.2.1.
By definition, {a,b} € H,.(Q32) ® H.(Q14) corresponds to the homology class
(—=1)7t"P[D] € Hptgr2-—n (Qgg X QM) under the isomorphism

w3214+ Ho(Q32) ® Hy(Qua) — Ho (Q32 X Q14)
induced by the cross product in homology. Consider the tensor
T=a @ {a® 00 Y @0 € B, () @ H. () © H. (1) @ Ha (1),
Applying (5.2.6) with 1, *3 exchanged and with Y = Qq2, Z = Q34, we obtain
wi232.1434(T) = a x T1z34 (a(2) ® b(l)) x b2
= Ty12734z(diag*(a),diag*(b)) S H* (ng X Qgg X 914 X 934)
where w1232 14,34 is the isomorphism induced by the cross product in homology and
diag, : H.(Q;) — H.(;; x Q;;) is induced by the diagonal map M — M x M.
The homology class Ty12 34z ( diag, (a), diag, (b)) is represented by the polycycle
(=17 (D, 0,w, K" x (k<>A) x X' 1 D = Qg X Qg9 x Qg X Qa4)
where k' : D — Q145 is obtained by projecting D C K x I x L x I onto K and
applying k, whereas \' : D — Q34 is obtained by projecting onto L and applying .
Consider now the homeomorphisms {J; : Qs; — Q3}i=2.4 induced by the inversion
of paths, the concatenation maps {c; : Q1; X Qi3 = Q13}i=2.4, and the map
p = (c2 x ¢q)(idq,, xJ2 x ida,, XJ1)(k" x (k<>A) x X') : D — Qq3 x Q3.

It follows that the image of the homology class

Aa,b) = a<1>8( {{am)’ b(l)}}’) ® {{a<2>,b<1)}}" S(b®)

under the cross product isomorphism w3 13 : Hi(Q13) ® Hi(Q13) = Ho(Q13 X Q13)
is represented by the polycycle (—1)9T"" (D, 0, w, ). To analyze this polycycle,
let gy, o : D — Q13 be the first and the second coordinates of p. For any point
(k,s,l,t) € D, the path pq(k,s,l,t) is obtained by concatenation of the following
three paths: (i) the path k(k) from % to *o; (ii) the initial segment of the path
(k(k))~! from x to the point x(k)(s) = A(I)(¢); (iii) the terminal segment of the
path (A(1))~! from the latter point to x3. This concatenated path goes along a
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terminal segment of the path (k) twice in opposite directions. Therefore the path
w1 (k, s,1,t) is homotopic to a path v(k, s, 1, t) obtained by concatenation of just two
paths: the initial segment of the path x(k) from *; to the point k(k)(s) = A(1)(t)
and the terminal segment of the path (\({))~! from the latter point to 3. The ho-
motopy in question may be defined by an explicit formula which applies to all points
(k,s,l,t) € D. Therefore, it determines a homotopy of the polycycle (D, 80, w, u1)
into the polycycle (D, 0, w,v). A similar argument applies to the path us(k, s, t)
and yields a homotopy of the polycycle (D, 8, w, u2) into (D, 8, w, v). Applying these
two homotopies coordinatewise we obtain a homotopy of the polycycles (D, 6, w, u)
and (D, 6,w, (v,v)). It is obvious that the homology class represented by the latter
polycycle belongs to the image of the map diag, : H.(Q13) = H.(Q13 x Q13). We
conclude that A(a,b) € A(A). O

Lemma 6.2.1 and the (2 — n)-antisymmetry of the intersection bibracket of M
implies that it shares all the properties established in Lemma 2.3.3. Note that the
associated pairing A generalizes the Reidemeister pairing (5.3.3).

The results of this section are analogues of the known properties of the inter-
section bibracket in dimension two, see [MT1]. In dimension two, the role of X is
played by the homotopy intersection form introduced in [Tul].

