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Abstract

We establish the general machinery of string topology for differentiable
stacks. This machinery allows us to treat on equal footing free loops in
stacks and hidden loops.

We construct a bivariant (in the sense of Fulton and MacPherson) the-
ory for topological stacks: it gives us a flexible theory of Gysin maps which
are automatically compatible with pullback, pushforward and products.
Further we prove an excess formula in this context. We introduce ori-
ented stacks, generalizing oriented manifolds, which are stacks on which
we can do string topology. We prove that the homology of the free loop
stack of an oriented stack and the homology of hidden loops (sometimes
called ghost loops) are a Frobenius algebra which are related by a natural
morphism of Frobenius algebras. We also prove that the homology of free
loop stack has a natural structure of BV-algebra, which together with the
Frobenius structure fits into an homological conformal field theories with
closed positive boundaries. We also use our constructions to study an ana-
logue of the loop product for stacks of maps of (n-dimensional) spheres to
oriented stacks and compatible power maps in their homology. Using our
general machinery, we construct an intersection pairing for (non necessar-
ily compact) almost complex orbifolds which is in the same relation to
the intersection pairing for manifolds as Chen-Ruan orbifold cup-product
is to ordinary cup-product of manifolds. We show that the hidden loop
product of almost complex orbifold is isomorphic to the orbifold intersec-
tion pairing twisted by a canonical class. Finally we gave some examples
including the case of the classifying stacks [*/G] of a compact Lie group.
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Introduction

String topology is a term coined by Chas-Sullivan [15] to describe the rich al-
gebraic structure on the homology of the free loop manifold LM of an oriented
manifold M. The algebraic structure in question is induced by geometric op-
erations on loops such as gluing or pinching of loops. In particular, He(LM)
inherits a canonical product and coproduct yielding a structure of Frobenius al-
gebra [15, 22]. Furthermore, the canonical action of S* on LM together with the
multiplicative structure make Hq(LM) into a BV-algebra [15]. These algebraic
structures, especially the loop product, are known to be related to many subjects
in mathematics and in particular mathematical physics [64, 14, 21, 2, 25].

Many interesting geometric objects in (algebraic or differential) geometry or
mathematical physics are not manifolds. There are, for instance, orbifolds, clas-
sifying spaces of compact Lie groups, or, more generally, global quotients of a
manifold by a Lie group. All these examples belong to the realm of (geometric)
stacks. A natural generalization of smooth manifolds, including the previous
examples, is given by differentiable stacks [8] (on which one can still do differ-
entiable geometry). Roughly speaking, differential stacks are Lie groupoids up
to Morita equivalence.

One important feature of differentiable stacks is that they are non-singular,
when viewed as stacks (even though their associated coarse spaces are typically
singular). For this reason, differentiable stacks have an intersection product on
their homology, and a loop product on the homology of their free loop stacks.

The aim of this paper is to establish the general machinery of string topology
for differentiable stacks. This machinery allows us to treat on an equal footing
free loops in stacks and hidden loops. Roughly speaking, the latter are loops
inside the stack, which vanish on the associated coarse space. The stack of
hidden loops in the stack X is the inertia stack of X, notation AX. The inertia
stack AX — X is an example of a family of commutative (sic/) groups over the
stack X, and the theory of hidden loops generalizes to arbitrary commutative
families of groups over stacks.

In the realm of stacks several new difficulties arise whose solutions should
be of independent interest.

First, we need a good notion of free loop stack LX of a stack X, and more gen-
erally of mapping stack Map(Y, X) (the stack of stack morphisms Y — X). For
the general theory of mapping stacks, we do not need a differentiable structure
on X; we work with topological stacks. This is developed in [56] and is discussed
in Section 5.1. The issue here is to obtain a mapping stack with a topological
structure which is functorial both in X and Y and behaves well enough with
respect to pushouts in order to get geometric operations on loops. For instance,
a key point in string topology is the identification Map(S!V S, X) =2 LX x x LX.
Since pushouts are a delicate matter in the realm of stacks, extra care has to be
taken in finding the correct class of topological stacks to work with (Section 1.6
and [57]). For this reason, we restrict our attention to the class of Hurewicz
topological stacks. These are topological stacks which admit an atlas with a
certain fibrancy property. Without restricting to this special class of topologi-



cal stacks, S'V S! would not be the pushout of two copies of S, in the category
of stacks.

A crucial step in usual string topology is the existence of a canonical Gysin
homomorphism He (LM xLM) — H,_,(LM X ;LM) when M is a d-dimensional
manifold. In fact, the loop product is the composition

H,(LM) @ H,(LM) —
— Hpyo(LM x LM) — Hyypq_q(LM x 3y LM) = H,q_q(LM), (0.1)

where the last map is obtained by gluing two loops at their base point.

Roughly speaking the Gysin map can be obtained as follows. The free loop
manifold is equipped with a structure of Banach manifold such that the eval-
uation map ev : LM — M which maps a loop f to f(0) is a surjective sub-
mersion. The pullback along ev x ev of a tubular neighborhood of the diagonal
M — M x M in M x M yields a normal bundle of codimension d for the em-
bedding LM X LM — LM. The Gysin map can then be constructed using a
standard argument on Thom isomorphism and Thom collapse [23].

This approach does not have a straightforward generalization to stacks. For
instance, the free loop stack of a differentiable stack is not a Banach stack in gen-
eral, and neither is the inertia stack. In order to obtain a flexible theory of Gysin
maps, we construct a bivariant theory in the sense of Fulton-MacPherson [32]
for topological stacks, whose underlying homology theory is singular homology.
A bivariant theory is an efficient tool encompassing into a unified framework
both homology and cohomology as well as many (co)homological operations, in
particular Gysin homomorphisms. The Gysin maps of a bivariant theory are
automatically compatible with pullback, pushforward, cup and cap-products
(see [32]). (Our bivariant theory is somewhat weaker than that of Fulton-
MacPherson, in that products are not always defined.) Our bivariant theory
applies in particular to all orbifolds. Moreoverer we gave an excess formula
which allows us to compute Gysin maps for relative regular embeddings.

In Section 8.3 we introduce oriented stacks. These are the stacks over which
we are able to do string topology. Examples of oriented stacks include: oriented
manifolds, oriented orbifolds, and quotients of oriented manifolds by compact
Lie groups (if the action is orientation preserving and of finite orbit type). A
topological stack X is orientable if the diagonal map X — X x X factors as

LN -—eE X xX, (0.2)

where 91 and € are orientable vector bundles over X and X x X respectively, and
N — € is an isomorphism onto an open substack (there is also the technical
assumption that & is metrizable, and X — €& factors through the unit disk
bundle). The embedding 9t — & plays the role of a tubular neighborhood. The
dimension of X is rk91 — rk €.

The factorization (0.2) gives rise to a bivariant class 6 € H(X — X x X), the
orientation of X.

Sections 10-15 are devoted to the string topology operations, focusing on the
Frobenius, BV-algebra and homological conformal field theory structures. The



bivariant formalism has the following consequence: if X is an oriented stack of
dimension d, then any cartesian square

Y9 — 3

l i

X S xxx

defines a canonical Gysin map A': He(3) — H,_,(2)). For example, the carte-
sian square

LX xx LX — LX xLX

i !

¥ —2 > XxX

Gives rise to a Gysin map A': Hy(LX x LX) — H,_,(LX xx LX), and we can
construct a loop product

1 Hy(LX) ® Ho (LX) — Ho_g(LX),

as in 0.1, or [15, 23, 22].
We also obtain a coproduct

§: Ho(LX) — P Hi(LX) ® H;(LX).
i+j=e—d

Furthermore, LX admits a natural S'-action yielding the operator D
Ho(LX) — Hep1(LX) which is the composition:

Ho(LX) =% Hy\ i (LX x SY) — Hoy o (LX),

where w € Hi(S?) is the fundamental class. Thus we prove that (He (LX), x,d) is
a Frobenius algebra and that the shifted homology (He4+q(LX),*, D) is a BV-
algebra [7]. Using Sullivan’s chord diagram [22] and our formalism of Gysin
maps given by the bivariant theory, we extend the previous BV and Frobenius
structure into a homological conformal field theory (in the sense of [26, 61])
with closed positive boundaries (said otherwise non-unital and non-counital) in
Section 14. Roughly, this means that to any compact Riemann surface ¥ with
only closed boundaries (with say n incoming ones and m outgoing ones), and
such that any connected component of 3 has a positive number of both incoming
and outgoing boundary components, and to any class a in the homology of
the mapping class group of 3, we associate an operation p, : H(LX)®" —
H(LX)®™ compatible with the glueing and disjoint union of surfaces.

Since the inertia stack can be considered as the stack of hidden loops, the
general machinery of Gysin maps yields, for any oriented stack X, a product



and a coproduct on the homology He(AX) of the inertia stack AX, making it a
Frobenius algebra, too. Moreover in Section 12.4, we construct a natural map
®: AX — LX inducing a morphism of Frobenius algebras in homology.

In Section 15, we explain how to adapt the loop product to the case of spheres
spaces Map(S™, X). We obtain an analogue of the loop product, called the brane
product, and also study power maps A\¥ : Hy(Map(S™, X)) — He(Map(S™, X))
induced by the degree k maps S™ — S™. We show that for n > 2, the maps \*
are maps of algebras with respect to the brane product.

In Section 16, we consider almost complex orbifolds (not necessarily com-
pact). Using Gysin maps and the obstruction bundle of Chen-Ruan [19], we
construct the orbifold intersection pairing on the homology of the inertia stack.
It is in the same relation to the intersection pairing on the homology of a mani-
fold as the Chen-Ruan orbifold cup-product [19] is to the ordinary cup product
on the cohomology of a manifold.

The orbifold intersection pairing defines a structure of associative, graded
commutative algebra on H™ (X) for any almost complex orbifold X. As a vector
space the orbifold homology Ho™ (%) coincides with the homology of the inertia
stack AX, but the grading is shifted according to the age as in [19, 29].

In the compact case, the orbifold intersection pairing is identified with the
Chen-Ruan product, via orbifold Poincaré duality.

We also prove that the loop product, hidden loop product and intersection
pairing (for almost complex orbifolds) can be twisted by a cohomology class
in He(LX xx LX) or He(AX xx AX), satisfying the 2-cocycle condition (see
Propositions 10.11, 11.3, and 16.7). The notion of twisting provides a connection
between the orbifold intersection pairing and the hidden loop product. In fact,
we associate to an almost complex orbifold X a canonical vector bundle O G5
over AX xx AX and prove that the orbifold intersection pairing, twisted by the
Euler class of Ox & Mz, is the hidden loop product of X.

Parallel to our work, the hidden loop product for global quotient orbifolds
was studied independently in [50, 37]. Furthermore, a nice interpretation of
the hidden loop product in terms of the Chen-Ruan product of the cotangent
bundle was given by Gonzélez et al. [37]. A loop product for global quotients
of a manifold by a finite group was studied in [51, 50]. Also purely homotopical
techniques to study string topology of classifying spaces of Lie groups have been
recently developed in [18].

We close this introduction by remarking that our construction of string op-
erations for stacks can in fact be extended to generalized (co)homology theo-
ries other than singular. For instance, in view of the Freed-Hopkins-Teleman’s
work [31], using K-theory may lead to interesting consequences. In the case
of manifolds, Cohen and Godin have already considered such generalization in
[22].

The key point in extending our theory to other (co)homology theories is to
cast such a (co)homology theory as part of a bivariant theory. Once this is done,
the formalism developed in Section 7 applies to produce the desired Gysin maps,
and these in turn give rise to string operations. The main input needed to make



the construction of the Gysin maps is to produce an orientation class € in the
bivariant cohomology of the diagonal X — X x X, and this is done by making use
of appropriate Thom classes (Definition 4.1) for the given (co)homology theory.

Conventions
Topological spaces

All topological spaces are compactly generated. The category of topological
spaces endowed with the Grothendieck topology of open coverings is denoted
Top. This is the site of topological spaces.

Manifolds

All manifolds are second countable and Hausdorff. In particular they are regular
Lindel6f and paracompact.

Groupoids

We will commit the usual abuse of notation and abbreviate a groupoid to
[X1 = Xo]. A topological groupoid, is a groupoid [X; = Xy], where X; and X
are topological spaces, but no further assumptions is made on the source and
target maps, except continuity. A topological groupoid is a Lie groupoid (or
a differentiable groupoid) if X1, X, are manifolds, all the structures maps are
smooth and, in addition, the source and target maps are surjective submersions.

Stacks

For stacks, we use the words equivalent and isomorphic interchangeably. We
will often omit 2-isomorphisms from the notation. For example, we may call
morphisms equal if they are 2-isomorphic. The stack associated to a groupoid
[X1 = Xj] is denoted by [X(/X1], because we think of it as the quotient. Also
if G is a topological group acting on a space X, we denote the stack associated
to the transformation groupoid [X x G = X] by [X/G].

Our terminology is different from that in [57]. The quotient stack X of a
topological groupoid [Xo/X1] is called a topological stack in this paper, where
as in [ibid.] these are called pretopological stacks. If the source and target map
of [Xo/X1] are local Hurewicz fibrations, then we say that X is a Hurewicz
topological stack; see Section 1.4.

Warning 0.1 In Sections 10, 12.2, 13, 14 and 15, unless otherwise stated, the
(base) stack X will always be assumed to be a Hurewicz stack (see Definition 1.6).
Note that all differentiable stacks (which are our main interest) are Hurewicz
(Example 1.2).



(Co)homology

The coefficients of our (co)homology theories will be taken in a commutative
unital ring k. All tensors products are over k unless otherwise specified.

We will write both H(X), He(X) for the total homology groups € H, (%).
We use the first notation when we deal with ungraded elements and ungraded
maps, while we use the second when dealing with homogeneous homology classes
and graded maps. Similarly, in Section 7, we use respectively the notations

H(x ER ) and H*(X EN ) for the total bivariant cohomology groups when
we want to deal with ungraded maps or with graded ones.

A 2-commutative (respectively, 2-cartesian) diagram of stacks will simply be
referred to as a commutative (respectively, cartesian) diagram.
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1 Topological stacks

We review some basic facts about topological stacks. More details can be found
in [57].

1.1 Stacks over Top

Throughout these notes, by a stack we mean a stack over the site Top of com-
pactly generated topological spaces with the standard Grothendieck topology.
This means, a stack is a category X fibered in groupoids over Top satisfying the
descent condition, see Appendix A for more details. Alternatively, we can think
of X as a presheaf of groupoids over Top which satisfies descent.

We list some basic facts about stacks.

1. Stacks over Top form a 2-category in which 2-morphisms are invertible.
Therefore, given two stacks X and ), we have the groupoid Hom(%), X)
of morphisms between them. In the case where the source stack ) = T
is a topological space, we usually use the alternative notation X(7") for
the above hom-groupoid. This is sometimes referred to as the groupoid of
T-valued points of X.

Although in practice one may really be interested only in the category
of stacks which obtained by identifying 2-isomorphic 1-morphisms, the 2-
category structure can not be ignored. For example, when we talk about
fiber products of stacks, we exclusively mean the 2-fiber product in the
2-category of stacks.

2. The 2-category of stacks has fiber products and inner homs, so it is carte-
sian closed. The 2-fiber product X x3 %) is characterized by the property
that, for every topological space T, its groupoid of T-valued points is given
equivalent to

X(T) x3(1) D(T).

Given stacks X and %) be stacks over Top, the inner hom between them,
called the mapping stack Map(2), X), is defined by the rule

TeTop +— Hom(T x9,X%).
Note that we have a natural equivalence of groupoids
Map(2), X)(x) = Hom(Y), X),

where * is a point. The mapping stack has the exponential property. That
is, given stacks X, ), and 3, we have a natural equivalence of stacks

Map(3 x 9, X) = Map(3, Map(9), X)).

10



3. The category of topological spaces embeds fully faithfully in the 2-category
of stacks. This means, given two topological spaces X and Y, viewed as
stacks via the functor they represent, the hom-groupoid Hom(X,Y) is
equivalent to a set, and this set is in a natural bijection with the set of
continuous functions from X to Y.

This way, we can think of a topological space as a stack.

This embedding preserves the closed cartesian structure on Top. This
means that fiber products of spaces get sent to 2-fiber products of the
corresponding stacks, and the mapping spaces (with the compact-open
topology) get sent to mapping stacks.

4. The embedding of the category of topological spaces in the 2-category of
stacks admits a left adjoint. That is, to every stack X one can associate
a topological space, together with a natural map n: X — X,,,,q which is
universal among maps from X to topological spaces. (That is, every map
from X to a topological space T factors uniquely through w.) ; See [57],
Section 4.3.

The space X,,0q is called the coarse moduli space of X and it should be
thought of as the “underlying space” of X.

In particular, the underlying set of X,,,,q is the set of isomorphism classes
of the groupoid X(x), where % stands for a point. In other words, the
points in X,,,q are the 2-isomorphism classes of points of X, where by a
point of X we mean a morphism x: x — X.

The underlying set of the coarse moduli space of the mapping stack
Map(9), X) is the set of 2-isomorphism classes of morphisms from ) to
X.

5. To a point z: * — X of a stack X there is associated a group I, called the
inertia group of X at x. By definition, I, is the group of 2-isomorphisms
from the point x to itself. An element in I, is sometimes referred to as a
ghost or hidden loop; see ([57], Section 10) since its image under the map
X 5 X,,04 is constant.

The groups I, assemble into a stack AX — X over X called the inertia
stack. The inertia stack is defined by the following 2-fiber square

AX — X
) |
%—K%x%

and will be studied in more details in Section 11.

11



1.2 Morphisms of stacks

A morphism f: X — 2 of stacks is called representable if for every map
T — 9 from a topological space T', the fiber product T' xg X is a topological
space. This is, roughly speaking, saying that the fibers of f are topological
spaces.

Any property P of morphisms of topological spaces which is invariant under
base change can be defined for an arbitrary representable morphism of stacks.
More precisely, we say that a representable morphism f: X — 9) is P, if for every
map T' — 2) from a topological space T', the base extension fr: T xg9 X — T'is
P as a map of topological spaces; see ([57], Section 4.1).

This way we can talk about embeddings (closed, open, locally closed, or
arbitrary) of stacks, proper morphisms, finite morphisms, and so on.

We say that f: X — 2 is an epimorphism, if it is an epimorphism in the
sheaf theoretic sense. In the case where f is representable, this is equivalent to
saying that every base extension fr of f over a topological space T admits local
sections.

1.3 Transformation groupoids

Let G be a topological group acting on a topological space X. We define the
transformation groupoid [X x G = X] of this action as follows. As the notation
suggests, the space of objects is X and the space of arrows is X x G. The source
map s: X X G — X is the first projection and the target map is the action
X X G — X. The composition of arrows is induced from the multiplication in
G.

More generally, we can associate a transformation groupoid to a groupoid
I' = [T = Ty] acting on a space X. Here, X is equipped with a base map
p: X — I'yg which we have suppressed from the notation. As the notation
suggest, the transformation groupoid [X x 'y = X] has X as its space of
objects. The space of arrows is

X><1F1 IZXXFOPh

where I'y — Ty is the source map. As above, the source map s: X xp,I'1 = X
is the first projection and the target map is the action X xp, It = X. The
composition of arrows is induced from the composition in T'.

There is a natural map of groupoids

[X x 'y :ﬁX} — [Fl = Fo]
On the level of objects, it is given by p: X — I'y. On the level of arrows it is

given by the second projection X xp, I'1 = I';y.

1.4 Topological stacks

A topological stack ([57], Definition 7.1) is a stack X over Top which admits a
representable epimorphism p: X — X from a topological space X. Equivalently,

12



X is equivalent to the quotient stack [Xo/X;] of a topological groupoid [X; =
Xo]. This quotient stack, by definition, is the stack associated to the presheaf
of groupoids

T = [Xi(T) = Xo(T)].

This stack is equivalent to the stack of torsors for the groupoid [X; = Xj]; see
([67], Section 12). The groupoid [X; = Xj] is recovered from the atlas p: X —
X by setting Xg := X and X7 := X x5 X. Under this correspondence between
topological stacks and topological groupoids, morphisms of stacks correspond
to Hilsum-Skandalis bibundles.

An important example to keep in mind is the case of a topological group G
acting on a topological space X. The quotient stack of the associated transfor-
mation groupoid [X x G = X] is denoted by [X/G]. For a topological space
T, the groupoid [X/G](T) of T-points of [X/G] is the groupoid of pairs (P, ),
where P is a principal G-bundle over T, and ¢: P — X is a G-equivariant
map. In the case where X is a point, the corresponding quotient stack [x/G]|
is called the classifying stack of G. Its groupoid of T-points is precisely the
groupoid of principal G-bundles over T. There is a natural morphism of stack
[X/G] = [*/G].