6.3. The string bracket

In this section, we relate the intersection bibracket of M to the Chas—Sullivan
string bracket in loop homology. By a loop in M we mean a continuous map
St — M where S' = R/Z. Let L = L(M) be the space of loops in M with compact-
open topology. The loop homology of M is H = H.(LL). The string homology, 3,
of M is the S'-equivariant homology of I where St acts on IL by (s7)(t) = v(s+1)
for any s,t € St and v € L. Thus, H = H, (€ xg L) where & is the total space
of the universal S!'-principal fiber bundle and € x g1 L is the quotient of & x L by
the diagonal action of S'. Since € is contractible, the projection & x L — € xg1 L
induces a linear map E : H — .

Chas and Sullivan [CS1] defined a degree 2 — n Lie bracket in K called the
string bracket. For n = 2, this is the Goldman bracket discussed in Section 5.1.6.
We assume that n > 3 and relate the string bracket to the Lie bracket (—,—) in

A, = A, /[Ax, A,] defined in Section 5.1.4.

LEMMA 6.3.1. Let x € OM, Q, = Q(M,*x,*), and let r : Q, < L be the
inclusion map. The induced homology homomorphism r. : A, = H.(Qy) — H =
H,(L) annihilates [A,, A.] and induces a linear map R : A, — H. The composition
(~1)"ER: A, — ¥ is a graded Lie algebra homomorphism.

PRrOOF. Let ¢ : Q, x Q, — Q, be the concatenation of loops. For a € A%,
be Al

ab — (—1)P9ba = c.(a x b) — (—1)Pc, (b x a) = cx(a x b) — cups(a x b)

where p : Q, X Q, — Q, x Q, is the transposition. Therefore, to show that
r4(ab— (—1)P%ba) = 0, it suffices to prove that r.c, = ri.c,p«. Clearly, rcp = (%-)rc
where (3-) : L — L stands for the action of 1/2 € R/Z = S*. Since (3-) is homotopic
to the identity, rcp is homotopic to rc. We deduce that r. ([A,, A4]) = 0.

Recall the definition of the string bracket [—,—] in 3. Let M : H — H be

the degree 1 lift map in the Gysin sequence of the S'-bundle €& x L. — & x g1 L.
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Chas and Sullivan define a linear map ecg : H® H — H of degree —n called the
loop product (and denoted by e in [CS1]). For a detailed exposition, the reader is
referred for instance to Cieliebak [Ci]. For a homogoneous = € 3 and any y € 3,

(6.3.1) [2,y] = (1) B (M(2) ecs M(y)).

This formula implies that to prove the second claim of the lemma, it is enough to
show the commutativity of the diagram

(6.3.2) Ao, b A,

Let a € Hy(Qy) and b € Hy (%) with p,g > 0. Let h : A, — A, be the
canonical projection. To compute (h(a), h(b)), we pick a path ¢ in M connecting *
to another point . By definition,

(h(a),h(b)) = (=) he, ([T({a)® (b))])

= (_1)q+nphc*([ ((gila e*)ﬁ X (e*’gil)ﬁ) T(<a> ® (C,()ﬁ <b>)])

Let X = (K, ¢,u, k) be a reduced smooth polycycle in Q = Q°(M, *,x) and let
L = (L,v,v,\) be a reduced smooth polycycle in Q2, = Q°(M,«’,x") such that
(X, L) transversely represents the pair ({a),(s,<)s (b)). Consider the intersection
polychain D(K, L) = (D, 0, w, k<>A). Then

(6.3.3) R{h(a), h(b))

~D)TP R, [ (671 ex)s % (e, 1)) DK, L)]
DT [ree, (ST en)p X (e, s71)g) DK, L))

T [(D,0,w,rc ((s7", en)s X (e, s i) (kBN))]

where, in the last two lines, c is the concatenation of paths
Q(M, ;%) x QM,%,%") — Q(M, ", +') = Qu
and r’ : Q,, < L is the inclusion. On the other hand,
MER h(a) = MEr,(a) = ME [r.(a)] = ME [(K, ¢, u,7K)] .

Using the computation of the map ME : H — H in [CS1, Ci] (where this map is
denoted by A), we obtain

(6.3.4) MER h(a) = (-1)? [(K x S5, ¢, 4, &)]

where we use the following notation: ¢ is the partition on K x S1 induced by ¢ (by
identifying F' x St to G x St via pp g x idg: for any faces F, G of the same type
in K); @ is the weight on K x S* induced by u via the equality mo(K x St) = my(K);
the map & : K x S* — L is defined using the action of S* on L by (k, s) — s(rx(k))
for k € K and s € S'. The sign (—1)? in (6.3.4) is caused by a permutation of the
two factors of K x S! with respect to [CS1, Ci]. Similarly,

MERA(b) = ME [r.(b)] = ME[r(c, <)z ()] = (=1)? [(L x S*,4,73, )]
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where the map A : L x S* — L is defined by (,s) — s(r’A(l)) for | € L and s € S*.
The loop product ecg can be computed in terms of face homology. This gives

(6.3.5) MER h(a) ecs MER h(D)
= (_1)p+q [(K X Slv@vﬂv"_{)] oCs [(L X Slqu)v@v;‘)}
(—=1)PHatmP (D, 6, w, Roo)] .
Here D is the inverse image of diag,, under the map
KxS'xLxS" = MxM, (ks,lt)— (re(k)(s),r"A(1)(t)).

Note that D has a structure of a manifold with faces inherited from K x S* x L x S*.
The orientation, the partition  and the weight @ of D are as in the definition of
the intersection operation D in Section 4.2.1. The map Koo\ : D — L sends a point
(k,s,1,t) to the loop that first goes along the loop &(k, s) and then along the loop
A(l,t). Note the sign (—1)" in (6.3.5), which arises from the difference between
our orientation conventions and those in [Ci].

The map K x I x L x I — K x 8' x L x S! determined by the canonical
projection I — S induces an orientation-preserving diffeomorphism D =2 D which
carries the partition # into § and the weight w into w. Using the action of 1/4 € S*
on L, one easily constructs a homotopy between the maps r'c(k <> A) and Roo\
from D 22 D to L. It follows that

[(D,6,w,r'c(k<>N))] = [(D, 0, w, ko)) € H,
and we deduce (6.3.2) from (6.3.3) and (6.3.5). O

6.4. Moment maps and Hamiltonian reduction

We show that a spherical boundary component of the manifold M determines a
moment map for the intersection bibracket. This allows us to define an Hy-Poisson
structure on the Pontryagin algebras of certain manifolds without boundary.

6.4.1. The moment map. Assume that n = dim(M) > 3 and that S is a
component of M homeomorphic to the sphere S*~!. Fix a point » € S and set
Ay = H,(Q) where Q, = Q(M,x,x). The orientation-preserving homeomorphisms
Sn—1 = G represent an element u™ = u% of m,_1(M, ). Recall the connecting
homomorphism 0,1 : m,_1(M,*) — A2 = H,_5(Q,) of Section 5.1.3 and set

p=pig = Op_1(u") € AL72.

LEMMA 6.4.1. The element pu is a moment map for the intersection bibracket
{—, -} in A, in the sense of Section 2./.2.

ProOF. Consider the path homology category € = C(M) of M and the inter-
section bibracket {—, —}} in the associated graded algebra A = A(C). Pick a smooth
closed n-ball D C Int(M) and consider the smooth manifold P = M \ Int(D).
As above, we can consider the path homology category of P and the intersection
bibracket {—, —} in the associated graded algebra. Consider the restriction of
{—.—}p to the algebra

B = EB H. (Q(P,%1,%2)).

*1,%2E€S
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The inclusion P < M induces a graded algebra homomorphism ¢ : B — A. The
definition of the intersection bibracket implies that the following diagram commutes:

(6.4.1) B®B——" B®B

FIGURE 6.4.1. The manifold P = M \ Int(D).