We can repeat this discussion with G replaced by a topological groupoid I'.
The quotient stack of the associated transformation groupoid [X x I' = X] is
denoted by [X/T]. It comes with a natural morphism of stacks [X/T] — [[g/T].

We list some basic facts about topological stacks.

1. Topological stacks form a full sub 2-category of the 2-category of stacks
over Top.

2. The 2-category of topological stacks is closed under fiber products. It,
however, does not seem to have inner hom objects. That is, it does not
seem to be the case in general that the mapping stack Map(%), %) of two
topological stacks X and %) is a topological stack. This is the case, however,
if 9 is the quotient stack of a groupoid [Y; = Yp] such that Yy and Y7 are
compact topological spaces; see Proposition 5.1.

3. The stack associated to a topological space X is topological. It is, in fact,
equivalent to the stack associated to the trivial groupoid [X = X]. Thus,
the category of topological spaces is a full subcategory of the 2-category
of topological stacks.

4. Let X = [X(/X4] be the quotient stack of a topological groupoid [X; =
Xo]. Then, the coarse moduli space X;,,4 of X is naturally homeomorphic
to the course quotient space of the groupoid [X; = Xj|. In particular, the
coarse moduli space of the quotient stack [X/G] is the orbit space X/G
of the action of G on X. The coarse moduli space of the classifying stack
[¥/G] of G is just a single point.
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5. For a point z: * — X of a topological stack X, the inertia group I, is
naturally a topological group. The inertia stack AX is a topological stack,
and the natural map AX — X is representable.

6. Every morphism 7" — X from a topological space T to a topological stack
X is representable.

1.5 Substacks of a topological stack

Let X be a topological stack. A representable morphism i: ) — X is called
an embedding if for every map T — X, with T a topological space, the base
extension ir: T xx 2 — T is an embedding of topological spaces (that is, ip
maps T Xx 2) homeomorphically onto a subspace of T'). In this case, we say
that %) is a substack of X. We can similarly define open, closed, and locally
closed substacks. With a slight abuse of notation, we often use the notation
) C X for a substack.

Let p: X — X be an atlas for the topological stack X, and let [X; = X]
be the corresponding groupoid presentation. Then, taking inverse image via p
induces a bijection between substacks ) C X and invariant subspaces Y C X.
Under this bijection open (respectively, closed, locally closed) substacks of X
correspond to open (respectively, closed, locally closed) subspaces of X.

Given a family of substacks ), of X, we define their intersection (%), to

be the largest substack of X which is a substack of all of ). The union (J9),
«

is defined similarly. The intersection and union of substacks always exist. In
fact, if p: X — X is an atlas for X, then the intersection (%), corresponds to

[e%
the invariant subspace (Y, of X. The same goes with the union.
«

Given a substack ) of X, we define its closure 2) to be the smallest closed
substack containing X. The interior 2)° is defined to be the largest open
substack of X contained in ). The complement 2)¢ of a substack ) C X
is the largest substack of X whose intersection with ) is empty. Given two
substacks ) and 3 of X, we define the difference ) — 3 to be the substack
9 N 3°. All these exist, are well-defined, and can be constructed by taking the
corresponding invariant subspaces of an atlas p: X — X.

1.6 Hurewicz topological stacks

As we will see in Section 1.7, in order to have nice gluing properties for maps
into a stack X, we need to assume X is a Hurewicz stack. This will be needed
later on when we work with loop stacks. We recall the definition of a Hurewicz
stack!.

A Hurewicz fibration is a map having the homotopy lifting property for all
topological spaces. A map f: X — Y of topological spaces is a local Hurewicz

1We use a different terminology here than [57]. What we call a Hurewicz stack here is
called topological in [ibid.].
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fibration if for every x € X there are opens @ € U and f(z) € V such that
f(U) CV and f|y — V is a Hurewicz fibration. The most important example
for us is the case of a topological submersion: a map f: X — Y, such that
locally U is homeomorphic to V' x R", for some n.

Dually, we have the notion of local cofibration. It is known ([62]), that if
A — Z is a closed embedding of topological spaces, it is a local cofibration
if and only if there exists and open neighborhood A € U C Z such that A
is a strong deformation retract of U. If A — Z is a local cofibration, so is
AxT — Z xT for every topological space T. Moreover, the following result is
essential for our purposes ([63]):

given a commutative diagram, with A — Z a local cofibration and X — Y
a local fibration

N <— =
!
<

l

then for every point a € A there exists an open neighborhood Z’ of a in Z, such
that there exists a lifting (the dotted arrow) giving two commutative triangles

where A’ = AN Z'.

Definition 1.1 A topological stack X is called Hurewicz if it is equivalent to
the quotient stack [Xo/X1] of a topological groupoid [X; = X(] whose source
and target maps are local Hurewicz fibrations.

Example 1.2 A topological space is a Hurewicz topological stack. Every sub-
stack of a Hurewicz topological stack is a Hurewicz topological stack. The
topological stack underlying any differentiable stack is a Hurewicz topological
stack. In particular, any global quotient [M/G] of a manifold by a Lie group is
a Hurewicz topological stack.

1.7 Pushouts in the category of stacks

The following generalizes ([57], Theorem 16.2).

Proposition 1.3 Let A — Y be a closed embedding of Hausdorff spaces, which
is a local cofibration. Let A — Z be a finite proper map of Hausdorff spaces.
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Suppose we are given a pushout diagram in the category of topological spaces

AC——s Y

i !

7 —= ZNaY

Then this diagram remains a pushout diagram in the 2-category of Hurewicz
topological stacks. In other words, for every Hurewicz topological stack X, the
morphism

s an equivalence of groupoids.

PROOF. Let us abbreviate the pushout by U = Z V4 Y

The fully faithful property only uses that X is a topological stack and that U
is a pushout. Let us concentrate on essential surjectivity. Because X is a stack
and we already proved full faithfulness, the question is local in U. Assume given
Z — X and Y — X, and an isomorphism over A. Let [X; = Xy] be a groupoid
presenting X, whose source and target maps are local fibrations.

Let us remark that both Z — U and Y — U are finite proper maps of
Hausdorff spaces. Thus we can cover U by open subsets U;, such that for every
i, both Z; = U; N Z and Y; = Y NU; admit liftings to X of their morphisms to
X. We thus reduce to the case that we have Z7 — X;, Y — Xy, and A — X;.
Next, we need to construct the dotted arrow in

A —Y
AR
X: — X

We can cover Y by opens over which this arrow exists, because A — Y is a
local cofibration and X; — Xy a local fibration. Then for a point ©v € U we
choose an open neighborhood in U small enough such that the preimage in Y
is a disjoint union of sets over wich the dotted arrow exists. Passing to such a
neighborhood of u reduces to the case that the dotted arrow exists. Then there
is nothing left to prove. [J

1.8 Orbifolds as topological stacks

The most familiar examples of topological stacks are the orbifolds. An orbifold,
by definition, is a topological stack which can be covered by open substacks of
the form [X/G], with G a finite group. Any orbifold is the quotient stack of an
étale groupoid [X; = Xo]. Recall that being étale means that the source (hence
also the target) X7 — X is a local homeomorphism — in particular, an orbifold
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is a Hurewicz topological stack. Moreover, it can be shown that the diagonal
map X; — X x X is a closed map (with finite fibers). In fact, the converse is
also true in the locally connected case. Namely, the quotient stack of a locally
connected étale groupoid whose diagonal map is closed with finite fibers is an
orbifold (see [57], Propostion 14.9).

We should point out that there is some inconsistency in the literature about
terminology: in the definition of orbifold, some authors assume that the action
of G on X is generically free. For this reason, and by analogy to their algebraic
geometric counterparts, in loc. cit. the term Deligne- Mumford has been used
instead of orbifold. The orbifolds for which the above generic freeness condition
is satisfied are sometimes called reduced orbifolds.

Although every orbifold X is locally the quotient stack [X/G] of a finite
group action, this may not be the case globally, i.e., ¥ may not be good. (For a
characterization of good orbifolds in terms of their fundamental group see [57],
Theorem 18.24.) It is known, however, that a reduced differentiable orbifold
X can always be globally written as a quotient stack [X/G], where G is a Lie
group acting with finite stabilizers on a manifold X. This is not known to be
the case for general orbifolds though.

Orbifolds clearly form a small subclass of all topological stacks. For instance,
every point on an orbifold has finite stabilizer group, and this is not true for an
arbitrary topological stack. The simplest example of a topological stack which
is not an orbifold is the quotient stack [*/G], where G is any topological group
which is not finite.

1.9 Geometric stacks

In this paper we will encounter other types of stacks as well. A differentiable
stack is a stack on the category of C'°°-manifolds, which is isomorphic to the
quotient stack of a Lie groupoid. Every differentiable stack has an underlying
topological stack that is Hurewicz. If the Lie groupoid [X; = Xj] presents the
differentiable stack X, the underlying topological groupoid presents the under-
lying topological stack. Often we will tacitly pass from a differentiable stack to
its underlying topological stack. For more on differentiable stacks, see [8].

An almost complex stack is a stack on the category of almost complex
manifolds, which is isomorphic to the quotient stack of an almost complex Lie
groupoid, i.e., a Lie groupoid [X; = Xy], where X and X are almost complex
manifolds, and all structure maps respect the almost complex structures. Every
almost complex stack has an underlying differentiable stack and hence also an
underlying topological stack.

17



2 Homotopy type of a topological stack

2.1 Classifying space of a topological groupoid

We recall the construction of the (Haefliger-Milnor) classifying space BX and
the universal bundle EX of a topological groupoid X = [X; =% X;] from [58].

An element in EX is a sequence (tovg,t1cv1,- - ,tnp, -+ ), where a; € R
are such that s(«a;) are equal to each other, and ¢; € [0, 1] are such that all but
finitely many of them are zero and > t; = 1. As the notation suggests, we set

(oo, trn, -« ytpaun, -+ ) = (thag, thad, - thal,---) if t; = t; for all ¢ and
a; = af if t; #0.

Let t;: EX — [0,1] denote the map (toag,ticq, - ,tnam, ) — t;, and
let a;: ti_l((), 1] — R denote the map (toag, 101, ,tnQn, ) +— ;. The

topology on EX is the weakest topology in which ¢;1(0,1] are all open and t;
and «; are all continuous.

The classifying space BX is defined to be the quotient of EX under the
following equivalence relation: two elements (oo, t1aq, -« ,tnQp, -+ ) and
(thag, thal, -+ thal, ) of EX are equivalent, if t; = ¢ for all ¢, and if there
is an element v € X3 such that a; = vyaj. (So, in particular, (o) = t(a}) for
all 7.)

2.2 Classifying space of a topological stack

Many facts about topological stacks can be reduced to the case of topological
spaces by virtue of the following.

Theorem 2.1 For every topological stack X, there exists a topological space X
together with a morphism p: X — X which has the property that, for every
morphism T — X from a topological space T, the pullback T xx X — T is a
weak homotopy equivalence.

A topological space X with the above property is called a classifying space
for X. A classifying space for X can be constructed by taking the classifying
space BX of a groupoid X = [X; = X] whose quotient stack is X (see [58], The-
orem 6.3). The above theorem implies that the classifying space of a topological
stack is unique up to a unique isomorphism in the weak homotopy category of
topological spaces (i.e., the category of topological spaces with weak homotopy
equivalences inverted).

In the case where X = [X/G] is the quotient stack of a group action, the
Borel construction X xg EG is a classifying space for X. Here EG is the total
space of the universal principal G-bundle in the sense of Milnor.

2.3 Paracompactness of the classifying space

In many applications, it is important to find a classifying space for X which
is paracompact. There are various conditions on a groupoid [X; = X;] which
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guarantee that the fat realization of the nerve of [X; = Xj] is paracompact.
The following is one.

Definition 2.2 A topological stack X is called regular Lindel6f if it is equiv-
alent to the quotient stack [Xo/X1] of a topological groupoid [X; = Xj] such
that X1, X( are regular Lindelof spaces.

The proof of the following proposition will appear elsewhere.

Proposition 2.3 If X is a regular Lindelof stack, there exists a classifying space
for X which is a reqular Lindeldf space, in particular paracompact.

Remark 2.4 Every differentiable stack is regular Lindelof and hence has a
paracompact classifying space.

2.4 (Co)homology theories for topological stacks

Theorem 2.1 allows one to extend every (generalized) (co)homology theory h to
the 2-category of topological stacks. For instance, let us explain how to define
h(X,2) for a pair (%,2) of topological stacks.

Choose a classifying space ¢: X — X, and let A := o1, It follows that
the pair (X, A) is well-defined in the weak homotopy category of pairs (i.e.,
is independent of the choice of a particular classifying space X). So, we can
define h(X,2l) to be h(X, A). It can be easily verified that this construction is
functorial in morphisms of pairs.

The cohomology theory thus defined on topological stacks will maintain all
natural properties that it had on spaces. For example, it will be homotopy
invariant (in particular, it will not distinguish 2-isomorphic morphisms), it will
satisfy excision, it will maintain all the products (cap, cup, etc.) that it had on
spaces, and so on.

In the case where X = [X/G], we will recover the usual G-equivariant
(co)homology of X defined using the Borel construction. That is, h([X/G]) =
h(X Xaq EG)

Every (co)homology theory for topological stacks which is invariant under
weak equivalences is induced from one on topological spaces. This is due to
existence of a classifying space ¢: X — X (Theorem 2.1) which forces the
(co)homology of X to be equal to that of its classifying space X.

2.5 Eilenberg-Steenrod axioms for topological stacks

We recall the Eilenberg-Steenrod axioms for a homology theory, formulated in
the context of topological stacks. Let H, be a sequence of functors from the
category of pairs (X,2() of topological stacks to the category of abelian groups.
(By a pair (X,2) we mean a topological stack X and a substack 2A.) This
sequence is equipped with natural transformations 0: H;(%,2) — H;_1(2),
called the boundary maps. The Eilenberg-Steenrod axioms are the following:
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1. Homotopy. If f,g: (X,2) — (2,B) are homotopic as morphisms of pairs
of stacks (in the sense of [57], Definition 17.2), then they induce the same
map on H, for all n.

2. Excision. Let (%,20) be a pair of topological stacks. Let i be a substack
of X such that the closure of 4 is contained in the interior of 2. Then,
the inclusion map (X — 4, 2A — H) — (X,2A) induces an isomorphism in
homology.

3. Dimension. H,(x) =0 for all n # 0, where * is the one point space.
4. Additivity. For any collection {X,} of topological stacks, H,(][X.) &
D Hn(Xa)

5. Ezactness. For every pair (%,2) of topological stacks, the maps i: A — X
and j: (X,0) — (X,2) induce a long exact sequence

o Hp () 5 Hp(X) 25 Ho(X,20) -2 Hy g (A) — -

In the case of singular homology with coefficients in an abelian group A, we
have H, =0 for all n < 0 and Hy(x) = A.

2.6 Singular homology and cohomology

We will fix once and for all a coefficient ring and drop it from the notation
consistently.

Singular homology and cohomology for spaces extend to topological stacks.
The singular (co)homology of a topological stack X can be defined to be the
singular (co)homology of its classifying space, as we saw in Section 2.4. Alter-
natively, but equivalently, we can define singular (co)homology as follows [6].

Let X := [X; = Xo| be a topological groupoid presentation of X. Let
Xp = X1 Xx, ... Xx, X1 (p-fold) be the space of composable sequences of p
arrows in the groupoid X. It yields a simplicial space X,

Xy = X1 == Xo. (2.1)

The singular chain complex of X4 is the total complex of the double complex
Co(X,), where Cy(X,) is the linear space generated by the continuous maps
Ay — Xp. Its homology groups Hy(Xe) = Hy(Ce(X,)) are called the singular
homology groups of X. The singular cochain compler of X, is the dual of
Co(X,), €., it is the total complex of the bicomplex CP(X,). It gives rise to
singular cohomology groups of X.

These groups are Morita invariant (i.e., they only depend on the quotient
stack [Xo/X1]). In fact, they are naturally isomorphic to the (co)homology
groups of the quotient stack X = [Xy/X1] defined in terms of a classifying space
of X (see Section 2.4).
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The above definition of singular (co)homology extends to pairs (X,2() of
topological stacks in the obvious way and, again, it coincides with the definition
in terms of classifying spaces. In particular, Eilenberg-Steenrod axioms are
satisfied and we also have cup products. These (co)homology groups coincide
with the usual singular (co)homology when (X, 2l) is a pair of topological spaces.
In the case when X = [X/(G] is the quotient stack of a topological group action,
with 20 C X the substack associated to an invariant subspace A C X, H(X,2)
is the G-equivariant (co)homology of the pair (%,2).

The Kiinneth formula also holds for singular (co)homology of topological
stacks. We only formulate the cohomology version but the homology one holds
as well (with the same proof).

Proposition 2.5 (Kiinneth formula) In the case of field coefficients, singu-
lar cohomology of topological stacks satisfies Kiinneth formula. That is, we have
an isomorphism of graded groups

H*(X,2) @ H*(9),B) = H* (X x Y, X x BUAx Y).

PROOF. Like other properties of singular cohomology, this is proved by choosing
classifying spaces X — X and Y — 2) and pulling back everything along X X
Y —-Xx92. O

Remark 2.6 When the coefficient is only a ring, there are still natural cross-
product homomorphisms H®(X,2) ® H*(2,B) - H*(X x 9, X x BUAX Q)
in cohomology and in homology as well Hq (X, ) ® He(),B) — He(X x Y, X %
B UA X ) (the later being further a monomorphism). As for the proof of
Proposition 2.5, this can be seen by choosing classifying space or, alternatively,
by working directly with the singular (co)chain complexes of associated groupoid
presentations.

Proposition 2.7 Let X be a topological stack and A,B C X substacks. Then,
we have a cohomology long exact sequence

co > HPTLL,ANB) — H™ (X, AUB) — H™(X,B) — H*(A,ANB) — H " TL(x, AUB) - -- .

PrOOF. By Excision H™(, AN W) = H™(A U B, B). The result follows from
the long exact cohomology sequence for the triple (X,2AU%B,B). O

The following less standard fact is also true about H.

Proposition 2.8 Let A — B — X be closed embeddings of topological stacks.
Suppose that X is reqular Lindeldf . Then, there is a natural product

H™X,%X—B)® H*(B,B — A) = H™ (X, X — )

which coincides with the cup product if B = X.
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PROOF. One uses the fact that the classifying space is paracompact (Propo-

sition 2.3). It is a general fact (for instance see [46]) that if F is a sheaf over

a paracompact space X and Z C X is closed, then h_m> (U F) = I(Z,F),
Unz

where U is open. Then the result follows from the same argument as for topo-

logical spaces in [32], Section 3. O

3 Vector bundles on stacks

We begin with the definition of a (representable) vector bundle on a stack.

Definition 3.1 Let X be a (topological) stack. A real vector bundle on X
is a representable morphism of stacks € — X which makes & a vector space
object relative to X. That is, we have an addition morphism & x5 & — & and
an R-action R x € — €&, both relative to X, which satisfy the usual axioms. A
complex vector bundle is defined analogously.

A linear map between two vector bundles is defined in the obvious way.
Vector bundles on X and linear maps between them form a category. (Notice
that since a vector bundle € is representable over its base X, we only get a
category and not a 2-category.)

There are alternative ways of defining vector bundles over a stack X as we
will see in the next proposition. All definitions are equivalent to the one given
above.

Proposition 3.2 The following three definitions for a vector bundle on a stack
X are equivalent to the one given in Definition 3.1, in the sense that the corre-
sponding categories of vector bundles over a given stack X are naturally equiv-
alent as linear categories:

1. A wvector bundle on X is a representable morphism of stacks € — X such
that, for every f: U — X with U a topological space, the pullback Ey — U

is endowed with the structure of a vector bundle. Here, Ey = f*€& =
U xx €.

Ey — ¢

U ?‘ X

We also require, for every a: V. — U, that the natural isomorphism

Pa: (foa) €= a”(f7€)

be a bundle map.
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2. A wector bundle on X is assignment of a vector bundle Ey — U to ev-
ery morphism f: U — X from a topological space U, together with iso-
morphisms p,: a*Ey — Ey of vector bundles, for every 2-commutative

triangle
: U
N
X

We require the isomorphisms ¢ to satisfy the cocycle condition

Vv

Paob = Pb © (b*@a)

for every pair of composable triangles a and b. (Note the abuse of notation:
the vector bundle Ey also depends on f, and the isomorphism @, also
depends on the 2-morphism a.)

3. Let X = [s,t: X1 = Xo] be a groupoid presentation for X. Then, a
vector bundle on X is an X-equivariant vector bundle. Recall that an X-
equivariant vector bundle consists of a vector bundle E over Xy, and an
isomorphism v : s*E — t*E of vector bundles over X1 such that the three
restrictions of ¥ to Xi x x, X1 satisfy the cocycle condition.

PrOOF. We briefly explain how to go from one definition to the other.

Let & — X be a vector bundle in the sense of Definition 3.1. It is clear that
the pullback vector bundles Ey satisfy the conditions of (1).

To go from (1) to (2) is obvious.

Given a vector bundle in the sense of (2), we obtain a vector bundle Ex, on
Xo corresponding to the quotient map p: Xg — X. It follows from the cocycle
condition on (2) that this is an X-equivariant bundle.

Finally, given an X-equivariant vector bundle E, we define € to be the quo-
tient stack of the groupoid [EF7 = Ey|, where Ey := F and E; := s*E =
X1Xx,E. The source map Ey — Ej is the projection map pry: X1 X x, E — Ejp.
The target map is pryotp. It is easy to verify that € is a vector bundle over X
in the sense of Definition 3.1. [J

3.1 Operations on vector bundles

The standard operations on vector bundles on spaces (e.g., direct sum, tensor
product, exterior powers, and so on) can be carried out on vector bundles on
stacks mutatis mutandis. This is more easily seen if we think of a vector bundle
as in Proposition 3.2 (2). In this case, we simply perform the desired operation
simultaneously on the Ey, for varying U, and the resulting family of vector
bundles, say Fy, will give rise to a vector bundle § on X.

In view of Proposition 3.2 (3), operations on vector bundles on X correspond
to operations on X-equivariant vector bundles.
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Similarly, we can define a metric on a vector bundle. More precisely, a
metric on & is the same thing as a compatible family of metrics on Ey, for
varying U. Given a presentation X = [X; = X| for X, a metric on € is the
same thing as an invariant metric on the X-equivariant vector bundle E. (The
latter simply means a metric on the vector bundle E over X such that the
isomorphism : s*E — t*F is an isometry.)

Example 3.3 Let X be a paracompact topological space (say, a manifold) and
G a compact Lie group acting on it. Set X := [X/G]. Then every vector bundle
¢ on X admits a metric. In fact, metrics on € are in bijection with G-invariant
metrics on the vector bundle F := p*€ over X. (Here p: X — X is the quotient
map.)

3.2 Tangent, normal, and excess bundles

The main examples of vector bundles we encounter in this paper are tangent
and normal bundles. In this section we explain how they are defined.

Tangent bundle

Let X be a differentiable stack and choose a differentiable groupoid [X; = X))
presenting it. Taking tangent bundles gives rise to a new differentiable groupoid
[TX; = TXo]. The quotient stack [T Xo/TX;] is denoted by TX and is the
tangent bundle of X. The base maps induce a groupoid morphism [TX; =
TXo] = [X1 = Xo]. After passing to quotient stacks, this induces a morphism
of stacks TX — X which we regard as the base map of TX. It is not hard to see
that, up to isomorphism of stacks over X, TX is independent of the choice of
the groupoid presentation. The tangent bundle X is functorial in the obvious
sense.

Example 3.4 Let X be a differentiable orbifold. Choose a presentation for it
by a smooth étale groupoid X = [s,t: X7 = Xo]. The tangent bundle T X, of
X is naturally X-equivariant because the two pullbacks s*(TX) and ¢*(TXy)
are both naturally isomorphic to T X;. The corresponding vector bundle on X
is the tangent bundle of X.

Warning 3.5 The above example shows that, when X is a differentiable orb-
ifold, the tangent bundle TX is indeed a vector bundle in the sense of Definition
3.1. This, however, is not the case for arbitrary differentiable stacks. This is
seen by observing that the fiber T, X of the map X — X over a point z in X
is not a vector space in general. In fact, the map TX — X may not even be
representable.

Notation: when X is an orbifold we use the notation T'X for the tangent bundle.

Example 3.6 Let G be a Lie group, and let X = BG = [x/G] be its classifying
stack. Let g be the Lie algebra of G. Then, TBG = B(g x G), where G is acting
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on g by the adjoint action. The fiber of the base map TBG — BG over the
point * — BG is Bg = [*/g]. (Here, g is regarded as a group via its vector space
addition. The stack Bg = [*/g] is a simple example of a “2-vector space.”)

As indicated in Example 3.6, the definition of the tangent bundle for a
general differentiable stack X requires a more general class of vector bundles
which are quite a bit subtler. These are what some authors call ‘stacky vector
bundles’ or ‘2-vector bundles’ and have the property that their fibers are, in
general, 2-vector spaces. In particular, the structure map & — X of a stacky
vector bundle is no longer representable.

Locally, the tangent 2-vector bundle of X can be presented by a length 2
complex of vector bundles (“the tangent complex”). A suitable model for this is
the complex E % T X, where p is the anchor map of the Lie algebroid associated
to a Lie groupoid presentation [X; = X| for X. Here F is the normal bundle
of the unit map n: X — X;. It is naturally identified with the relative tangent
bundle T; of the target map ¢ : X; — X and the anchor map p is the composition
p: E=2n(Ty) = n"(Ty) @ TX 20" (TX1) 2n*(Ts) ®TX — TX where T is
the relative tangent bundle of the source map s : X7 — X. In Example 3.6, the
tangent bundle T'BG can be represented by the complex of vector spaces g — 0
(viewed as a complex of vector bundles on a point).

In the rest of the paper, the only instances where we encounter tangent
bundles are when X is an orbifold.

Normal bundle

Let 9 be a differentiable stack and X — 9 a differentiable substack. We
would like to define the normal bundle of X in ). When X and Y are smooth
manifolds, one defines the normal bundle either as the quotient (7Y |x)/TX,
or as the orthogonal complement to TX in TY|x (upon fixing a metric on the
latter).

None of these definitions are available to us in the context of stacks (except
when 9) is an orbifold). Nevertheless, it is possible to define the normal bundle
as a vector bundle on X. To do so, pick an atlas Y — Q) and let X C Y be
the invariant submanifold corresponding to X. Let Nx,y = (TY|x)/TX be the
normal bundle of X in Y. This is an equivariant vector bundle with respect to
the induced groupoid structure on X, hence, after passing to the quotient, gives
rise to a vector bundle on X, which we denote by 91y /9 and call the normal
bundle to X in Q).

Example 3.7 Let 2) be a differentiable orbifold. Then, we have Ny /9 =
(TY|x)/T%. In fact, since we can always choose a metric on 79 (because
X is paracompact), we have a direct sum decomposition T9)|x = Nx /) OTX.
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Excess bundle and transversality

Consider a 2-cartesian diagram of differentiable stacks
x -y

pl s

in which the horizontal morphisms are embeddings. (Note that if ¢ is a sub-
mersion, ¢ being an embedding implies that j is an embedding. When ¢ is
representable, this is seen by pulling back everything along an atlas ¥ — 2).
The general case reduces to the representable case by pulling back j along an
atlas Y' — 9)’.) The bundle My, /9 is naturally a subbundle of p*My /9. (This
is seen using the same pullback argument we just gave to prove that j is an
embedding.) We call the quotient bundle € := (p*MNx /9 )/(Mx//g/), which is a
vector bundle on X', the excess normal bundle of the diagram. We say that
q is transversal to f if € is trivial.

Example 3.8 Let i: X < 9) and j: 2 — 3 be embeddings of differentiable
stacks. Consider the 2-cartesian diagram

xS oy

I

Y- 3
The excess normal bundle for this diagram is i*91y) /5. The excess normal bundle
for the transpose diagram

x <> 9

gor

X— 3

joi
is also i*9y) 3, because we have a short exact sequence
0— ‘ﬁx/@ — ‘ﬂx/3 — ’i“ﬁ@/g; — 0.
This can be checked by choosing an atlas for 3.

4 Thom isomorphism

Definition 4.1 We say a vector bundle p: € — X of rank n on a topological
stack X is orientable, if there is a class p € H" (€&, &€ — X) such that the map

H(X) - H* (¢ ¢-X)
c = peUp
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is an isomorphism for all ¢ € Z. The class p is called a Thom class, or an
orientation, for p: € — X.

Lemma 4.2 Let &€ — X be an oriented vector bundle and p € H"(€, € —X) a
Thom class for it. Let f: Y — X be a morphisms of stacks. Then f*& — 9) is
an oriented vector bundle and f*(u) is a Thom class for it.

Lemma 4.3 Let € — X be a vector bundle. Let f: ) — X be a trivial fibration
of topological stacks, and let v be a Thom class for the vector bundle f*& — 9).
Then, there is a unique Thom class p for € such that f*(p) = v.

Proposition 4.4 Let p: € — X be an orientable vector bundle of rank n, and
let w € H"(€, € — X) be a Thom class for it. Let 8 C X be a closed substack.
Then, the homomorphism

H*(%,X—-R) - H*™(¢ ¢—-R)
c = pUp

is an isomorphism. Here, we have identified & with a closed substack of € via
the zero section of € — X.

PrROOF. Let 4 = X — & The map ¢ — p*(c¢) U u induces a map between long
exact sequences
S HY(E|y, Ely —4) = HTM(E, ¢ —X) —> HT(E,E—R) —> .-

=4 i p

> H'(L[) _— H'(:{) o Hc+n(:{7}:_ﬁ) N

1R

(The top sequence is long exact by Proposition 2.7.) The claim follows from
5-lemma. [

Proposition 4.5 In Proposition 4.4, identify X with a closed substack of € via
the zero section. Then, for every ¢ € H*(X,X — &), we have 7(c) = ¢ u, where
- is the product of Proposition 2.8.

Proposition 4.6 In Proposition 4.4, assume that & is metrized, and let ©
denote its disc bundle of radius r. Set L =p 1 (R)ND. and let p: H*(E, ¢ —
R) — H*(€, € — L) be the restriction homomorphism. Then the homomorphism

H*(%,X—-8) - H*™(¢,¢-L)
c = plpr(c)Un)

s an isomorphism. In particular, the map p is an isomorphism.
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PROOF. Let 4 = X — K. In the case where & = X, a standard deformation
retraction argument shows that p is an isomorphism, so the result follows from
Proposition 4.4. The general case reduces to this case by considering the map
of long exact sequences induced by ¢ — p(p*(c) U u),

- > HUT(Ey, €|y —Dl|y) > HPM(¢,¢-D) > H'(¢,¢-L) — .-

- -4 ¢

> H'(Y) ————— H'(¥) —— H""(X,X-8) -

and applying 5-lemma. [

The following lemma strengthens Proposition 4.4.

Lemma 4.7 Let p: € — X be an orientable vector bundle of rank n, and let
we H"(E, & —X) be a Thom class for it. Let 8 C X be a closed substack, and
R C € a closed substack of € mapping isomorphically to & under p. Then, we
have a natural isomorphism H®*(X,X — &) = H*t" (&, ¢ — /).

Lemma 4.8 Letp: € — X and q: § — X be vector bundles over X, and assume
that € s oriented. Then, an orientation for § determines an orientation for
EDF, and vice versa. Indeed, if u is an orientation for €, and v an orientation
for§, then p-p*(v) = v-q*(u) is an orientation for €EOF. Here, - is the product
of Proposition 2.8.

PrOOF. We only prove one of the statements, namely, the case where & and
¢ P F are oriented. We show that § is also oriented. Assume € and § have rank
m and n, respectively, and let y € H™(€,¢—X) and v € H™" (BT, EDF—X)
be orientations for € and € ® §. The class ¢* (1) € H*"(CDF, EDF — F) is an
orientation for the pullback bundle ¢*(&) = & & § over §; note that the bundle
map ¢*(¢) — § can be naturally identified with the second projection map
m: €BF — §. By Proposition 4.4, applied to the vector bundle 7: €D F — §,
we have an isomorphism

H'(3,§-X) — H""™(EaF,¢aF—X)
c = T()Uq (p).

The inverse image of v under this isomorphism is the desired orientation class
in H*(§,§—-%). O

In Lemma 4.8, we call the orientation on € & § the sum of the orientations

of € and §, and the orientation on § the difference of the orientations on €& §
and €.

Lemma 4.9 Let 0 — € — 9 — § — 0 be a short exact sequence of vector
bundles over a topological stack X. Then, the choice of orientations on two of
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the three vector bundles uniquely determines an orientation on the third one.
Moreover, we have the following relation between the orientation classes:

pe - Pt (pg) = pom

Here, p stands for the morphism of pairs (I, M — €) — (F,5 — X), and - is the
product of Proposition 2.8.

ProoOF. Apply Lemma 4.3 to the trivial fibration f: 9t — X to reduce the
problem to the split case and then apply Lemma 4.8. [

Lemma 4.10 In Lemma 4.7, assume we are given another oriented vector
bundle § — X of rank m, and endow € @ § with the sum orientation. Let
R’ C EBTF be a closed substack mapping isomorphically to & under the projec-
tion €D F — €. Then, the diagram

H*'(X,X—8) —— > H*"(¢ ¢ - )

SN e

Ho—&-n-&-m(@ o) S’ 6 e g _ ﬁ”)

commutes. (All the isomorphisms in this diagram are the ones of Lemma 4.7.
So, in the case where & = & = K&, the isomorphisms are simply the Thom
isomorphisms of Proposition 4.4.)

Finally, we prove a lemma about compatibility of Thom isomorphism with
excision.

Lemma 4.11 Let X be a manifold, and let E — X and N — X be vector
bundles of rank n. Assume that E is oriented. Let i: N — E be an open
embedding which sends the zero section of N to the zero section of E. (Note that
N s naturally isomorphic to E, hence oriented, via the isomorphisms T X ®N =2
TEXTX ® E.) Then, the following diagram commutes:

H*t"(N,N — X) % H*t"(E,E — X)

5 Loop stacks

5.1 Mapping stacks and the free loop stack

Let X and Q) be stacks over Top. Recall from Section 1.1 that the mapping
stack Map(%), X) is defined by the rule

TeTop +— Hom(T x9,X%),
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where Hom denotes the groupoid of stack morphisms. The mapping stack
Map(9), X) is functorial in X and 9) and satisfies the exponential law:

Map(3 x 9, X) = Map(3, Map(9), X)).

It follows from the exponential law for mapping spaces [68] that when X and
Y are spaces, with Y Hausdorff, then Map(Y, X) is representable by the usual
mapping space from Y to X (endowed with the compact-open topology).

Proposition 5.1 Let X be a topological stack and A a compact topological space.
Then Map(A, X) is a topological stack.

PRrROOF. This follows from Theorem 1.1 of [56]. O

Let X be a topological stack. Then LX = Map(S*, X) is also a topological
stack. It is called the loop stack of X. By functoriality of mapping stacks,
for every t € S' we have the corresponding evaluation map ev,: LX¥ — X. In
particular, denoting by 0 € S* the standard choice of a base point, there is an
evaluation map

evp: LX — X. (5.1)

Similarly, the path stack of X, which is defined to be Map(I, X), is a topological
stack.

For the next result, we need to assume that X is a Hurewicz topological
stack.

Lemma 5.2 Let A, Y, and Z be as in Proposition 1.8. Let X be a Hurewicz
topological stack. Then the diagram

Map(Z V4 Y,X) —= Map(Y, X)

i !

Map(Z,%) - Map(A,%)

is a 2-cartesian diagram of topological stacks.
PrROOF. We have to verify that for every topological space T the T-points of
the above mapping stacks form a 2-cartesian diagram of groupoids. This follows

from Proposition 1.3 applied to A xT,Y xT,and Z xT. O

We denote by ‘8’ the wedge S' v St of two circles.
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Corollary 5.3 Let X be a Hurewicz topological stack, and let LX be its loop
stack. Then, the diagram

Map(8,%) — LX

l |

LX — X

1s 2-cartesian.

5.2 Groupoid presentation

Let us now describe a particular groupoid presentation of the loop stack. For
this we will assume that X is a Hausdorff Hurewicz topological stack. Thus
X admits a groupoid presentation X: = [X; = X|, where X, and X; are
Hausdorff topological spaces, X7 — X x X is proper, and source and target
maps are local fibrations. We will fix the groupoid X.

We will construct a groupoid LX: = [L1X = LoX] out of X which presents
LX. This groupoid presentation is useful in computations (see Section 12).
Our construction resembles the construction of the fundamental groupoid of a
groupoid [55].

Let MX = [M;1X = MpX] be the morphism groupoid of X. Its object set is
MyX = X7 and its morphism set M;X is the set of commutative squares in the
underlying category of X:

The source and target maps are the horizontal arrows in square (5.2). The
groupoid multiplication is by (vertical) superposition of such squares. Thus we
have M1 X = X3 = X X x,X1 X x,X1. The groupoid MX is another presentation
of the stack X and is Morita equivalent to X.

Let P C S! be a finite subset of S' which contains the base point of S!.
The points of P are labeled according to increasing angle as Py, Py,..., P, in
such a way that Py = P, is the base point of S'. Write I; for the closed interval
[Pi_1, P;]. Let S{" be the disjoint union S’ =[], I;. There is a canonical map
SE — S1. Let ST be the fiber product ST = S§" x g1 S{’. There is an obvious
topological groupoid structure [S¥ = S{’]. The compact-open topology induces
a topological groupoid structure on LEX = [LFX = LI'X], where L' X is the set
of continuous strict groupoid morphisms [ST = S¥] — [X; = X,] and LYX is
the set of strict continuous groupoid morphisms [ST = S — [M1X = MpX].
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The finite subsets of S' including the base point are ordered by inclusion.
The ordering is directed. For P < @ there is a canonical morphism of groupoids
LPX — LeX. Using the fact that Xy and X; are Hausdorff, it is not difficult
to prove that L¥X — L®X is an isomorphism onto an open subgroupoid. Define
the topological groupoid

LX = lim LPX = U LPX.
pcSt PcsSt

Proposition 5.4 The groupoid LX presents the loop stack LX.

PROOF. First, we need to construct a morphism LE'X — LX, for every P. The
presentation LoX — LX will then be obtained by gluing these morphisms using
the stack property of LX and the fact the L{'X form an open covering of the
topological space LoX.

The structure map LY x S — X, gives rise to a morphism L x S — X.
This morphism descends to L x S' — X, by Proposition 1.3, because S is
obtained from S{ as a pushout covered by that proposition. By adjunction, we
obtain the required morphism L — LX.

The fact that |Jp LIX — LX is an epimorphism of stacks, follows as in
Proposition 5.1.

The fact that L;X is the fibered product of LoX with itself over LX reduces
immediately to the case of LI'X, for which it is immediate. OJ

It is easy to represent evaluation map and functorial properties of the free
loop stack at the groupoid level with this model.

Remark 5.5 In particular, there is an equivalence of the underlying categories
between LX and the groupoid whose objects are the set of generalized morphisms
from the space S' to X and has equivalences of such as arrows.

Corollary 5.6 If X is a differentiable stack then LX is regular Lindelof .

Target connected groupoid

Assume the groupoid X is target connected. This means that if T is a topological
space, and ¢: T — X7 a continuous map, then for every point of T' there exist
an open neighborhood 77 C T and a homotopy ®: T’ x I — X3, such that
®y = ¢ and P =t o ¢, where t : X7 — X is the target map. For example, any
transformation groupoid with connected Lie group is target connected.

For every finite subset P C S! and z € LI'X, there are arrows g; € X; with
t(g;) = P; € I; and s(g;) = P; € I;11 (or Py € I if i = n). These arrows can be
continuously deformed to the identity point P, € I,,. Thus there is an element
T € Map(S*', Xo) € L% Xj and an arrow v € LX with s(y) = Z and t(y) = z.
From this observation, we deduce:
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Proposition 5.7 If X is target connected, then the groupoid [LX; = LX) with
pointwise source map, target map and multiplication presents the loop stack LX.
Here LX; is the usual free loop space of X; endowed with the compact-open
topology.

In particular, LX is Morita equivalent to the groupoid [LX; = LX].

Example 5.8 If G is a connected Lie group acting on a manifold M, then
Proposition 5.7 implies that L[M/G] = [LM/LG]|.
Discrete group action

To the contrary, if G is a discrete group acting on a space M one can form
the global quotient [M /G| which is represented by the transformation groupoid
X :=[M x G = M]. For any z € LY X one can easily find an arrow v € LY X;
such that s(y) = = and t(y) € L% X,. Furthermore, since G is discrete,
an element of L X, is described by its source and one element g; € G for
i=0,...,|P|. From these two observations one proves easily:

Proposition 5.9 Let G be a discrete group acting on a space M. Then L[M/G]
is presented by the transformation groupoid

[[2M) xG= ] PM

geG geG

where PyM = {f: [0,1] — M such that f(0) = f(1)-g} and G acts by pointwise
conjugation.