We must prove that {p,a} =a®1—1®a for any a € A, C A. To this end,
fix a path o in S leading from x to a distinct point ' € S: see Figure 6.4.1. The
path o represents an element in Hy (2, %,%") C A° denoted also by . This element
is invertible, and its inverse a~' € AY is represented by the inverse path. Set

a =a tac € H, (UM, ¥, ¥)).

(In the notation of Section 4.3.4, a’ = (o, @) (a).) Clearly, {u,a’} = o= {u,a} a.
Hence it suffices to prove that
(6.4.2) {u,d}=da'®@a—-a't®ad.

The homology class a’ can be represented by a polycycle K in Q°(M, ', x"). Choos-
ing the ball D close enough to OM, we can ensure that it does not meet the image
of K. Then a’ = +(b) for the homology class b € H.(Q(P,«",*")) represented by K.
Similarly, u = ¢(7) for some 7 € H,,_2(Q(P, *,%)). We deduce from (6.4.1) that

fr.a'} = o) ({rb}p).

To proceed, we pick an embedded path in P leading from a point ¥ € 9D to
and meeting OP only in the endpoints. This path defines an invertible element
B € Ho(Q(P,+",%x")). Set

c=pbB~" € H (QP,+",+")).

Note that {r,c} , = 0 since ¢ can be represented by a polycycle whose image does
not meet S. Therefore

fu.a} = (@) bYp) =) ({787 B ,)
= (@) ({n8  peB+8 c{rB}p)
= (@) (- BYpB B+ B T, BY ).

By Lemma 5.3.2, we obtain {8,7} = —a®Ba~!. Therefore {7, 8} p = fa ' @a.
We conclude that

{pd}=0®)(-a'@ab+ba ' ®a),
which proves (6.4.2). O
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We deduce from Lemma 6.4.1 that the following three conditions are equivalent:
(i) A, =K;
(i) p=0;

(iii) the intersection bibracket in A, is zero.

6.4.2. Intersections in manifolds without boundary. Let W be a smooth
connected oriented manifold of dimension n > 3 without boundary. Our construc-
tion of a bibracket in the Pontryagin algebra of a manifold requires the base point
to lie in the boundary, so that it does not apply to W. However, under certain
assumptions on W we can use the Hamiltonian reduction of Section 2.4 to define
an Hy-Poisson structure on the Pontryagin algebra of W. To this end, pick a base
point x € W and a smooth closed n-ball D C W with x € 9D. Consider the smooth
manifold M = W \ Int(D) with M = D = S™~1; as everywhere in this chapter,
we assume that the condition (5.1.2) is satisfied. Let

A, = H (Q(M,*,*)) and B, = H,(Q(W,*,*))

be the Pontryagin algebras of M and W, respectively. The inclusion M — W
induces a graded algebra homomorphism p : A, — B,, Clearly, p(u) = 0 where
u = poy € A"~2. Therefore, Kerp D A, uA,.

THEOREM 6.4.2. Assume that the homomorphism p : A, — By is onto and
Kerp = A,uAs. Then the intersection bibracket {—,—} in A. induces an Hy-
Poisson structure of degree 2 — n on B,. This structure does not depend on the

choice of the ball D.

ProOOF. The first claim follows from Lemma 2.4.3. The independence of the
choice of the ball is a consequence of the naturality of the intersection bibracket
under diffecomorphisms, and the fact that for any balls Dy, Dy C W with x €
0Dy NODs there is a diffecomorphism f : W — W such that f(D;1) = Da, f(x) = %,
and f is isotopic to idy in the class of diffeomorphisms W — W fixing x. Such
an f acts on By as the identity, and the result follows. (Il

Recall from Theorem 2.4.2 that an Hy-Poisson structure on B, induces Ger-
stenhaber brackets on the trace algebras of B,. Hence Theorem (.4.2 allows us to
associate Gerstenhaber algebras with W.