Note that if G is finite, one recovers the loop orbifold of [49].
Remark 5.10 An element f € PyM has a canonical extension into a map

f: R — M satisfying f(x + k) - g* = f(x).

6 Bounded proper morphisms of topological
stacks

Definition 6.1 Let f: X — 2) be a morphisms of topological stacks and & a
metrizable vector bundle over ). A lifting i: X — & of f,

¢

i 7 \L
O

T Y

is called bounded if there is a choice of metric on & such that ¢ factors through
the unit disk bundle of €. A morphism f: X — 2) of topological stacks is called
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bounded proper if there exists a metrizable orientable vector bundle & on 2)
and a bounded lifting 7 as above such that i is a closed embedding.

Definition 6.2 A bounded proper morphism f: X — %) is called strongly
proper if every orientable metrizable vector bundle € on X is a direct summand
of f*(¢') for some orientable metrizable vector bundle ¢ on ). (Note that,
possibly after multiplying by a positive R-valued function on %), we can arrange
the inclusion € < f*(&’) to be contractive, i.e., have norm at most one.)

Example 6.3

1. Every bounded proper map f: X — Y of a topological spaces with Y
compact is strongly proper. In that case, one can use the fact that every
vector bundle on a compact space is a subbundle of a trivial bundle.

2. Let X be a topological stack such that A: X — X x X is bounded proper.
Then A is strongly proper. This follows from the fact that every vector
bundle on X can be naturally extended to X x X. Similarly, the iterated
diagonal A : X — X™ is strongly proper.

3. Let X,Y be compact G-manifolds (with G compact) and f: X — Y be
a G-equivariant map. Then the induced map of stacks [f/G]: [X/G] —
[Y/G] is strongly proper.

It does not seem to be true in general that two bounded proper maps compose
to a bounded proper map, but we have the following.

Lemma 6.4 Let f: X —9) and g: ) — 3 be strongly proper morphisms. Then
go f: X — 3 is strongly proper.

PrROOF. It is trivial that every orientable metrizable bundle on X is a direct
summand of one coming from 3. Let us now prove that go f is proper. Suppose
given factorizations

¢ §
Ll// i (,7]';4 i
x 9 Y >3

for f and g. By enlarging &, and using that g is strongly proper , we may
assume that & = g* (&), for some oriented metrized vector bundle & on 3. Let
i': X — & be the composition proi where pr: € — & is the projection map.
The following diagram shows that g o f is proper:

¢pF
@5f) 7
B’

X — 3
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O

6.1 Some technical lemmas

In this section we prove a few technical lemmas that will be needed in Section
7 to define bivariant groups.
Let f: X — ) be a morphism of topological stack that admits a factorization

¢

i 7 \L
O

Ty

For example, every bounded proper f has this property (Definition 6.1). The
following series lemmas investigate certain properties of the relative cohomology
groups H*(¢, ¢ — X).

Lemma 6.5 Let f: X — Q) be a morphism of topological stacks, and assume
we are given two different factorizations (i, €) and (i', ") for it. Then, there is
a canonical isomorphism H*T™ ¢ (¢ ¢ — X) = Ho+k& (¢ ¢ - X).

PROOF. Embed X in € ® ¢ via (i,i'): X — € ® ¢'. Consider the diagram
(€,¢ —X)« (€BEEHE—X)— (¢¢E—X)

of pairs of topological stacks. It follows from Proposition 4.4 that we have
natural isomorphisms

Ho—i—rk [ (€/7 ¢ — :{) PR Ho+rk§+rk G(@/ ® ¢, ¢ PE— x) TN Ho+rk 6(67 ¢ _ x)
We can now apply Lemma 4.7. [

Using a triple direct sum argument, it can be shown that given three fac-
torizations (i, €), (i’,€'), and (i, &") for f, the corresponding isomorphisms
defined in the above lemma are compatible. Also, if we switch the order of (i, €)
and (i’, &) we get the inverse isomorphism. Finally, when (i, &) and (¢, ') are
equal we get the identity isomorphism. Therefore, the group H®(€, & — X) only
depends on the morphism f.

Lemma 6.6 Let f: X — ) be a morphism of topological stacks, and let p :=
fopr: X xI — 9, where I is the unit interval and pr stands for projection.
Suppose we are give a factorization

¢

~

L

S
XxI — 9



for . Let 0 < a < 1, and define 14: X — €& to be the restriction of v to
X = X x{a}. Then, the natural map ¢o: H* (€, E—1,(X)) = H* (&, E—1(X %))
induced by the map of pairs (€, — (XX 1I)) = (€, E—1,(X)) is an isomorphism
and it is independent of a.

PrOOF. We may assume that the image of ¢ does not intersect the zero section
of . (For example, we lift everything to EB R via (1,1): X - DR and apply
Proposition 4.7 to the vector bundle € ® R — €.).

Let ¢ = ¢ ® R and define 8: X x I — & by B(x,t) = (¢(z,0),t). This is a
closed embedding, so by Lemma 6.5, we have a commutative diagram

H*(€, ¢ — (X xI)) — H*(¢ & —B(X xI))

mT 'M

H*(€, € — 1,(X)) ——= H*(E, ¢ — B,(X))

This reduces the problem to the case where our map is 3 instead of ¢, in which
case the result is obvious. O

7 Bivariant theory for topological stacks

We define a bivariant cohomology theory [32] on the category of topological
stacks whose associated covariant and contravariant theories are singular ho-
mology and cohomology, respectively. Our bivariant theory satisfies weaker
axioms than those of [32] in that products are not always defined. We show,
however, that there are enough products to enable us to define Gysin morphisms
as in [32].

The underlying category of our bivariant theory is the category TopSt of
topological stacks. The confined morphisms are all maps and independent
squares are 2-cartesian diagrams.

7.1 Bivariant groups

To a morphism f: X — Q) of topological stacks, we associate a category C(f) as
follows. The objects of C(f) are morphisms a: & — X such that fa: 8 = Q) is
bounded proper (Definition 6.1). A morphism in C(f) between a: 8 — X and
b: L — X is a homotopy class (relative to X) of morphisms g: & — £ over X.

Lemma 7.1 The category C(f) is cofiltered.

Once and for all, we choose, for each object a: & — X, a vector bundle
¢ — 9 through which fa factors, as in Definition 6.2.

We define the bivariant singular homology of an arbitrary morphism
f:X — 9 to be the Z-graded abelian group

H(x L5 9) = lig H* (e € - R).
<
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The homomorphisms in this direct limit are defined as follows. Consider a
morphism ¢: & — K& in C(f). From this we will construct a natural graded
pushforward homomorphism ¢, : H*T™(& & — &) — H*T"(¢' & — &), where
m=rk € and n = rk ¢'.

Let § = ¢ @ ¢ with the sum orientation. Let p: & — 2) be the projection
map. Then, p*(€&) is an oriented vector bundle over €. Note that the projection
map 7: p*(€) — ¢ is naturally isomorphic to the second projection map §F =
¢ @ ¢ — ¢ this allows us to view § as an oriented vector bundle of rank m
over ¢'. Let ® C § be the unit disc bundle. It follows from the assumptions
that & C D, hence also & C £ := 7~ 1(&) ND. The restriction homomorphism

st Hc+m+n(87g _ ﬁ) — Ho—i—m—i—n(g’g_ L) o~ Hn+n(€/’ @l _ ﬁ/),

induced by the inclusion of pairs (§,§ — £) — (§,§ — K) is the desired push-
forward homomorphism; here, we have used the isomorphism of Proposition
4.6.

Next we have to show that the map ¢, is independent of the homotopy class
of ¢. Consider aopr: & x I — X, and let pg, p1: & = & X I be the times 0 and
time 1 maps. Note that aopr: 8 x I — X is an object of C(f). Since every
homotopy (relative to X) between maps with domain £ factors through & x I,
it is enough to show that pg . = p1,«. This follows from Lemma 6.6.

Remark 7.2 The objects of the category C(f) should be regarded as supports
of our theory, so by taking the colimit in the definition of the bivariant groups
we are ensuring that the (homology theory) associated to our bivariant theory
is compactly supported, which is what is expected from singular homology. If
we did not do this we would end up with a Borel-Moore homology theory.

Remark 7.3 Let 8 — ) be a bounded proper morphism. It follows from
Lemma 6.5, that the cohomology H®(&, & — K) is independent of choice of
the vector bundle & and the embedding ¢: & — €&, up to a canonical isomor-
phism. Furthermore, the pushforward maps constructed above are compatible
with these canonical isomorphisms. So, H®(f) is independent of all choices
involved in its definition.

Lemma 7.4 Let f: X — %) be a bounded proper morphism and X Le o )
a factorization for f, where i is a closed embedding (but € is not necessarily
metrizable). Then we have a natural isomorphism

H(x L ) = gk e - x).
In particular, when f: X — ) is a closed embedding, then the bivariant group
N f ~ IT®
H*' (X —9)=H*(9,9 - X)
coincides with relative cohomology.

PrROOF. Follows from Lemma 6.5. O
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7.2 Independent pullbacks

Consider a cartesian diagram

%/l)fy/

Lo

We define the pullback h*: H(X 5 9) = H(X' 25 9) as follows.
Pullback along h induces a functor h*: C(f) — C(f’), R— h*R:= X' xx R
Furthermore, we have a natural homomorphism

H* R E(g ¢ — R) — H*TRE(h* & h*E — h*R)

induced by the map of pairs (h*€&, h*€ — h*R) — (€, € — R). Using Lemma 6.5,
this induces the desired homomorphism of colimits

W HEH.+rk€(€,€ _ ﬁ) N h3 Ho+rk€’(€/,€/ —ﬁ/).
S0)) <)

7.3 Confined pushforwards

Let h: X — ) be a morphism of topological stacks (Definition 6.1) fitting in a
commutative triangle

X 9

f\k Ya
3

We define the pushforward homomorphism h,: H (X L> 3) = H®Y N 3) as
follows.

There is a natural functor C(f) — C(g), which sends a: & — X to ha: & —
). A factorization for fa gives a factorization for gha in a trivial manner:

RS> ¢ R ¢
L
X —= 3 Y >3

Using Lemma 6.5, this induces the desired homomorphism

ha: lim HYPRE(€, € — 8) — lim HYPEE(€, € — ).
c(f) C(9)
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7.4 Products

Unfortunately, we are not able to define product for arbitrary pairs of compos-
able morphisms f and g. However, under an extra assumption on g this will be
possible.

Definition 7.5 A morphism f: X — 9) of topological stacks is called adequate
if in the cofiltered category C(f) the subcategory consisting of a: & — X such
that fa: 8 — 9) is strongly proper is cofinal.

Example 7.6

1. Every strongly proper morphism is adequate. (Because in this case C(f)
has a final object that is strongly proper over ).)

2. A morphism f: X — Y in which Y is a paracompact topological space is
adequate. (In this case every object in C(f) is strongly proper over Y'; see
Example 6.3)

Let f: X — ) and ¢g: 9 — 3 be morphisms of topological stacks, and
assume g is adequate. Then we can define products of any two classes « € H(f)
and 8 € H(g). The construction of the product is as follows. Consider objects
(R,a) € C(f) and (£,b) € C(g), and choose factorizations

8> ¢ L s
I
X -9 Y - 3

We may assume gb: £ — 3 is strongly proper. There exists a metrizable oriented
vector bundle & over 3 such that b*€ is isomorphic to a subbundle of (gb)*(&’)
as vector bundles over £. Note that, possibly after multiplying by a positive
R-valued function on 3, we can arrange the inclusion b*€ < (gb)*(€’) to be
contractive (i.e., have norm at most one). Let us denote b*€& by &g, (gb)*(¢’)
by &1, and the codimension of &j in &; by c.

We define the product

H™(€,¢ - R)@ HY(F,§— L) = HHH (¢ 05, ¢ @ F — R xy L).

as follows. (Note that (R xg £,a o pr) belongs to C(g o f) and we have a
factorization

Axg £ W was

i l

X —(05 3
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for it. We explain this in more detail shortly.) By pulling back the map ¢ along
w: & — €&, we obtain a closed embedding £ x9 £ < &;. On the other hand,
we have a closed embedding & < & @ F; this is simply the pullback of j along
the projection map 7: ¢ & F — §. Using the inclusion €5 — &;, we find a
factorization
(4.4)
M
.QX@L C () - ¢ C— ¢ dF.

Now, let o € H"(€,¢& — R) and 8 € H*(F,§ — £) be two cohomology classes.
We define a-f € H'T¢(¢' @ F, ¢ &F — & xg L) to be 7(w*(«)) - 7*(B), where
the latter - is the product of Proposition 2.8. In more detail, we have 7*(5) €
HS(QE/ &3, ¢y — Qfl), w*(a) € Hr(éo, E— R X9 L), and 7: HT(QE(),@O -
Axyl) — H”C(Qfl, ¢ — R xy L) is the Thom isomorphism of Proposition 4.4
for the vector bundle &; over &g; to obtain this Thom isomorphism, we have
used that, since the bundles are metrizable, &q is a direct summand of &; and
its complement is oriented (Lemma 4.8). Finally, our - is the one in Proposition
2.8 with the inclusions R xg L — €, — & & F, n=r+cand m = s.

7.5 Kinneth formula

For bivariant singular cohomology with field coefficients we have the following
Kiinneth formula.

Proposition 7.7 (Kiinneth formula) Let f: X — Q) and f': X' — ' be
morphisms of topological stacks. Then, we have a natural isomorphism of graded
groups

H(f x f)) = H*(f)® H*(f),
where f X f': X x X' =9 x Q) is the product map.

PRrOOF.
First, suppose that f and f’ are bounded proper, and choose factorizations
as in Definition 6.2. We obtain a factorization

exe
(i,i") 7

(AN !/

XX G 99

for f x f'. Note that the total space of the vector bundle € X ¢’ is € x ¢'. Let
U=¢E—i(X) and W = & —i(X'). Then, Ex & — (4, )(XxX) = ExWULUX E.
So, by Proposition 2.5, we have

H*(f % f) = B (€ x @ — (i,) (X x X)) 2 B (€,1) @ B (€,40), (7.1)
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and the latter is equal to =2 H*(f) @ H*(f').

To prove the isomorphism for general f and f’, consider the functor
P: C(f) x C(f") — C(f x f’) which sends a pair (a,a’) € C(f) x C(f"), with
a:R—Xandd: 8 — X' toaxd: AxK — X xX'. Since we know the result
for bounded proper morphisms, to prove the Kiinneth isomorphism for f and f’
we observe that, in general, for every directed system indexed by C(f x f’), the
induced directed system (via P) indexed by C(f) x C(f’) has the same colimit.
This is due to the fact that P has a left adjoint Q: C(f x f') — C(f) x C(f"),
defined by sending a: R — X x X’ to (pr; ca,pryoa) € C(f) x C(f). O

When the coefficient is only a ring, the cohomology cross-product (see Re-
mark 2.6) yields a bivariant cross-product.

Proposition 7.8 Let f: X — Q) and f': X' — )’ be morphisms of topological
stacks. Then, we have a natural homomorphism of graded groups

H*(f)@ H*(f) = H*(f x ')
where f X f': X x X' -9 x Q' is the product map.

PrROOF. The proof of Proposition 7.7 applies with the only difference that
the last isomorphism in the sequence (7.1) of isomorphisms is replaced by the
cross product H*T" 7 (€ x & — (i,#')(X x X)) «+ H* (&, ) @ H*T (& 4l')
homomorphism (Remark 2.6). O

7.6 Associated covariant and contravariant theories

By definition, the n'" graded piece of the contravariant theory associated to the
bivariant theory H is give by

H™X) = H"(X =5 X) = lim H""¢(¢, ¢ - R).
C(idx)

The category C(idx) has a final object (%, X), so the above colimit is isomorphic
to H™(X,X — X) = H"(X), the usual singular cohomology.
The nt* graded piece of the covariant theory associated to H is defined to
be
H,(X)=H "(X—>pt)= hg H™(E,F—K) h_n} H,(K).
dES) K—%

Here, C(X) is the category whose object are pairs (E, K) where E is a Euclidean
space of dimension e and K is a compact subspace of E together with a map
K — X. In the latter colimit, we have used the Spanier-Whitehead duality
H,(K) 2 H* "(E,E — K), and the limit is taken over the category of all
maps K — X with K a compact topological space that is embeddable in some
Euclidean space. By the following proposition, the latter colimit is, indeed,
isomorphic to the singular cohomology H,,(X).
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Proposition 7.9 Let X be a topological stack. Then, we have a natural iso-
morphism

lig H,(K) = H,(X),

K—X
where the limit is taken over the category of all maps K — X with K a compact
topological space that is embeddable in some FEuclidean space.

It is possible to generalize the axiomatic framework for (skew-symmetric)
bivariant theories [32] to include the present case, where products are only
defined for a composition X Ty S ziy Lz belongs to a subclass of
morphisms called adequate. See Appendix B for the axioms. Details will appear
elsewhere.

8 Regular embeddings, submersions, and nor-
mally nonsingular morphisms

8.1 Submersions

Definition 8.1 Let p: X — ) be a morphism of differentiable stacks. For
p representable, we say it is a submersion if its base extension along any
differentiable map Y — 2) from a manifold Y is a submersion of manifolds. (It is
enough to check this for one atlas Y — ).) If p is not necessarily representable,
we say that p is a submersion if for some (hence every) atlas ¢: X — X, the
composition po qg: X — %) is a submersion.

Example 8.2 The following are some simple examples of submersions.

1. A differentiable map p: X — Y of manifolds is a submersion in the above
sense if and only if it is a submersion in the usual sense.

2. Any projection X x %) — X is a submersion.

3. Let € be a vector bundle over X. Then, the base map p: € — X is
a submersion. More generally, if p is an affine bundle (for example, a
surjection € — § of vector bundles over a base X), then p is a submersion.

4. Let p: X — X be an atlas for the differentiable stack X. Then p is a
submersion. In other words, if ¥ = [X(/X1] is the quotient stack of a
differentiable groupoid [X; = X|, then the quotient map p: Xo — X is
a submersion.

Lemma 8.3 Let p: X — Q) and q: Y — 3 be submersions. Then, we have the
following.

1. The composition gop: X — 3 is a submersion.
2. For an arbitrary morphism %) — 9) of differentiable stacks, the base ex-

tension p': X' — %) of p is a submersion.
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Lemma 8.4 Consider the 2-cartesian diagram of differentiable stacks
x -y

% s

in which the horizontal morphisms are embeddings and q is a submersion. Then,
q is transversal to i. That is, p*Nx /9 = Nxr /g (equivalently, the excess bundle
& is trivial).

PROOF. Precomposing g with an atlas Y/ — 9)’, we are reduced to the case
where ¢ is representable. By making a base change along an atlas Y — ), we
reduce further to the case where we have a diagram of smooth manifolds, in
which case the result is clear. O

8.2 Regular embeddings

In differential topology existence of a tubular neighborhood for a submanifold is
a strong tool which allows one to linearize the situation by passing to the normal
bundle of the submanifold. Unfortunately, this tool is not always available in
the world of differentiable stacks, as a substack may not necessarily admit a
tubular neighborhood. To our knowledge, the only situation where existence of
tubular neighborhoods is guaranteed is when the ambient differentiable stack is
the quotient stack of a compact Lie group action on a smooth manifold (Example
8.7).

In this section, we introduce a class of embeddings of differentiable stacks,
called reqular embeddings, which behave as if they have tubular neighborhoods.
We begin with a preliminary definition.

Definition 8.5 We say that an embedding i: X — 2) of topological stacks
admits a tubular neighborhood if there is a vector bundle 91 over X and a
factorization '

N ENE))
for 4, where s is the zero section of 91 and j is an open embedding. The bundle

O is called a tubular neighborhood of X in ). (Note that the vector bundle 91
is canonically isomorphic to the normal bundle N /q.)

Example 8.6 Let X be a topological stack and & a vector bundle over X. Let
s: X — €& be the zero section. Then s admits a tubular neighborhood. The

normal bundle and the tubular neighborhood of X in & are both € itself.

Example 8.7 Let Q) = [Y/G] be the quotient stack [Y/G] of a topological group
G action on a topological space Y. Let X C 9) be a closed substack of ), and let
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X CY be the corresponding invariant subspace. Then, tubular neighborhoods
of X in ) are in bijection with G-equivariant tubular neighborhoods of X in Y.
In particular, if ) is a differentiable stack which is isomorphic to the quotient
stack [Y/G] of a compact Lie group G action on a smooth manifold Y, then
any differentiable substack X of ) admits a tubular neighborhood. This follows
from the G-equivariant tubular neighborhood theorem; see ([11], Section VI,
Theorem 2.2) and also the proof of Proposition 8.18.

Embeddings which admit tubular neighborhoods have the expected nice
properties, but they are not flexible enough for our purposes. For instance,
composition of two such embeddings does not appear to admit a tubular neigh-
borhood in general. Also, pullback of such an embedding X — 2) along a
submersion onto %) (even along the base map of vector bundle & — %)) does not
seem to always admit a tubular neighborhood. Definition 8.11 is devised to fix
these deficiencies.

Definition 8.8 Let Q) be a differentiable stack. Let i: X <— ) a differentiable
substack with normal bundle 9t = Ny /9. Let ¢ € H*(9, N—X) be a cohomology
class. We say that a class ¢ € H*(9),9) — X) is compatible with c if for every
differentiable atlas ¢: Y — %), the class ¢*(c) € H*(N, N—X) corresponds to the
class ¢*(¢) € H*(Y,Y — X) under the isomorphism H*(N, N — X) = H*(Y,Y —
X)) obtained by identifying N := p*9 = Nx/,y with a tubular neighborhood of
X :=p X in Y (and applying excision).

N — XY
pi iq
N — x> 9

Since tubular neighborhoods of submanifolds are unique up to isotopy, the
isomorphism H*(N, N — X) = H*(Y,Y — X) in the above definition is indepen-
dent of the choice of the tubular neighborhood.

Lemma 8.10 justifies the above definition. Before proving it we quote a useful
Lemma from [69].

Lemma 8.9 Let X be a differentiable stack and M a smooth manifold. Let
f: M — X be a continuous map (i.e., a morphism of underlying topological
stacks). Then, there exits a differentiable atlas q: X — X such that f lifts

to a continuous map f: M — Y. If f is differentiable (i.e., a morphism of
differentiable stacks), then f can also be taken to be differentiable.

PROOF. The case where f is differentiable is Lemma 3.10 of [69]. The case

where f is only continuous is proved using the same argument given in loc. cit.
O
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Lemma 8.10 Notation being as in Definition 8.8, the class ¢ € H*(2),2) — X)
is unique (if it exists).

Proor. The statement is true when %) is a manifold. So, it follows that if
C1,Cy € Hk(Q),Q) — X) are two such classes, the difference d := & — ¢ has
the property that ¢*(d) € H*(Y,Y — X) is zero for every differentiable atlas
q:Y — ). We claim that this can only happen if d = 0.

Suppose that d € H*(2),2) — X) is a nonzero cohomology class. Choose a
classifying space ¢: Yy — 2) for 2) (see Section 2.2). Then ¢*(d) € H*(Yy, Yo —
Xp) is nonzero, where Xy = ¢~ 1(X) C Y. We can find a finite simplicial
complex K and a map f: K — Yj such that f*¢*(d) € H¥(K,K — L) is
nonzero, where L = f~1p~1(X) C K. By embedding K in some Euclidean
space and choosing a small tubular neighborhood M of K which retracts to K,
we obtain a manifold M and a continuous map g: M — Yj such that g*¢*(d) is
nonzero. Therefore, we have succeeded in finding a manifold M and a morphism
(of topological stacks) ¢ o g: M — Q) which sees d. It follows from Lemma 8.9
that the map ¢ o g: M — 9) factors through a differentiable atlas ¢: ¥ — 9).
So, ¢ also sees d, that is ¢*(d) € H*(Y,Y — X) is nonzero, which is what we
wanted to prove. [

Definition 8.11 We say that an embedding X — 9) of differentiable stacks is
a regular embedding if for every orientation class p € H"(M, 9N — X) (i.e., a
Thom class as in Definition 4.1), there is a class i € H"(2),2) — X) compatible
with it in the sense of Definition 8.8. Here, 91 = 9% /9 is the normal bundle to
X in Q) and n is its rank.

Lemma 8.12 Regular embeddings enjoy the following properties:
1. Any embedding of smooth manifolds is a reqular embedding.

2. Any embedding i: X — ) which admits a tubular neighborhood (Definition
8.5) is a regular embedding.

PROOF. By excision, H*(9, 0 — X) = H*(2),2) — X). This implies (2), and (2)
implies (1). O

Lemma 8.13 (Composition) Ifi: X — 9 and j: Y — 3 are regular em-
beddings, then joi: X — 3 is also a regular embedding. Moreover, if u; €
H™(Nx /9, Ny /g —X) and p; € H"(My /3, Ny /3 —) are orientations (Defini-
tion 4.1) and fi; € H™(9),9 — X) and ii; € H™(3,3 —9) are the corresponding
compatible classes, then the induced orientation [ijo; € Hm+"(‘ﬁx/3, Ny/3—X)
(see Lemma 4.9 and Ezxample 3.8) is compatible with [i; - [i;, where the latter
product is the one of Proposition 2.8. In other words, Trjo; = i - [i-

PROOF. As we saw in Example 3.8, we have a short exact sequence

0— Nae/z) — Nx/3 — i*Ng)/‘g —0
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of vector bundles over X. By Lemma 4.9, the orientation classes y; and 7",
induce an orientation class fijo; := pi - p*i*(p;) on Nx,3, where p stands for
the map of pairs (Nx,3, Nx/3 — Nx/9) — (i*Ny,3,i* Ny 3 — X). To prove the
lemma, we have to show that 7i; - i is compatible with p;0;. By definition of
compatibility, it is enough to verify this after pulling back everything along an
atlas Z — 3. That is, it is enough to prove the lemma in the case of smooth
manifolds. By choosing a suitable tubular neighborhood for the embedding
X — Z, we can further reduce to the case where the given embeddings are zero
sections of vector bundles, in which case the result is trivial. [

Lemma 8.14 (Pullback) Consider the 2-cartesian diagram

x -y

pi K

Suppose that i is a reqular embedding and q is a submersion (Definition 8.1).
Then, i’ is a regular embedding. Furthermore, if p € H"(Nx 9, Nx/9 — X)
is an orientation class and i € H™(,2 — X) is compatible with u, then
q* (1) is compatible with the pullback orientation on MNx: /g = p*Nx /g . Here,
g : H(9,9-X) — H™"(Y',Y' —X') is the induced map on relative cohomology.

PROOF. It follows from the definition of compatibility (Definition 8.8) that an
embedding i: X — 9 is a regular embedding if and only if its base extension
along every atlas Y — %) is. This, combined with Lemmas 8.3.1 and 8.4, proves
the lemma. O

In the above lemma, the case we are particularly interested in is where ¢ is
an affine bundle (e.g, when ¢ is the base map of a vector bundle, see Example
8.2.3).

8.3 Normally nonsingular morphisms of stacks and ori-
ented stacks

Definition 8.15 We say that a representable morphism f: X — ) of stacks is
normally nonsingular, (nns for short), if there exist vector bundles 9t and &
over the stacks X and ), respectively, and a commutative diagram



where s is the zero section of 91, 7 is an open embedding, and € is oriented. When
N is also oriented, we say that the diagram is oriented. (For the definition
of on orientation on a morphism f see Definition 8.21 below.) The integer
¢ =1k — rk & depends only on f and is called the codimension of f. (Note
that in the case where € is of rank zero this coincides with Definition 8.5, so f
admits a tubular neighborhood.)

A diagram as above is called a normally nonsingular diagram for f. The
vector bundle 91 is a tubular neighborhood of X in € in the sense of Definition
8.5.

The following are two extreme examples of nns morphisms.

Example 8.16 Let X be a topological stack and & a vector bundle over X. Let
s: X — € be the zero section. Then, the diagram

¢ S @

ST \Lid

36?(8

is an nns diagram for s. Here, we are regarding € as a rank zero vector bundle
over itself. The diagram is oriented if and only if € is. The codimension of s
is equal to rk €. (For future use, let us also record the fact that s is a strongly
proper morphism.)

Example 8.17 Let X be a topological stack and & an oriented vector bundle
over X. Let p: € — X be the base map. Then, the diagram

¢ L ¢

ol

¢ — X

p

is an oriented nns diagram for p. Here, we are regarding & as a rank zero vector
bundle over itself. The codimension of p is equal to —rk . The normal bundle
and the tubular neighborhood of & in & are both € itself.

Proposition 8.18 Let G be a compact Lie group, and X and Y smooth G-
manifolds, with X = [X/G] and 9 = [Y/G] the corresponding quotient stacks.
Assume further that X is of finite orbit type. Then, for every G-equivariant
smooth map X — Y, the induced morphism f: X — 2 of quotient stacks is
normally nonsingular.
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PRrROOF. First we claim that, there is a vector bundle U — BG and a smooth
embedding j: X — U, as in the following commutative diagram:

7

%?@%BG

Y

This statement is equivalent to the fact that every G-manifold X of finite orbit
type embeds G-equivariantly into a linear G-representation V' ([11], Section
II, Theorem 10.1). We can arrange for the G-action on V' to be orientation
preserving by simply replacing V with V @& V.

Let & := 9 Xpg U be the pullback of U over ). We obtain the following

commutative diagram

¢
(f:3) i
P
79
Observe that (f, ) is a smooth closed embedding (this can be checked by pulling
back the whole picture along a chart, say *+ — BG, for BG). Let 2 be the
normal bundle of (f,7)(X) in €. By the existence of G-equivariant tubular

neighborhoods ([11], Section VI, Theorem 2.2), we find a vector bundle 91 over
X and an open embedding i: 91 — € making the following diagram commutative:

mc_i>@

4
ST (f.9) J{p

This is exactly what we were looking for. [J

Example 8.19 The action of a finite group on a manifold has finite orbit type.
More interestingly, the action of a compact Lie group on a manifold whose Z-
coefficient homology groups are finitely generated has finite orbit type. This is
Mann’s Theorem, see [11], Section IV.10.

Definition 8.20 Let f: X — 2) be a strongly proper morphism. A bivariant

class 0 € H(X N ), not necessarily homogeneous, is called a strong ori-
entation if for every g: 3 — X, multiplication by € induces an isomorphism

H(3 % x) = H(3 2% 9).

The above definition can be made for every adequate morphism in a (gen-
eralized) bivariant theory. However we do not need this generality.
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Definition 8.21 A strongly proper morphism f: X — ) of topological stacks
is called strongly oriented, if it is normally nonsingular and it is endowed
with a strong orientation 6y € H(f), where ¢ = codim f; see Definition 8.15.
A topological stack X is called strongly oriented if the diagonal A: X — X x X
is strongly oriented. In this case, we define dim X := codim A.

Remark 8.22 As we have avoided the discussion of 2-vector bundles in this
paper, we will not give an intrinsic definition of orientation in terms of the
tangent 2-vector bundle of a differentiable stack X. However, we point out that
an orientation for X (in the bivariant sense) amounts to an orientation for the
“tangent complex” of X, by which we (rather imprecisely) mean the anchor
map E 2 TX of the Lie algebroid associated to a Lie groupoid presentation
[X1 = X] for X; see Example 3.4. (By an orientation on a complex V4 — Vj of
vector bundles on a manifold we simply mean an orientation on Vi & V. Note
that this sloppy definition works because we are using singular (co)homology.)
Conversely, assuming that A: X — X x X has a normally nonsingular diagram
as in Definition 8.15, an orientation for E % T'X gives rise to an orientation for
A (hence, by definition, for X).

Lemma 8.23 Let f: X = Q) and g: Y — 3 be strongly proper morphisms, and
let 0 € H(f) and ¢ € H(g) be strong orientation classes. Then, 0 -1 is a strong
orientation class for go f: X — 3. (Note that go f is strongly proper by Lemma

6.4.)

Lemma 8.24 Let f: X — Q) be a strongly proper map and 0 € H(f) a strong
orientation class for it. Then multiplication by 6 induces an isomorphism
H(X) = H(f). If &/ € H(f) is another orientation class for f, then there
is a unique unit u € H(X) such that ¢’ =u - 0.

The following result states that an oriented normally nonsingular diagram
gives rise a canonical strong orientation.

Proposition 8.25 Let f: X — ) be a strongly proper morphism of topological
stacks equipped with an oriented normally nonsingular diagram. Then, f has a
canonical strong orientation class 6y € H°(f), where ¢ = codim f.

PROOF. The proof is essentially the same as the one given in [32]. (The ‘strongly
proper’ assumption is a technical condition we need to impose on f in order to
be able to multiply bivariant classes. This does not come up in [32] as they
only use trivial vector bundles when defining bivariant classes and the decent
condition of Definition 6.2 is automatic in this case.) O

Example 8.26 (Euler class) Let X be a topological stack and € an oriented
vector bundle over X. Let s: X — €& be the zero section. As we saw in Example
8.16, s is a strongly proper morphism equipped with a natural nns diagram.
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It follows from Proposition 8.25 that s has a canonical strong orientation class
6 € H™(s), where n = rk €. Consider the following 2-cartesian diagram:

x -5 x

al e

X = ¢
The pullback s*(0) € H™(idx) = H™(X) is the Euler class of €.

Lemma 8.27 Leti: X — Q) be an embedding of codimension n of differentiable
stacks. If i is mns then it is a regular embedding (Definition 8.11). In fact,
for any choice of orientation p € H™(I,N — X) for the normal bundle M =
Ny /9, the canonical strong orientation class 6; € H"(i: X — P) = H"(Y,Y —
X) (Proposition 8.25) coincides with the compatible class i € H™(,2 — X)
(Definition 8.8).

Proor. Pick an nns diagram
w s ¢

ST ip
for i. We have a natural isomorphism 90" = My . This gives rise to a split
short exact sequence
0—=MN—-N — Ex—0

of vector bundles over X. Recall that, by definition, & is oriented. By regarding
N as a vector bundle over N which is the pullback of &|x along the base map
N — X, we obtain isomorphisms

H (9,9 —X) = H*(€, ¢ - X) = H*7(€, € — js(X)),

where r = rk E. In the last equality we have used Lemma 4.7. Also, we have
isomorphisms

H* (O, — X) = H (0,00 — X) = H*V (€, € — js(X)),

where in the last equality we have used excision because 9V’ can be identified with
an open substack of € via j. Under the above identifications, the orientation
class pp € H™(M, 9 — X) corresponds to its compatible class g € H" (), — X)
and the strong orientation class §; € H"(i: X — ) = H"T"(&, € — js(X)).
(This latter equality is the very definition of bivariant cohomology.) O

The following proposition shows that any morphism between strongly ori-
ented topological stacks has a natural strong orientation. Proposition 8.30 shows
that this class is multiplicative.
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Proposition 8.28 Let f: X — ) be a strongly proper normally nonsingular
morphism of topological stacks, and assume that X and ) are both strongly
oriented (Definition 8.21). Let d = dimX and ¢ = dim®Q) — dimX. Then,
there is a unique strong orientation class 0y € H(f) which satisfies the equality
Of - Oy = (—1)0x - (05 x 0y), as in the diagram

X — 9

ol i@

%x%@x@

PRrROOF. By Proposition 8.25, there exists a strong orientation 8 for f. It is
easy to see that 6 x 6 is a strong orientation for f x f: X x X — 9 x 9.
By Lemma 8.23, 6 - 0y and 6x - (6 x ) are both strong orientation classes for
X — 9 x 9. Therefore, by Lemma 8.24, there is a unit u € H°(X) such that
0-0g = u-0x-(0x0). It follows that 6;: = (—1)°%u-6 has the desired property;
see Lemma 8.29 below. O

Lemma 8.29 Let X be a topological stack and 0 € H(X N X). Let
u,v € HY(X), and let u x v € H°(X) x H°(X) be their exterior product. Then,
0 -(uxv)=u-v-0, as classes in H(A).

PROOF. Since u x v = (u x 1) - (1 x v), it is enough to prove the statement in

the case where v = 1. Recall that u x 1 is defined via independent pullback in
the righthand square in the diagram

X —— XxX —/—— X

A pry
@lid @lid idl@
X —2> xxX 2> %

The equality follows from the skew commutativity of the bivariant theory ap-
plied to the lefthand square. [J

Proposition 8.30 Assume f: X — 9 and g: ) — 3 are strongly proper
normally nonsingular morphisms of strongly oriented topological stacks. Let
0 € H(f), ¢ = codim f, and 0, € H%(g), d = codim g, be the strong orienta-
tions constructed in Proposition 8.28. Then, go f is a strongly proper normally
nonsingular. Furthermore, 0¢ - 05 = Og405.

ol



PROOF. By Lemma 6.4, g o f is strongly proper. Consider the normally non-
singular diagrams for f and g

mis ¢ s 3

[

X9 9 53

By adding a vector bundle to &, we may assume that € = ¢g*(&') for some
orientable vector bundle & over 3. The following is a normally nonsingular
diagram for g o f

Fmen s zoe

T !

ST

where k is the composite
* (pr,i) (jvpr) ,
fMmen —— MmMepe —> Fo.

This proves that g o f is normally nonsingular.
The equality 0 - 0, = 040 follows from the identity in Proposition 8.28. [

If X is strongly oriented (Definition 8.21), its iterated diagonals A : % —
X™ are strongly proper (Example 6.3).

Corollary 8.31 Let X be a oriented stack. Then the diagonals A : X — X"
are canonically strongly oriented.

Proposition 8.32 Notation being as in Proposition 8.18, assume further that
X and Y are oriented and that the G-actions are orientation preserving. Then,
every normally nonsingular diagram for f: X — ) is naturally oriented. In
particular, when f is strongly proper, we have a strong orientation class 05 €
He(f), c=dimY —dim X. Furthermore, this class is independent of the choice
of the normally nonsingular diagram.

PrROOF. Let us first fix a notation: given a manifold X with an action of G, we
denote [TX/G] by TX. (So, TX does depend on X, and not just on X. Since
in what follows all stacks are quotients of a G-action on a given manifold, this
should not cause confusion.)

Consider a normally nonsingular diagram
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as in the proof of Proposition 8.18. We show that 91 is naturally oriented. By
Lemma 4.9, there is a natural orientation on T'€, because it fits in the following
short exact sequence

0—-p'€—=TE - p'TX — 0.

In particular, we have an orientation on f*(T'€). We have an isomorphism of
vector bundles over X
TX N f*(Te).

It now follows from Lemma 4.8 that 91 also carries a natural orientation. This
proves the first part of the proposition. In particular, when f is proper, we
obtain a class 6y € H°(X N 92)) as in Proposition 8.25.

Now, we show that the class 6 is independent of the normally nonsingular
diagram above. Consider another oriented normally nonsingular diagram for f

D A

4 e

We have to show that the following diagram commutes

H*(X) —> H*"&%(g ¢ - X)

:i F

H'(f{) = H'+rkm({§'7{§'—f{)

where the horizontal isomorphisms are the one of Proposition 8.25, and the
vertical isomorphism is the one of Lemma 6.5. First we prove a special case.

Special case. Assume € = §, and is = ¢j. In this case, we can choose a third
vector bundle £ — X and an open embedding k: £ < & that factors through
both 9t and 99t. The two orientations induced on £ from 2t and N, as in Lemma
4.11, are the same (because they are equal to the orientation induced from €&,
as described above). The claim now follows from the commutative diagram of
Lemma 4.11 (applied once to the open embedding £ < 9% and once to the open
embedding £ — ).

General case. To prove the general case, we make use of the following auxiliary
oriented nonsingular diagrams:

ne g P eoz Mo e P zge
(s,m’[ i (m)T i
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Here, the two maps pr stand for the projection maps f*§ = X x9 § — § and
f*€ = X x99 € — €. Let us denote the ranks of &, §, 91, and M by e, f, n,
and m. (Hopefully, presence of two different f in the notation will not cause
confusion!) The first normally nonsingular diagram gives rise to the following
commutative diagram of isomorphisms:

7

/M

H*(X) — H*"™HMaf3Nef§-%X) — H TV (Eag ecas—23)

| | -

o )

H*(X) ————— H*"™"M,N-%) ————> H*'"(¢ ¢-X%)

The commutativity of the left square is because of Lemma 4.10, and the commu-
tativity of the right square is because Thom isomorphism (vertical) commutes
with excision (horizontal).

Similarly, the second normally nonsingular diagram gives rise to the following
commutative diagram of isomorphisms

¥

/“,_,__...-—-——-'——"‘-—‘*-—M
H*(X) —> H*™™ (Mo ffe, Mo f¢—%) —> HI"GFoe,5oc—23)

| | -

H*(X) = H+H™ (0, 9 — X) = H*"™(3,5 — %)

On the other hand, using the special case that we just proved, the two
normally nonsingular diagrams give rise to the following commutative diagram:

H*(X) —— H*"t(¢aF caf-X)

:J/ iz

H*(X) = H"""*"Fo¢,Foc-X)

The general case now follows from combining this diagram with (the other
rectangles) of the previous two diagrams. [

Corollary 8.33 Let X be a stack that is equivalent to the quotient stack [X/G]
of smooth orientation preserving action of a compact Lie group G on a smooth
oriented manifold X having finitely generated homology groups. Then, the di-
agonal X — X x X is naturally oriented. In particular, the diagonal of the
classifying stack BG of a compact Lie group G is naturally oriented.
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Remark 8.34 Let X, 2 and f be as in Proposition 8.32. There are two ways
of giving a strong orientation to f. Either we can use Proposition 8.32 directly,
or we first apply Corollary 8.33 to endow X and 2) with a strong orientation,
and then apply Proposition 8.28. The orientations we get are the same for f.
We denote 0 this strong orientation.