Some manifolds do not satisfy the assumptions of Theorem 6.4.2, for example,
W = S™ (in this case A, = K and B, = K[z] where the generator = has degree
n — 1, cf. [BS]). Nonetheless, according to [HL] and [F'T], these assumptions are
satisfied if W is a closed simply connected manifold whose cohomology algebra
H*(W) = H*(W;K) is not generated by a single element and K is a field whose
characteristic is equal to zero or is sufficiently large.

6.4.3. Example. We consider the example of Section 5.3.3 and keep the same
notation. Thus W = (SP* x ST) .. -4 (SPs x S99) and M = W \ (an open ball).
The element p = poy € Ar = Ho(Q(M,*,%)) can be computed as follows. As
a topological manifold, M is the boundary-connected sum of the manifolds M; =
(SPi x S9) \ (an open ball) where j =1,...,¢g. Hence

g
B = pon = Zinj (MgMj) € Tn—1(M)
j=1
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where in; : m,_1(M;) — m,—1(M) is the inclusion homomorphism (we can ignore
the base point because M; and M are simply-connected). By the definition of
the Whitehead bracket [—, —]wn in m.(M), we have in;(u3,,,) = [2],y]]wn where
x7 € mp, (M) and yf € my; (M) are represented by the two factors of M;. Thus,

p" = 2Tyl w4+ -+ g, yg lwn € Tr—1 (M).

Recall that the bracket [—, —] in A, induced by the Pontryagin multiplication is
related to the Whitehead bracket in 7, (M) by the formula

[l'i,yi} = [gpl ("I"Zr)?éql (szr)] = (_1)1071 5Pi+q/i—1([x;rayzﬁ]Wh) € As.
Therefore
p= (=1 z,yi] +- -+ (=1)P[xg,yq] € As.

A direct computation on the generators x1,y1, ..., %4, yq of A, using (5.3.5)—(5.3.6)
confirms that p is a moment map of the intersection bibracket {—,—} of M, as
claimed by Lemma 6.4.1.

Consider in more detail the case g = 1 and set

p=p1, ¢q=q, v=x1€ AV y=y € A"

The loop space of W = SP x S? based at x is the product of the loop spaces of S?
and S?. By the Kiinneth theorem, the Pontryagin algebra B, = H,(Q(W,*,*)) is
(as a graded algebra) the tensor product of the Pontryagin algebras of SP and S7.
Since the graded algebra A, is freely generated by x,y, the quotient A, /A,puA, is
the commutative graded algebra freely generated by x,y. It is clear that the as-
sumptions of Theorem 6.4.2 are satisfied here for any ground ring K. Theorem 6.4.2
yields an Hy-Poisson structure (—, —) of degree 2 —n on the (commutative) graded
algebra B,. The bracket (—, —) in B, = B, is then a Gerstenhaber bracket of degree
2 —n. Tt coincides with the Gerstenhaber bracket {—, —} in Com(A,) computed in
Section 5.3.3.

6.4.4. Example. We consider the example of Section 5.3.4 and keep the same
notation. Thus, W = S! x S"~1 and M = W \ (an open ball). The element
w=pom € A, = H,(Q(M,*,%)) can be computed as follows. Consider the cylinder
I x S"~! with the product orientation and pick a closed n-ball D in its interior.
Then

[0D] = [{1} x S = [{0} x S"'] € w1 ((I x S"~1) \ Int(D)).

(Here D carries the orientation induced by M and 9D carries the orientation in-
herited from D.) It follows that u™(M) = (z™)~! - y™ — y™ where the dot denotes
the action of 71 (M, ) on m,_1(M,x). We deduce that

p=a tyr —yc A,.

A direct computation using (5.3.7)—(5.3.9) confirms that p is a moment map of the
intersection bibracket {—, —} of M, as claimed by Lemma 6.4.1.