Proposition 8.35 Let X be a paracompact orbifold whose tangent bundle (Ex-
ample 3.4) is oriented. Then the diagonal ¥ — X x X is strongly oriented and
in particular, X is naturally oriented.

Proor. Locally, we can find a tubular neighborhood for the diagonal. The
result follows using partition of unity. [

9 Gysin maps

As in [17, 23, 25], the main step in our construction of the BV-structure on
the homology of the loop stack is the systematic development of Gysin maps
for oriented morphisms of stacks. To this end, we use (a slightly generalized
version of ) Fulton-MacPherson’s bivariant theory. This is in spirit very close to
Chataur’s bordism approach which relies on Jakob’s bivariant theory for differ-
entiable manifolds [17], although bivariant theories are not explicitly mentioned
in [17].

9.1 Construction of the Gysin maps

We recall the construction of Gysin homomorphisms associated to a bivariant
class [32].

Fix an element § € H* (X N ). Let u : Y’ — 9 be an arbitrary morphism
of topological stacks and X’ = X xg 2)’ the base change given by the cartesian
square:

X =9 (9-1)

Then 0 determines Gysin homomorphisms
0': Hy(Y') — H;—i(X')

and ‘ o
0: H(X') — HTT(D).

For the cohomology Gysin map, we need to assume that f’ is adequate. These
homomorphisms are defined by

Gl(a) = (u*(@)) ~a, for a€ H;(Q') = H7(Y' — pt),
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and .
6i(b) = fL(b-u*()), for be HI(X)=H/(X % x').

The homology Gysin map is defined because the map X' — x is adequate (see
Example 7.6).

9.2 Standard Properties of Gysin maps

By Proposition 8.25, when the map f: X — ) in Diagram (9.1) is strongly ori-
ented, it has a canonical strong orientation 6. In this case, we have a canonical
Gysin morphism

fli=(05)"s Ho(Y') = Heo(X'),

where ¢ is the codimension of f. In this subsection we collect some of the
standard properties of these Gysin morphisms.

1. Functoriality. Assume given a commutative diagram of cartesian squares

¥ —=9 — 3 (9-2)

oo

x 9 23
with f: X = 2 and ¢g: 9 — 3 strongly oriented of codimensions ¢ and d,
respectively. Then, the induced Gysin morphisms f': He(Q)') — He_(X')
and ¢': He(3') — He_q(2)') satisfy the functoriality identity
(gof) =1"og.

2. Naturality. Assume given a commutative diagram of cartesian squares

X — (9.3)

Ul |

¥ —

Lo

!
X — 9
with f strongly oriented. Then, the induced Gysin morphisms satisfy

v*of!:f!ou*.

96



3. Commutation with cross product. Given two cartesian squares

X — X — 95
! e e
k) i DI X2 RLN 22

consider the induced product square

X x X, — 9] x9; (9.4)

J{ \Lulxug

X1 x Xa Ll D1 X D2

If f1 and fy are strongly oriented, then so is f1 x fo. Moreover, the three
Gysin morphisms satisfy the equation

(f1x f2) (= x =) = fi'(=) x fo'(=).
4. Commutation with pullback. Given a cartesian square

¥ s g (9.5)

Lo

x -9
with f strongly oriented and 3’ € H*(%)'), we have
f!(y/ N _) _ (_1)deg(y/)Codim(f)f/*(y/) N f!(_)~

Proof of Properties 1,2,3 and 4

Everything follows from the axioms of a bivariant theory. By Proposi-
tion 8.30, the products of two strongly oriented maps is canonically strongly
oriented. Thus Property 1 follows from Axiom A13. Property 2 is Axiom A3
followed by Axiom A123. Taking direct products of vector bundles shows that
strongly proper and normally nonsingular morphisms are stable by products.
Hence Property 3 follows from the definition and naturality of the cross prod-
uct (Proposition 7.8). Property 4 is a consequence of the skew-commutativity.

Remark 9.1 (Cohomology Gysin maps) When in Diagram (9.1) f’ is ad-
equate, there is an induced cohomology Gysin map f': H®(X') — H*t¢()).
Properties 1,2,3 and 4 above have obvious analogs in cohomology when all the
relevant maps involved are adequate. Recall that a strongly oriented map is
strongly proper hence adequate.

o7



Remark 9.2 We have emphasized the case of strongly oriented maps for sim-
plicity and because it is sufficient for our purpose. Nevertheless, by pullback
axiom, any bivariant class § € H"(f) yields a bivariant class v*(8): H"(f’) and
thus a Gysin map He(Q)') — He_,(X’). Properties 1,2,3 and 4 above will hold
true in this more general setting.

9.3 A special case: G-equivariant Gysin maps

Let M, N be oriented compact manifolds and G a Lie group acting on M, N
by orientation preserving diffeomorphisms. By Proposition 8.32, if f: M — N
is a G-equivariant map, then f is canonically strongly oriented. Gysin maps for
equivariant (co)homology were already considered, for example, by Atiyah and
Bott [4].

Proposition 9.3 The Gysin maps fi, ' associated to f in (co)homology coin-
cide with the equivariant Gysin maps in the sense of Atiyah and Bott [4].

PROOF. Gysin map in [4] are obtained by the use of fiber integration and Thom
classes over the spaces Mg = M Xg EG and Ng = N Xg EG. These spaces
are respectively classifying spaces of the stacks [M/G] and [N/G] and thus are
respectively the pullbacks [M/G] x[.,q) BG, [N/G] X[+;q) BG. The pullback of
the normally nonsingular diagram of Proposition 8.18 along the natural maps
[M/G] X[xyq) BG — [M/G] and [N/G] X[,/q) BG — [N/G] yields a bundle
Ng = N X[4/q) BG over Mg and a bundle €g = € x|, ,q) BG over Ng. This
defines a nonsingular diagram for the induced map fg: Mg — Ng. Unfolding
the definition of bivariant classes, it is straightforward to check that the Gysin
map associated to the strong orientation class of Proposition 8.32 is induced by
the Thom isomorphism associated to the bundle Mg over Mg. O

Let G be a subgroup of a finite (discrete) group H. Let Y be a manifold
endowed with a (right) H-action (and thus a G-action). Consider the quotient
stacks [Y/G] and [Y/H]. There are well known “transfer maps” tr§: HH (V) —
HE(Y) (see [9])

Lemma 9.4 When G is a finite group, the Gysin map associated to the carte-
stan square

Y/G] — [Y/H]

i !

[x/G] — [+/H]

where the lower map is induced by the inclusion G — H, is the usual “transfer
map” HE(Y) — HE(Y) in equivariant homology.
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Proor. The space Y x H is endowed with a natural right H-action given by
(y,h).k = (y.k,k~1h) as well as a right G-action (y,h).g = (y,hg). These two
actions commutes hence we can form the quotient stack [Y x H/H x G] =
[Y x (H/G)/H]. Clearly the map (y,h) — yh is equivariant with respect to
the G action on the target and H x G-action on the source. One easily checks
that this map induces an equivalence [Y x (H/G)/H]| & [Y/G]. We are thus
left to study the Gysin map of an equivariant covering with fibers the set H/G.
The argument of Proposition 9.3 easily shows that it coincides with the usual
transfer maps for coverings by a finite group and thus with the transfer. [

Assuming we take coefficient in a field of characteristic coprime with |H| for
the singular homology, we have

Ho([Y/H]) = H(Y) = (Ho(Y)) -

In that case, the map tr : (H.(Y))H — (H (Y))G is explicitly given by

trG(z) = h.x. (9.6)
G

L ]
heH/

9.4 The excess formula

The main result of this subsection is the following.

Proposition 9.5 (Excess formula) Consider the 2-cartesian diagram

%ICL. 2)/

s

in which i and j are reqular embeddings with normal bundles M, N, respectively.
Let € = p*(M) /M be the excess bundle (see Section 3.2). Fix orientations on N
and N and endow € with the induced orientation as in Lemma 4.9. (In the case
where N and N have equal ranks the orientation on N is uniquely determined
by the one on N.) Let 0; € H*(Y,Y —X) = H" (i) and 0; € H*(Y',Y' - X') =
H"™ (7) be the classes compatible with the orientations on M and N, respectively
(Definition 8.8). Then,

where e(€) € H*(X') is the Euler class of € (see Example 8.26).

PROOF. In the case where ¢ is a submersion, the proposition follows from Lem-
mas 8.4 and 8.14. We use this to reduce the problem to the case of manifolds.
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By Lemmas 8.4, 8.10, and 8.14, and the fact that bivariant product com-
mutes with pullback, it is enough to prove the formula after passing to an
arbitrary atlas Y’ — 2)’. So, we may assume that )’ =: Y’ and X’ =: X’ are
smooth manifolds. By Lemma 8.9, we can find an atlas Y — ) through which
q: Y’ — 9 factors. Since the atlas Y — 9) is a submersion and the proposition
is true for submersions, we may assume, after pulling back everything along
Y — 9, that P =: Y and X =: X are also smooth manifolds. From now on, we
use the notation N, N’ and FE instead of 91, 97 and €&.

We are reduced to proving the result in the case of manifolds. Since q: Y’ —
Y factors as the composition

v Sy Yy sy

of an embedding and a submersion, it is enough, by functoriality of pullbacks,
to consider the cases where ¢ is a submersion and ¢ is an embedding separately.
The former case is easy, as € is the zero bundle and ¢*(6;) = 6, by Lemma 8.14.

It remains to prove the proposition in the case where ¢ is an embedding.
By choosing appropriate tubular neighborhoods, we reduce to the case where
Y = F is a vector bundle over X and i: X — F' is the zero section. We may
also assume that X’ is a submanifold of X and Y’ = N’ is a vector bundle over
X’ which is a subbundle of F|x/, having zero section j: X’ — N’. Moreover,
after choosing a metric on F, we may write F'|x, = F @& N’. Finally, replacing
F with F|x/, we may assume that X = X’. Summarizing all the reduction
we have made, we are in a situation where we have a manifold X, with vector
bundles N’ and F on it, so that the 2-cartesian square of the proposition has
the form

x I
p:idi/ iq
X &~ EoN

Here, the horizontal maps are zero sections and ¢ is the inclusion of the summand
N’. We expand this square to the 2-cartesian diagram

J

X(id X( N/

idl l |s

X s FC—s EFaoN
\—/

%

where s stands for the zero section. Let g be the strong orientation class of
X — E, and ¢’ the strong orientation class of £ — E & N’. By Lemma 8.13,

we have 0; = 0 - 6/. Then, since pullback respects bivariant product, and
s*(0g) = e(E) (Example 8.26), we find

q"(0:) = e(E) - ¢"(0).
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Making the rightmost square in the above diagram upside down and using the
obvious projection maps, as in the diagram

E“~ EgoN

i I

XC—j)N/

we see that E — E @ N’ has 7*(0;) as its canonical strong orientation, that
is ' = 7*(#;). Hence, ¢*(0') = 6;, and the above displayed formula becomes
q*(0;) = e(E) - 6;, which is the desired excess formula. O

It is worth noticing that when ¢ and j are nns, then, by Lemma 8.27, the
classes §; € H"(i: X -+ 9) and 0; € H"(j: X' — 2)’) are precisely the canonical
strong orientations constructed in Proposition 8.25.

The following immediate corollary of Proposition 9.5 is useful in computing
Gysin maps.

Corollary 9.6 Consider the 2-cartesian diagram

}t// s 9;)//
J /
X — 92
pi iq
in which the lower square is as in Proposition 9.5. Let n and n' be the ranks of
N and N respectively. Let
i’ Ho(D") = He_n(X"),

j! : Ho@j//) — He_ps (:{H)

be the corresponding Gysin maps. Then, for any ¢ € Ho(2)") we have the
equality

-l * .|

i(c) =u"e(€)-j (c).

In particular, if q is transversal to i (e.g., when q is a submersion), then i' = j'.

10 The loop product

In this section we consider (Hurewicz) strongly oriented stacks (Definition 8.21).
We obtain a loop product on the homology of the free loop stack of an oriented

61



stack which generalizes Chas-Sullivan product for the homology of a loop man-
ifolds [15]. Recall that a stack X is called strongly oriented if the diagonal
A: X — X x X has a strong orientation class (Definition 8.20). For instance,
oriented manifolds and oriented orbifolds are oriented stacks. More generally,
the quotient stack of a compact Lie group acting by orientation preserving au-
tomorphisms on an oriented manifold is an oriented stack.

Note that it is possible to have two different group actions, say a Lie group G
acting on a manifold X and another Lie group H acting on another manifold Y,
which give rise to the same quotient stacks, i.e., [X/G] = [Y/H]. By definition,
our notion of orientation, as well as our construction of the loop product (and all
other string operations that we construct), are independent of the choice of the
presentation and only depend on the resulting quotient stack. Put differently,
and slightly more generally, what we do is we use a Morita invariant notion of
orientation for Lie groupoids, and for such oriented Lie groupoids we construct
Morita invariant string operations.

10.1 Construction of the loop product

Let X be a Hurewicz oriented stack of finite dimension d. The construction of
the loop product
H,(LX) ® Ho(LX) — Ho (LX)

is divided into 3 steps.
Step 1 There is a well-known external product (called the “cross product”)

Hy(LX) ® Hy(LX) -2 Hppo(LX).

Step 2 The diagonal A: X — X x X and the evaluation map evg : LX — X (5.1)
yield the cartesian square

LX xxL¥ — LX xLX (10.1)
i/ \L(GVO,QVO)
A
X — XxX

We will usually denote by e : LX x LX — X x X the map (evg, evp). Since
X is Hurewicz, Corollary 5.3 implies that there is a natural equivalence of
stacks

LX xx LX = Map(8, X),

where the figure “8” stands for the topological stack associated to the
topological space S' Vv S'. The wedge S' V S! is taken with respect to
the basepoint 0 of S!. Since X is oriented, its diagonal A: ¥ — X x X
is oriented normally nonsingular and according to Section 9.1, there is a
Gysin map

A': Hy(LX X LX) = He_g(LX x5 LX) = H,_4(Map(8, X)).
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Step 3 The map S' — S' v S! that pinches % to 0, induces a natural map of
stacks m : Map(8,%) — LX, called the Pontrjagin multiplication. Hence
we have an induced map on homology

my: He(Map(8,%X) — Ho(LX).

We define the loop product to be the following composition

Hy(LX) @ Hy(LX) 2 Hpyo(LX x LX) S Hy g a(Map(8,%)) 25 Hpsq_q(LX).
(10.2)

Theorem 10.1 Let X be an oriented (Hurewicz?) stack of dimension d. The
loop product induces a structure of associative and graded commutative algebra
for the shifted homology He (LX) := Heiq(LX).

The loop product is of degree d = dim(X) because the Gysin map in-
volved in Step 2 is of degree d. If we denote He (LX) := Heyqimx)(LX) the
shifted homology groups, then the loop product induces a degree 0 multiplica-
tion He (LX) ® He (LX) — H,e(LX).

Indeed one can introduce a “twisted” version of loop product. Let « be a
class in @, H"(LX xx LX). The twisted loop product

%ot He(LX) @ Ho (LX) — Ho(LX)
is defined, for all z,y € Ho(LX),
T ke Y = m*(A!(x Xy)Na).
Remark 10.2 The twisted product *, is not graded since we do not assume «

to be homogeneous. However, if a € H"(LX xx LX) is homogeneous of degree
r, then *.: He(LX) ® He(LX) — He_4— (LX) is of degree r + dim(X).

Let us introduce some notation. We denote, respectively,
P12, Po3: LX X LX xx LX — LX x5 LX

the projections on the first two and the last two factors. Also let
(mx1): LX xx L¥ x5 LX - LX xx LX

and
(I xm): LX x5 LX xx LX — LX x5 LX

be the Pontrjagin multiplication of the two first factors and two last factors
respectively. Furthermore, there are flip maps

o: LX x LX — LX x LX,

0: LX xx LX - LX xx LX
permuting the two factors of LX x LX.

2Recall that every differentiable stack is Hurewicz.
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Theorem 10.3 Let o be a class in @, H"(LX xx LX).
1. If o satisfies the 2-cocycle condition
Pia(@) U (m x 1)*(a) = pyz(e) U (1 xm)"(a) (10.3)

in H*(LX xx LX xx LX), then %, : He(LX) ® Ho(LX) — Ho(LX) is
associative.

2. If « satisfies the flip condition o*(a)) = «, then the twisted Loop product
*q : H(LX) @ H(LX) — H(LX) is graded commutative.

Example 10.4 If E is an oriented vector bundle over a stack X it has a Euler
class e(F). Note that the rank may vary on different connected components of
X. In particular, any vector bundle E over LX xx LX defines a twisted loop
product xg := *py: H(LX) ® H(LX) — H(LX). Moreover, 6*(e(E)) = e(E)
whenever 0*E = E. Since identities between Euler classes are equivalent to
identities in K-theory we have:

Corollary 10.5 Let X be an oriented (Hurewicz) stack and E a vector bundle
over LX xx LX.

1. If E satisfies the cocycle condition
P12(E) + (m x 1)*(E) = p33(E) + (1 x m)*(E)
in K-theory, then xg is associative.

2. If6*E = E, then the twisted Loop product xg : H(LX)® H(LX) — H(LX)
s graded commutative.

Remark 10.6 Let M be an oriented manifold and G a finite group acting
on M by orientation preserving diffeomorphisms and X = [M/G] be the as-
sociated global quotient orbifold. Using Proposition 5.9, Proposition 9.3 and
the argument of the proof of Proposition 17.10 below to identify evaluation
maps and Pontrjagin map, it is straightforward to prove the Loop product
* : He (LX) ® Ho (LX) — H,o (LX) coincides with the one introduced in [50].

10.2 Proof of Theorems
The Pontrjagin multiplication m : Map(8,%) — LX is induced by the pinch

map S — SV S The latter is homotopy coassociative, thus there is a chain
homotopy equivalence between

m(m x id): Co(LX x5 LX xx LX) = C4 (LX)

and m(id xm). This proves the next lemma:
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Lemma 10.7 The Pontrjagin multiplication satisfies

my ((id x m),) = my ((m x id).).

Proposition 10.8 The loop product Hy(LX) @ He(LX) = Ho_4(LX) is asso-

ciative.
PRrOOF. It is well known that the cross product is associative so that
S Hy(LX) ® Ho(LX) ® Ho(LX) — Ho(LX x LX x LX)
is equal to both S(S x 1) and S(1 x S). We write m(? for the iterated map
ma(m X 1), = mu(1 X m),
as in Lemma 10.7 and A the iterated diagonal
AA X 1) =A(1 x A): X — X*3.

Also let e(®): Lx*3 — %*3 denote the product evy x evg x ev of the evaluation
map on each component. It is enough to prove that, for all z,y, z € He(LX),

!
(roy)ez=mP (AP (zxyxz))=ze(yez).
The first equality is given by the commutativity of the following diagram:

H(LX) ® H(L¥) ® H(LX)
s(2)

se1y T

(2)!
H(LX x LX) @ H(LX) ——> H(LX x LX x LX) 2> H(LX xx LX xx LX)
alety (3) yaxi! (1) |

H(LX xx LX) ® H(LX) 2> H(LX xx LX x LX) 5 H(LX xx LX xx LX)

(2)

m.@1y (mx 1) @) ymx1 p\

H(LX) ® H(LX) —> > H(LXxLX) —2 > H(LX xxLX) > H(LX).

(10.4)
The commutativity of the bottom left square follows from the naturality of

the cross product, and the bottom right triangle from the associativity of m,

according to Lemma 10.7. The three remaining squares commutes thanks to
the following reasons:

Square (1) There is a diagram of cartesian squares

LX Xy LX xxLX — LX xxLXxLX — LX xLXxLX

\L l/é?ﬁxevo \Le(2)

x 2 Txx — 2 xxxx

Thus the commutativity follows from the functoriality of Gysin maps.
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Square (2) Note that the map evy in square (1) is equal to evgom. The
commutativity follows, by naturality of Gysin maps, from the tower of
cartesian diagrams:

LX xx LX xx LX —> LX xxLX xLX

m’;ﬁi \mel

LX xx LX ——— LX xLX

| !

X X xX.

Square (3) It is commutative by compatibility of Gysin maps with the cross
product.

Hence it follows that, for all z,y,z € H(LX), one has (z e y) @ z =
! !
m® (AP (2 x y x z)). One proves in a similar way the identity m® (A®) (z x

y X z)) =z e (yez) from which the equation (z e y) e z = e(y e 2) follows. [J

Proposition 10.9 The loop product He(LX) @ He(LX) 2 H, (LX) is graded
commutative.

PRrROOF. Essentially, this result follows from the homotopy commutativity of
the Pontrjagin map m : LX xx LX = Map(8,X) — X. More precisely we need
to prove that, for € H,(LX),y € Hy(LX), we have

My (A!(x xy)) = (=1)P(m, (A!(y X z)).

The tower of pullback squares

LX xx LX — LX xLX

7 |-

LX xz LX 9 LxxLx

i I

3€—>A XxX

implies that
G0 Al(z x y) = (=1)PIA (y x z).

Here 0: LX xx LX — LX x5 LX and 0: LX x LX — LX x LX are flip maps.
Hence the result follows from m, o 0, = m, in homology. The latter is an
immediate consequence of the existence of a homotopy between the pinch map
p: ST = S1v St and o op: S' = S v ST obtained by making the base point
0 € S* goes to % € S!. Passing to the mapping stack functor Map(—, X) yields
a homotopy equivalence between m o ¢ and m. O
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Remark 10.10 Note that the homotopy between the two pinch maps does not
preserve the canonical basepoints. Hence it is crucial to work with the free loop
stack (in other words with non pointed mapping stack functors) in this proof.

Proposition 10.11 If o € H*(LX xx LX) satisfies the cocycle equation (10.3),
then the twisted loop product xo: H(LX) @ H(LX) — H(LX) is associative.

Proor. We write
f1:LX xx LX x LX — LX xx LX,
f3 :LX X LX xx LX — LX xx LX
for the canonical projections. Also we have canonical maps
j3 : LX x5 LX x5 LX — LX xx LX x LX,
J1:LX x5 LX x5 LX — LX x LX xx LX.

Using the naturality of cup product and cross product, we can write an as-
sociativity diagram similar to (10.4) for x,, for which the only non obviously
commuting square is the one labeled by (1) which becomes

Nf3 ()
—

HLX x LE x LX) 2 H(LX x LX xx LX) H(LX x LX xx LX)
i/Axl! \LA!
H(LX xx LX x LX) H(LX xx LX xx LX)
i) [zt

Al Npia ()

H(LX xx LX x L¥) — H(LX xx LX xx LX) — H(LX xx LX xx LX).

Since Gysin maps commute with pullback, for any y € He(LX xx LX x LX),

Aynfi@) = Aly)n(fiods) (@
= Aly) N (mx 1) (o).

Similarly, A'(yN fi(a)) = A'(y)N (1 x m)*(a). From square (1) of diagram 10.4
we deduce that the commutativity of the square is equivalent to the identity

(A! oA X 1!) N(m x 1)"(a) Npiy(a) = (A! ol x A!) N (1 x m)*(a) N p3s()

— A®'A ((m x 1)*(a) Upis(a)) = A@' ((1 xm)* (@) Upsz(a)).

The last equality follows immediately from the 2-cocycle condition (10.3). O

Proposition 10.12 If 6*(a) = «, then the twisted loop product *,: H(LX) ®
H(LX) — H(LX) is commutative.

PROOF. The proof of Propositions 10.9 applies verbatim. [J
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11 Hidden loop product for family of groups
over a stack

The Chas-Sullivan product generalizes the intersection product for a manifold
M. Indeed, the embedding of M as the space of constant loop in LM makes
H, (M) asubalgebra of the loop homology and the restriction of the loop product
to this subalgebra is the intersection product [15].

In the context of stacks, there are more interesting “constant” loops, namely,
loops which, roughly, are constant on the coarse moduli space, but not necessar-
ily on the stack itself. In mathematical physics such loops are sometimes called
ghost loops. The ghost loops form a stack, called the inertia stack.

11.1 Hidden loop product

In this section we construct a hidden loop product for the inertia stack. From
the categorical point of view the inertia stack AX of a stack X is the stack
of pairs (z,¢) where z is an object of X and ¢ an automorphism of z. If X
is a Hurewicz topological stack then so is AX. However, if X is differentiable,
AX is not necessarily differentiable. Let X be a topological groupoid presenting
X. Let SX = {g € Xi1| s(g) = t(g)} be the space of closed loops. There is
a natural action of X on SX by conjugation. The associated transformation
groupoid AX = [SX x X; = SX] is called the inertia groupoid. It presents the
inertia stack AX. We have a morphism of groupoids evy: AX — X

evyp: [SX x X1 = SX] — [Xl = X()] (11.1)

which on the level of objects sends a closed loop g to its base point s(g) = t(g).
On the level of arrows, we have evg(g,7) = 7. The groupoid morphism evy :
AX — X induces the evaluation map

evp: AX - X (11.2)

on the corresponding stacks.

The construction of the hidden loop product can be made in 3 steps.

Step 1 The external product induces a map:

Hy(AX) @ Hy(AX) > H,yo(AX x AX).

Step 2 We can form the pullback of the evaluation map evg : AX — X along
the diagonal A: X — X x X, thus obtaining the cartesian square

AX xx AX —>= AX x AX (11.3)
\L J/(GVO,GVO)
A
X —— XxX.
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Again we denote by e : AX x AX — X x X the map (evp,evg). Since X
is strongly oriented, so is its diagonal A: X — X x X. Hence we have a
Gysin map:

A': Hy(AX x AX) = Ho_g(AX xx AX).

Step 3 The stack AX x x AX is known as the double inertia stack. Its objects are
triples (z, , 1) where x is an object of X and ¢ and 1 are automorphisms
of . On the groupoid level the stack AX xx AX is presented by the
transformation groupoid

[(SX X X, SX) A X1 = SX X Xo SX]

where X acts on SX x x, SX by conjugation diagonally. The double inertia
stack is endowed with a “Pontrjagin” multiplication map m : AX xx AX —
AX given by m(z, v, ¥) = (z,¢9). It induces a morphism on homology

my: He(AX X5 AX) — Ho(AX).

Composing the three maps in the above steps one obtains a product
*: Hy(AX) @ Hy(AX) = Hpyq—a(AX),

called the hidden loop product:

Hy(AX)® Hy(AX) S Hypr g (AX X AX) 2 Hpygo a(AX xxAX) ™S Hpyq a(AX). (11.4)

As for the loop product, the hidden loop product is a degree 0 multiplication
on the shifted homology groups: He(AX) = Heyq(AX).

Theorem 11.1 Let X be an oriented stack of dimension d. The shifted homol-
ogy He(AX) of the inertia stack is an associative graded commutative algebra.

Before proving Theorem 11.1, let us remark that the “Pontrjagin” map m :
AX xx AX — AX corresponds to the multiplication is associative. Thus, passing
to homology one has the following lemma.

Lemma 11.2 m,: Ho(AX xx AX) = Ho(AX) satisfies the associativity condi-
tion:
m*((id X m)*) = m*((m X id)*).

Less obvious is that it is also commutative: indeed there is a 2-arrow «

AX xx AX > AX (11.5)

[e3%

5

AX xx AX
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which associates to (z,,) in the double inertia the isomorphism ¢~*

r — (11.6)

between (z, o) and (z,1¥p) in AX.

PROOF OF THEOREM 11.1. Associativity follows mutatis mutandis from the
proof of Theorem 10.8, substituting LX with AX in the argument. Similarly,
the proof of Theorem 10.9 leaves us to proving that the induced map m, o
0: He(AX xx AX) — Ho(AX) in homology is equal to m,. Here again & is the
flip map. Passing to any groupoid X representing X and denoting AX xx AX =
[(SX X X, SX) x X1 = (SX X X, SX)}, it is enough to check that the induced
map
My 0 0x: He (AX xx AX) = H(AX)

in groupoid homology is equal to m,. At the level of groupoids, the 2-arrow «
of diagram (11.5) yields the identity

my(o(n1,n2)) = p(ng,n)

= (u(n1,n2))"™

for all z = (n1,n2,7) € (5X xx, SX) x X;. Here p : SX xx, SX — SX
is the restriction of the groupoid multiplication of X. Thus m,(o(n1,n2)) is
canonically conjugate to m.(ni,ns) and in a equivariant way. It follows that
after passing to groupoid homology, one has m, = m,oo. An explicit homotopy
h: Cp(AX xx AX) — Cp41(AX) between m, and m, o & at the chain level is
given by h = >""" ,(—1)"h; where

—1

hi((n1,n2),91,---,9n) = ((u(n1,n2))n2 R

<59 (g1 - -gi)_1n2(91 e Gi)s Git 1y agn)

—1

for i > 0 and ho((nl,ng),gl,. .. ,gn) = <(/L(’ﬂ1,’ﬂ2))n2 , N2, 01, .- ,gn). O

If o is a cohomology class in @, ., H"(AX xx AX), one defines the twisted
hidden loop product -

Ko He(AX) @ Ho(AX) — Ho(AX)
as follows. For any z,y € He(AX),

x*ay:m*(AI(xxy)ﬂa).
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We use similar notations as for Theorem 10.3: denote
P12, P23t AX Xx AX xx AX — AX xx AX

the projections on the first two and the last two factors

Proposition 11.3 Let a be a class in P, H"(AX xx AX).
1. If « satisfies the cocycle condition:
pra(a) U (mx1)"(a) = pa(a)U(lxm) (a) (11.7)

in H*(AX xx AX xx AX), then *o: H(AX) ® H(AX) — H(AX) is asso-
ciative.

2. If a satisfies the flip condition 7*(a) = «, then the twisted hidden loop
product o : H(AX) @ H(AX) — H(AX) is graded commutative.

PROOF. The argument of Proposition 10.11 and Proposition 10.12 applies. [J

Corollary 10.5 has an obvious counterpart for inertia stack.

Corollary 11.4 Let X be an oriented stack and E a vector bundle over AX X x
AX.

1. If E satisfies the cocycle condition
Pia(E) + (m x 1)*(E) = pa3(E) 4 (1 x m)*(E)
in K-theory, then xg is associative.

2. If6*E = E, then the twisted Loop product xg : H(AX)®H(AX) — H(AX)
is graded commutative.

11.2 Family of commutative groups and crossed modules

The hidden loop product can be defined for more general ”ghost loops” stacks
than the mere inertia stack. In fact, we can replace the commutative family
AX — X by an arbitrary commutative family of groups.

A family of groups over a (topological) stack X is a (topological) stack &
together with a morphism of (topological) stacks ev : & — X and an associative
multiplication m : & xx & — &. A family of groups & — X (over X) is said
to be a commutative family of groups (over X) if there exists an invertible
2-arrow « making the following diagram

Bxy® /> & (11.8)

P

QﬁXx@
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commutative. Clearly, the inertia stack is a commutative family of groups (see
Equation 11.6).

In the groupoid language, a nice class of commutative family of groups can
be represented by crossed modules as follows. A crossed module of (topological)
groupoids is a morphism of groupoids

Ny > Ty

Wl

No —= T

which is the identity on the base spaces (in particular Ny = T'g) and where
[N7 = Ny is a family of groups (i.e. source and target are equal), together with
a right action (vy,n) = n” of T on N by automorphisms satisfying:

1. For all (n,7) € N x 'y, i(n?) =y~ i(n)y;
2. For all (z,y) € N xp, N, 2'¥) = y~lay.

Note that the equalities in (1) and (2) make sense because N is a family of

groups. We use the short notation [N — T'] for a crossed module.

Remark 11.5 In the literature, groupoids for which source equals target are
sometimes called bundle of groups. Since we do not assume the source to be
locally trivial, we prefer the terminology family of groups.

Since a crossed module [N AN I'] comes with an action of T' on N, one

can form the transformation groupoid A[N A I := [Ny xT'y = Ny], which is
a topological groupoid. Furthermore, the projection Ny xp, I't — I'y on the
second factor induces a (topological) groupoid morphism ev : A[N % T] — T
Let & and X be the quotient stack [N;/Ny xT';] and [I'g/T'1] respectively. Then
ev: B — X is a commutative family of groups over X.

We say that a commutative family of groups is a strong commutative
family of groups if it can be presented by a crossed module as above.

Clearly, the inertia stack AX corresponds to the crossed module [ST' — T for
any groupoid presentation I" of X. Obviously A[ST < I is the inertia groupoid
AT'. The inertia stack is universal among commutative family of groups over X:

Lemma 11.6 Let ev : & — X be a strong commutative family of groups over
X. There exists a unique factorization

& —= AX
e\x i/evo
X
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In fact, for any crossed module [N N T[], there is a unique map e : A[N BN
I'] — AT making the following diagram commutative:

A[N 5T] —= AT

R levo

T.

Example 11.7 Let X be an abelian orbifold, that is an orbifold which can be
locally represented by quotients [X/G] where G is (finite) abelian. Then the
k-twisted sectors of [19] carries a natural crossed module structure [SE 5 T
where p is the k — 1-fold multiplication SE — Sp followed by the inclusion .
Of course, for k = 1, it is well-known that the induced stack is the inertia stack
and that the abelian hypothesis can be dropped. The associated commutative
family of groups is AxX — X where ApX = AX xx --- xx AX is the k*P-inertia
stack.

Let & — X be a commutative family of groups over a stack X. If X is
strongly oriented, Section 9.1 yields a canonical Gysin map

A"t Hy(® x 8) — Hy_4(® xx ®).

Thus one can form the composition

>t Hy(6) @ Hy(6) > Hyy (6 x ) D Hyg_a(® x26) ™ Hyy_g(&) (11.9)

Since m : ® xx & — & is associative and commutative as for the inertia stack
in Section 11.1, Step 3, the argument of Theorem 11.1 yields easily

Proposition 11.8 Let & be a commutative family of groups over an oriented
stack X (with dim(X) = d). The multiplication x (see Equation (11.9)) endows
the shifted homology groups He(®) = Heyq(®) with a structure of associative,
graded commutative algebra.

Remark 11.9 Tt is easy to define twisted ring structures on H,(®) along the
lines of Theorem 11.3. Details are left to the reader.

Remark 11.10 If X is a oriented stack and if & — X is a family of groups
which is not supposed to be commutative, the product x (Equation (11.9)) is
still defined. Moreover the proof of Theorem 11.1 shows that (He(®), ) is an
associative algebra. The k'-inertia stack Az X = AX xx---xx AX is an example
of non (necessarily) commutative family of groups.

Remark 11.11 Unlike for free loop stacks in Section 10, we do not need to as-

sume X to be Hurewicz in this Section. However, we do not know any interesting
example in which it is not the case.
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12 Frobenius algebra structures

The loop homology (with coefficients in a field) of a manifold carries a rich
algebraic structure besides the loop product. It is known [22] that there exists
also a coproduct, which makes it a Frobenius algebra (without counit).

It is natural to expect that such a structure also exists on Ho (LX) for an
oriented stack X. In Section 12.2 we show that this is indeed the case. We also
prove a similar statement for the homology of inertia stacks.

In this section we assume that our coefficient ring k is a field, since we will
use the Kiinneth formula He(X ® Q) — He(X) ® He() (Proposition 2.5).

12.1 Quick review on Frobenius algebras

Let k be a field and A a k-vector space. Recall that A is said to be a Frobenius
algebra if there is an associative commutative multiplication pu : A®? — A
and a coassociative cocommutative comultiplication §: A — A®? satisfying the
following compatibility condition

dopu=pel)o(l®I)=>10®@u)o(0ol) (12.1)

in Hom(A®2, A®2). Here we do not require the existence of a unit nor a counit.
Also we allow A to be graded and the maps p and § to be graded as well.
When both maps are of the same degree d, we say that A is a Frobenius algebra
of degree d. Note that this grading is adding signs in an usual way to the
story so that the multiplication becomes associative and graded commutative
after shifting A to A[d] and similarly for the comultiplication if one shifts A
to A[—d]. The precise relationship between the involved signs are given by the
structure of a d-dimensional homological conformal theory as in Section 14; also
see [27, 34]. The tensor product of two Frobenius algebras A and B is naturally
a Frobenius algebra with the multiplication (1 ® p) o (723) and comultiplication
Tos 0 (0 ® &) where T93: A® B® A® B — A®? @ B®? is the map permuting
the two middle components.

Warning 12.1 We need a few words of caution concerning our definition of
Frobenius algebras. In the literature, one often encounters (commutative)
Frobenius algebras which are both unital and counital such that, if ¢: A — k is
the counit, then cop: A ® A — k is a nondegenerate pairing.

Remark 12.2 It is well-known [60, 3] that a structure of 1 + 1-dimensional
Topological Quantum Field Theory on A is equivalent to a structure of unital
and counital Frobenius algebra on A such that the pairing copu: A® A — k,
where c is the counit and p the multiplication, is non-degenerate. Theorem 12.5
and Theorem 12.3 below imply that He(LX) and He(AX) have the structure of
1 + 1-positive boundary TQFT in the sense of [22]. Positive boundary TQFT
are obtained by considering only cobordism ¥ with boundary 90X = —S; [ S
such that Sy, S2 # 0 (see [22] for details).
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Further, in the case of the free loop stack, we will see in section 14.2 that the
TQFT structure on He (LX) can be extended to a whole homological conformal
field theory with positive closed boundary (Theorem 14.2).

12.2 Frobenius algebra structure for loop stacks

In this subsection we prove the existence of a Frobenius algebra structure
on the homology of the free loop stack of an oriented (Hurewicz) stack. Let
evg,evy/g: LX — X be the evaluation maps defined as in Equation (5.1), where
X is a Hurewicz topological stack. To simplify the notations, let é be the eval-
uation map (evo,evy/s): LX — X x X.

Lemma 12.3 The stack LX xx LX fits into a cartesian square

LX xxLX “— LX (12.2)

i I

3€—>A XxX

where A: X — X x X is the diagonal.

PROOF. Since S! is compact and X is a Hurewicz topological stack, Lemma 5.2
ensures that the pushout diagram of topological spaces

o[l 3
pt][pt ——= g!

i i

pt —— gly st

becomes a pullback diagram after applying the mapping stack functor
Map(—, X). This is precisely diagram (12.2). O

Remark 12.4 The argument of Lemma 12.3 can be applied to iterated diago-
nals as well. In particular, LX x x - - - X5 LX (with n-terms) is the mapping stack
Map(S* Vv --- Vv §1,X) (with n copies of S!) and moreover there is a cartesian
square

LX xy - xxLX —= LX (12.3)
\L i/(evo,evl/",...,evn,l/")

X —— 2 Xx- XX

(6]



Now assume further that X is oriented of dimension d. According to Sec-
tion 9.1, the cartesian square (12.2) yields a Gysin map

A': Hy(LX) — He_4(LX xx LX).

By diagram (10.1), there is a canonical map Map(8,X) = LX xxLX 4 LEXLY.
Thus we obtain a degree d map

5t Hy(LX) 2 He_g(LX xx LX) 35 Hy_y(LX x LX) =
P Hi1Lx) o H;(LX).
i+j=e—d

Theorem 12.5 Let X be an oriented Hurewicz stack of dimension d. Then
(Ho (LX), *,0) is a Frobenius algebra, where both operations x and d are of degree

d.

PROOF. It remains to prove the coassociativity, cocommutativity of the co-
product and the Frobenius compatibility relation. Denote by dg : He(X x Q) —
H,(X) ® Hqe(Q) the inverse of the cross product induced by the Kiinneth iso-
morphism and dg "’ for its iteration.

i) Coassociativity Let ¢ : LX — X x X x X be the iterated evaluation map
(evo, evy s, evy ). According to Corollary 8.31, the iterated diagonal A®) . x o
X X X x X is naturally normally nonsingular oriented. Thus, Remark 12.4 implies

!
that there is a Gysin map A®)". Similarly there is a canonical map

7P LX xx LX xx LX = Map(S* v §' v §!, %) — LX x LX x LX.

The argument of the proof of Theorem 10.8 shows that it is sufficient to prove

that the following diagram is commutative (which is, in a certain sense, is the
dual of diagram (10.4)).

H(LX) ® H(LX) ® H(LX) 5

ss@tl x (2)
H(LX x LX) @ H(LX) <> H(LX x LX x L¥) < H(LX xx LX xx LX)
ix@1) (5) Mix1). (1) I
H(LE xx LX) @ HLE) <2 H((LE xx LE) x Lx) 2 H(LX xx LX xx LX) '
Alg) ®) ath &) ath ‘2)&
H(LX) ® (LX) <~——— H(L¥ x LX) ~——— H(L¥xxL¥) <— H(LY)

(12.4)

where p and p denote, respectively, the projections LX x LX — LX and
LX xx LX — LX on the first factor. Square (5) is commutative by naturality
of the cross coproduct dg and the upper left triangle by its coassociativity. We
are left to study the three remaining squares (1), (2), (3) and triangle (4).
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Square (1) The square commutes in view of the identity 72 = (j x 1)o (1 x §)
which follows from the natural isomorphism

(LX xx LX) x L¥ 2 LX x (LX x LX).