By the Kiinneth theorem, the Pontryagin algebra B, of W is (as a graded
algebra) the tensor product of the Pontryagin algebras of S' and S"~!. Thus, B,
is the commutative graded algebra freely generated by x*' € B? and y € B?~2.
As a consequence, the assumptions of Theorem 6.4.2 are satisfied (for any ground
ring K) so that the intersection bibracket {—, —} of M induces an Hy-Poisson
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structure (—, —) of degree 2 — n on B,. Since B, is commutative, this structure is
a Gerstenhaber bracket of degree 2 — n. According to (5.3.7)—(5.3.9), it is given by

<$, 33> =0, <$,y> = -, <yv y> =0.

6.4.5. Remark. The results of this section are high-dimensional analogues of
the well-known properties of surfaces. The Pontryagin algebra of a closed connected
oriented surface is the group algebra B = K|[n| where 7 is the fundamental group
of the surface. Then B = B/[B, B] = K[#] is the module freely generated by the
set 7 of conjugacy classes in m. The Goldman Lie bracket in B is the canonical
Hy-Poisson structure on B, see [MT1, Section 9].
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Hy-Poisson structure, 29 transversely represented, 58
d-graded Jacobi identity, 10
d-graded Leibniz rules, 10, 11 graded algebra, 9
d-graded Lie algebra, 10 commutative, 9
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d-graded permutation, 11 homomorphism of, 9
d-transpose, 12 Hopf, 23
symmetric, 30
associated pairing, 16 unital, 19
augmentation, 22 graded category, 20
graded module, 9
bibracket, 4, 11, 21 element of
d-antisymmetric, 13 degree of, 9
Gerstenhaber, 5, 14 homogeneous, 9
of degree d, 11 graded permutation, 11
reducible, 27
bracket, 10 homotopy
d-antisymmetric, 10 compatible with the partition, 51
degree of, 10 Hopf category, 23
Gerstenhaber, 11 antipode of, 23
cocommutative, 23
commutator, 11 comultiplication of, 22
concatenation pairing, 66 counit of, 22
connecting homomorphism, 78 involutive, 23
convolution product, 23, 24
cyclic relations, 95 intersection bibracket, 5, 78

scalar form of, 97
derivation, 10

diagonal, 55 Lie pair, 15
dimension function, 33 loop homology, 103
double Gerstenhaber algebra, 14 loop product, 104

double Gerstenhaber category, 21

double Poisson bracket, 4 manifold with corners, 33

manifold with faces, 33

Eilenberg-Zilber chain map, 48 diffeomorphism of, 34
face of, 33

face oriented, 34

combinatorial, 41 partition of, 34

principal, 33 smooth map of, 34

proper, 33 map

type of, 34 compatible with a partition, 36
face chain complex, 37 good, 56
face homology, 6, 37, 39 smooth, 50, 52, 56

relative, 41 transversal, 55, 56
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transversal to the diagonal, 5

weakly transversal, 55
moment map, 31

oriented bordism group, 41

partition
compatible with weight, 42
identification map of, 34
trivial, 34
weight of, 36

path homology category, 6, 77

path space, 52
proper, 52

polychain, 5, 36
boundary of, 37
cylinder, 38
deformation of, 39
diffeomorphism of, 36
empty, 36
half-smooth, 84
half-transversal, 84
opposite, 36
reduced, 36
reduced boundary of, 37
reduction of, 6
smooth, 51, 52, 81

polychains
cross product of, 40
diffeomorphic, 36
disjoint union of, 37
homologous, 38
module of, 37

reduced cross product of, 40

transversal, 58, 81

transversely represented, &1
polycycle, 6, 38

admissible, 64

relative, 41
Pontryagin algebra, 5, 78
Pontryagin product, 78

representation algebra, 4, 10, 79

unital, 19

scalar form, 97
shuffle, 47
singular chain, 41
fundamental, 43
singular chain complex, 42
singular homology, 42
cross product in, 48
singular manifold, 36
singular simplex, 41
boundary of, 42
string bracket, 103
string homology, 103

trace, 18

trace algebra, 18
triangulation
fitting the partition, 43
local order on, 43
locally ordered, 43
tribracket
induced, 13

universal enveloping algebra, 20
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