Here the map LX x LX — X is the composition evgyop. In the sequel, we
use this isomorphism without further notice.

Square (2) Since éop = (é Op) 0j:LX xx LX — X x X, the commutativity
of square (2) follows immediately, by naturailty of Gysin maps, from the
tower of cartesian diagrams

LX xx LX xx LX —> LX xxLX

) !

mx1

LX xx LX xLX —= L¥ xLX

| o

¥ —2 = xxXx

Square (3) The square commutes by the same argument as for square (3) in
diagram (10.4).

Triangle (4) The sequence of cartesian diagrams

LE xx LE x2 L 25 Lx s LX > Lx (12.5)

\L i/éo‘ﬁ \L(evo,ev% ,ev%)

A o oxxx 2L oxixxx

implies, by naturality of Gysin maps, that

Alo(Ax1) = A@ (12.6)

~

There is an homeomorphism h : S* = S' which, together with the flip
map o, induces a commutative diagram

LX xx LX xx LX ""”—T‘fa’e‘“%% LX (12.7)
\L é(z)\L \L(evo,ev%,evi)

A2 1xo
X —— X xXxX — XxXxZX
As h* = Map(—, X)(h) is a homeomorphism and (1 x ) 0 A®) = A®)
| 1
diagram (12.7) identifies A with the Gysin map (denoted A®) by

abuse of notation) associated to Diagram (12.5). Since (A X 1)' = A
the commutativity of Triangle (4) follows from Equation (12.6).

7



ii) Let’s turn to the point of cocommutativity. It is sufficient to prove that
A = G,o0A (12.8)

where 0: LX X3 LX — LX x5 LX is the flip map. There is a natural homotopy
F: I xLX x5 LX — LX between m o and m (see the proof of Theorem 10.9).
Equation (12.8) follows easily by naturality of Gysin maps applied to the carte-
sian squares below (where t € I)

F(taf)
LX xx LX —— LX

t) e

(lop,F)
I xLXxxLX — "I xLX

! Ve

%4>A X x X.

The map (¢,1): LX — I x LX is the map LX = {t} x LX — I x LX. The
left upper vertical map is similar. The maps (¢,1) are homotopy equivalences
inverting the canonical projections I x LX — LX, I x LX xx LX — LX xx LX.

iii) It remains to prove the Frobenius relation (12.1). To avoid confu-
sion between different Gysin maps, we now denote m': = A': H (LX) —
He g(LX xx LX) and j' := A': Hy(LX x LX) — He_4(LX xx LX) the Gysin
maps inducing the product and coproduct. The cartesian squares

LE xx LE xx L 7% LX x5 LX

| o

A

¥ — %~ xxx
and
LX xx LE xx LX > LX x LX xp LX

l/ ‘L(CVO X evg)o(1xp)
x XxXx

give rise to Gysin maps (see Section 9.1)
(1 xm)': Ho(LX x5 LX) = He_4(LX xx LX xx LX)
and

7' Hy(LX x LX x5 LX) = He_g(LX x5 LX x5 LX).
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There is a canonical map 3 sitting in the pullback diagram

LX x3 LX xx LX —2> (LX xx LX) x LX

\L i@gxevo

x = XxX
Consider the following diagram
(1xm)' (1X35) %

Ho(LX X LX) — "' H,_4(LX x LX xx LX) —% H,_4(LX x LX x LX)

j!J/ (a) 2 @) i? %) \L(jxl)!

Hy_g(LX xx LX) ——— Hy_oq(LX xx LX xx LX) 2 He_og(LX xx LX x LX)

IXxm'
m*\L (b) im*xxl (c) \Lm*xl

Hy_g(LX) ————————> Hy_24(LX xx LX) — Ho_2g(LX x LX)
m’ *

(12.9)
where mbs: He(LX x LX) — He 24(LX xx LX x5 LX) is the Gysin map
determined by the cartesian square (applying Corollary 8.31)

jo(1xxm)

LX x5 LX x% LX ———— LX xLX

| evoxe

(2)
x 2 Ex X x X

The triangle (a) in diagram (12.9) is commutative because we have a sequence
of cartesian squares

LE e LE xx L 2 LExx LX —> LXxLX (12.10)
i/ i/éof) J/eVOXé
xr — 2 L oxxx 2 xxaxx

Similarly, triangle (a’) is commutative, i.e., j' o (1 x m)' = mby. By naturality

of Gysin maps, the towers of cartesian squares

LX xx LE xx LE 57 13 xp LX LX xx LX x3 LX — L% x LX xx LX
1><x7nl lm jl luj
LXxxLX —— > 1% LX xx LE x LY — > L% x LX x LX
l i e%o(lxml l(evoxevmouxm
x— 2% sxxx, x 2 Xx X
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give the commutativity of squares (b) and (b’) in diagram (12.9). The commu-
tativity of Square (c) is trivial. Thus diagram (12.9) is commutative. Up to the
identification He(LX X LX) = Ho(LX)® Ho(LX), the composition of the bottom
horizontal map and the left vertical one in diagram (12.9) is the composition
0(— * —). The composition of the right vertical map with the upper arrow is
(a* b(l)) ®b®). Finally commutation of the Gysin maps with the cross product
yields the identity
S(axb) =axbM @b,

The proof of identity §(a *b) = ) ® a? b is similar. O

12.3 Frobenius algebra structure for inertia stacks

In this section we show that the homology of the inertia stack is also a Frobenius
algebra, similarly to Theorem 12.5.

Let X be a topological stack of dimension d and X a topological groupoid
representing X. Thus its inertia stack AX is the stack associated to the inertia
groupoid AX = [SX x X; = SX], where SX is the space of closed loops. Any
loop S' — X on a topological space X can be evaluated in 0 but also in 1/2.
It is folklore to think of AX as a ghost loop stack. Hence evaluation map at 0
and 1/2 should make sense as well. We first construct these evaluation maps
for the inertia stack which leads to the construction of the Frobenius structure
on He(AX) when X is oriented.

First of all, let us introduce another groupoid AX which is Morita equivalent
to AX. Objects of AX consist of all diagrams

x y x (12.11)

in X. Note that the composition g1gs is a loop over x. Arrows of AX consist of
commutative diagrams

g1 g2
s
T Y T
ho T hi/2 T Tho
z’ Y z’

—— N
Note that the left and right vertical arrows are the same. The target map is
the top row

while the source map is the bottom row

_ —1
hg 191h1/2 h1/2g2h0
T Y z' .

The unit map is obtained by taking identities as vertical arrows. The compo-
sition is obtained by superposing two diagrams and deleting the middle row of

80



the diagram, i.e.

is mapped to

x x
hohaT h1/2h/1/2¢ Thoha
CU” y77 Iﬁ .

In other words, AX is the transformation groupoid SX % (X1 x X1), where
SX ={(91,92) € X2|t(g1) = s(g2)}, the momentum map SX — Xy x Xy is (¢, 1),
and the action is given, for all compatible (ho,h;/2) € X1 x X1, (91,92) € X,
by

(91,92) - (ho, hiy2) = (ho_lglhl/27 hl_/lgg2h0)-

One defines evalAtlation maps taking by the vertical arrows of §§§, ie.
V(g1, g2, ho, h12) € AX; define

evo : (91,92, ho, hiy2) = ho,  evija: (91,92, ho, hij2) = haja.

It is simple to prove

Lemma 12.6 Both evaluation maps evq : AX = X and evy/a: AX = X are
groupoid morphisms.

There is a map
p: AX = AX (12.12)

obtained by sending a diagram in AX; = SX x (X; x X1) to the composition
of the horizontal arrows, i.e.,
g1 g2 9192
P2 AT .
T Y T is mapped to T
hoT hl/zT Tho ho?
! !
x/ .~ / ~— xl T P X

In other words p(g1, g2, ho, h1/2) = (9192, ho)-

~

Lemma 12.7 The map p: AX — AX is a Morita morphism.

Proor. The map py : KXO — AXj is a surjective submersion with a section
given by g — (g, 15(4)) for g € SX. Let g,¢' € SX. Assume given (g1,92) € X»

with g192 = g and (¢, ¢5) € X2 with ¢gig5 = ¢’. Then any arrow in AX from

91 g2 91 95
T Ty T to 2 Ty E s uniquely determined by hg € X3

satisfying hy ' g1g2ho = ¢} gh. Indeed, hy /2 is given by hy /o = gohogh, ™t O
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As a consequence the groupoid AX also presents the inertia stack AX, and
Lemma 12.6 implies that there are two stack maps evg,evy/o: AX — X.

We now proceed to construct the hidden loop coproduct. As in Section 11.1
above, AX xx AX is the transformation groupoid

[(SX X X, SX) x X1 = SX X X, SXL

where X acts on SX x x, SX by conjugations diagonally. Its corresponding stack
is AX Xx AX.

Lemma 12.8 The stack AX xx AX fits into the cartesian square

AX xx AX — AX

J{ \L(eVoﬁVl/z)

X —S> ¥xX
As in Section 12.5, we denote € := (evg,evy/z): AX — X x X the right vertical
map in the diagram of lemma 12.8.

PROOF.We use AX as a groupoid representative of AX. By the definition of the
evaluation maps, the fiber product

XXXxle\X I /&

J/ J/(evo,evl/Q)

X —2 > XxX

can be identified with the subgroupoid of XX, which consists of (g1, g2, ho, h1/2)
such that hg = hy /5. The latter is simply the transformation groupoid
[(SX X Xo SX) X Xl = SX X Xo SX]
which is precisely AX xx AX. Moreover the composition
AX xx AX 2 X xxyx AX = AX B AX,
where p is defined by equation (12.12), is precisely the “Pontrjagin” map m :
AX xx AX — AX in Section 11.1. O

Remark 12.9 It is not hard to generalize the above construction to any finite
number of evaluation maps and obtain the following cartesian square (see the
proof of Theorem 12.3 below)

AX Xz - xx AX — AX

i l

X — Xx---xX.
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If X is oriented of dimension d, the cartesian square of Lemma 12.8 yields a
Gysin map (Section 9.1)

A': Hy(AX) — He_g(AX xx AX).

As shown in Section 11.1, there is also a canonical map j : AXxxAX — AXXAX.

Theorem 12.10 Assume X is an oriented stack of dimension d. The compo-
sition

Ho(AX) 25 H, a(AXxxAX) 5 H,_o(AXxAX) = P Hi(AX)@H;(AX)
i+j=n—d

yields a coproduct 6: He(AX) = @, j_e_4 Hi(AX)® H;j(AX) which is a coasso-
ciative and graded cocommutative coproduct on the shifted homology He(AX) :=
Hqyq(AX), called the hidden loop coproduct of AX.

PROOF. The proof is very similar to that of Theorem 12.5. We only explain
the difference.

i) First we introduce a third evaluation map evy/3: AX — X similar to
evy . Taking a representative X of X, the idea is to replace the Lie groupoid

AX presenting AX by another groupoid /,X\X, where /,X\chonsists of commutative
diagrams:

91 92 93
2T g, L
hoT h1/2T h2/3T Tho
z/ y/ Z/ !

— e "
The source and target maps are, respectively, given by the bottom and upper
lines. The multiplication is by superposition of diagrams. There are evaluation

maps evo, €Vy g, eva/3: AX — X, respectively, given by hg, hy/2,92/3. A proof
similar to those of Lemmas 12.7 and Lemmas 12.8 gives the following facts:

1. the groupoid AX is Morita equivalent to AX. Hence it also presents the
stack AX.

2. The evaluation maps induce a cartesian square

AX xx AX xx AX —— AX

| o

(2)
X — 2 - xxXxX

which yields a Gysin map A®": Hy(AX) = Ho_sq(AX xx AX xx AX).
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It follows that one can form a diagram similar to (12.4) for AX and prove that
all its squares (1), (2), (3), (5) are commutative mutatis mutandis. The proof
of the commutativity of triangle (4) is even easier: it follows immediately from
the sequence of cartesian square

AX X3 AX Xy AX — AX xx AX = > AX

! o e

r — 2 o oxxx 2 xxxxx

ii) Since p o & is conjugate to p, the proof of the cocommutativity of ¢ is
similar to the proof of Proposition 12.5 and of Proposition 11.1. [

Theorem 12.11 The homology groups (He(AX),e,08) form a (non unital, non
counital) Frobenius algebra of degree d.

PROOF. According to Theorems 11.1, 12.3 it suffices to prove the compatibility
condition between the hidden loop product and hidden loop coproduct. The
argument of the proof of Theorem 12.5.iii) applies. [

Remark 12.12 If X has finitely generated homology groups in each degree,
then by universal coefficient theorem, H®(AX) inherits a Frobenius coalgebra
structure which is unital iff (He(AX), ) is counital.

12.4 The canonical morphism AX — LX

There is a morphism of stacks ®: AX — LX generalizing the canonical inclusion
of a space into its loop space (as a constant loop).

Remark 12.13 Objects of AX are pairs (z, ¢) where x is an object of X and ¢
an automorphism of . The morphism ® may be thought of as maps (z, p) € AX
to the isotrivial family over S', which is obtained from the constant family X;
over the interval by identifying the two endpoints via .

We show in this Section that ® induces a morphism of Frobenius algebras in
homology.

Let X be a groupoid representing the oriented stack X (of dimension d) and
AX its inertia groupoid representing AX. Proposition 5.4 gives a groupoid LX
representing the free loop stack LX. We use the notations of Section 5.2. Recall
that the topological groupoid LX is a limit of topological groupoids L¥X where
P is a finite subset of S* which can be described as an increasing (with respect
to a cyclic ordering on S*) sequence {Py, P1,...,P,_1}. We take n = 1 and
{Py} = {1} C S! the trivial subset of S'. We will construct a morphism of
groupoids AX — LPX inducing the map AX — LX.
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Any (g,h) € SX x X1 = AX; (le. g € X; with s(g) = t(g) determines a
commutative diagram ®(g, h) in the underlying category of the groupoid X:

t(h) <2— t(n) (12.13)

hT Th

s(h) 2 gny

The square ®(g,h) (defined by diagram (12.13)) being commutative, it is an
element of M;X. Since P is a trivial subset of S?, a morphism [S¥ = S| —
[MiX = MoX] is given by a path f: [0,1] — X; and elements k, k' € X; such
that the diagram

commutes. In particular, the diagram ®(g,h) € M;X yields a (constant)
groupoid morphism [S¥ = SP] — [M;X = MyX] defined by t — f(t) = h.
The map (g, h) — ®(g, h) is easily seen to be a groupoid morphism. We denote
by ®: AX — LX its composition with the inclusion L”X — LX. It is still a
morphism of groupoids. Hence we have the following

Lemma 12.14 The map ®: AX — LX induces a functorial map of stacks
AX — LX.

In particular there is an induced map ®,: He(AX) — Ho(LX) in homology.

Theorem 12.15 Let X be an oriented Hurewicz stack. The map
D,: (Ho(AX),0,0) = (He(LX),*,0) is a morphism of Frobenius algebras.

PRrROOF. Let X be a groupoid representing X. For any (g,h) € SX x X; = AXj,
one has

evo (®(g,h)) = h=evo(g,h)
where evg stands for both evaluation maps LX — X, AX — X. Thus the

cartesian square of Step (2) in the construction of the hidden loop product
factors through the one of the loop product and we have a tower of cartesian
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squares:

AX xx AX —> AX x AX (12.14)

3 |#xe

LX xx LX — LX xLX

i ieVo X evqg

%4A>3€x3€

where @ is induced by ® x ®. The square (12.14) shows that

Ao(@x®), = d.0A. (12.15)

Since LX is a presentation of LX, the cartesian square LX xx LX presents
the stack LX xx LX. Given any (g1, g2, h) in (SX X X, SX) X X1 = AX xx AX,

one can form a commutative diagram ® (g1, g2, h):

which induces canonically an arrow of LX xx LX as in the construction of ®.
The map (g1, g2, h) — ®(g1, 92, h) presents the stack morphism ®. Since

m((I)(glaQQa h)) = (I)(gng,h)
the diagram
AX xx A X — LX xx LX (12.16)
3 i

AX —2 > Ix

is commutative. Hence, diagram (12.16) and Equation (12.15) implies that @, is
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an algebra morphism. Similarly ®, is a coalgebra morphism since the diagram

AX xx AX T— A%

3 lq>

LX xy LX — 1x

\L \L(evo,evl/z)

X — 2 xxX

is commutative. [

Remark 12.16 If the stack X is actually a manifold X, then its inertia stack
is X itself and LX = LX the free loop space of X. It is clear that the map ®
becomes the usual inclusion X < LX identifying X with constant loops. For
manifolds, the map ®, is injective but not surjective (except in trivial cases).
However, for general stacks, ®, is not necessary injective nor surjective. See
Section 17.4.
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13 The BV-algebra on the homology of free loop
stack

13.1 BV-structure

In this section we construct a BV-algebra structure on the homology of the loop
stack. First we recall the definition of a BV-algebra.

A Batalin-Vilkovisky algebra (BV-algebra for short) is a graded com-
mutative associative (non necessarily unital) algebra with a degree 1 operator
D such that D(1) = 0, D? = 0, and the following identity is satisfied:

D(abe) — D(ab)e — (—=1)1*laD(be) — (=1)UFVPIp D (ac)+
+ D(a)be + (—1)\%aD(d)e + (=) PlabD(c) = 0. (13.1)

In other words, D is a second-order differential operator.

Now, let X be a topological stack and LX its loop stack. The circle S*
acts on itself by left multiplication. By functoriality of the mapping stack, this
Sl-action confers an S'-action to LX for any topological stack X. This action
endows H, (LX) with a degree one operator D as follows. Let [S'] € H1(S') be
the fundamental class. Then a linear map D : He(LX) — Hqy1(LX) is defined
by the composition

HoLx) B m,(Lx x 81 25 Heyr (L),

where the last arrow is induced by the action p : S' x LX — LX.

Lemma 13.1 The operator D satisfies D*> = 0, i.e. is a differential.

PrROOF. Write m : S* x S — S! for the group multiplication on S'. The
naturality of the cross product implies, for any x € Hg (LX), that

D2(x) = pu (m([8Y) x [81]) x 2)) =0
since m.([S1] x [SY]) € Hy(S') = 0. O

Theorem 13.2 Let X be an oriented (Hurewic?.) stack of dimension d.
Then the shifted homology He(LX) = Heyq(LX) admits a BV-algebra struc-
ture given by the loop product x: He (LX) @ He (LX) — He (LX) and the operator
D : Hy (LX) — Ho i (LX).

Remark 13.3 We will give a proof of Theorem 13.2 using conformal field the-
ory in Section 14.2. However, here we wish to give a direct proof, hoping this
proof can also be applied to some family of commutative groups as introduced
in Section 11.

3Recall that any differentiable stack is Hurewicz
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13.2 Gerstenhaber bracket and proof of Theorem 13.2

We start by some well-known facts on BV-algebras. Let (A,-, D) be a BV-
algebra. We can define a degree 1 binary operator { ; } by the following formula:

{a;0} = (=)D -b) - (=) D(a)-b—a-D(b) (13.2)

The BV-identity (13.1) and commutativity of the product implies that {; } is
a derivation of each variable (and anti-symmetric with respect to the degree
shifted down by 1). Further the relation D? = 0 implies the (graded) Jacobi
identity for {; }. In other words, (A,-,{; }) is a Gerstenhaber algebra, that is,
a commutative graded algebra equipped with a bracket {; } that makes A[1] a
graded Lie algebra and satisfying a graded Leibniz rule [23].

Indeed it is standard (see [33]) that a graded commutative algebra (A, -)
equipped with a degree 1 operator D, such that D? = 0, is a BV-algebra if
and only if the operator {; } defined by the formula (13.2) is a derivation of the
second variable, that is

{a;be} = {a;b} - ¢+ (=1)PPIUel+Dp . £ ) (13.3)

By Theorem 10.1 and Lemma 13.1, the shifted homology (He(LX),*, D),
equipped with the loop product and operator D induced by the circle action
on L¥, is a graded commutative algebra and D? = 0. In order to prove Theo-
rem 13.2, we will thus prove the identity (13.3). First, we identify the bracket
{;; } given by formula (13.2). We need to introduce some notations to do so.

Let

ev, ST X LEXLX — X x X

be the (twisted by p) evaluation map defined by

_Jevo(y) x evar(B) it 0<t<1/2
evo(t,7,8) = {evztl('y) xevi(8) if 1/2<t<1

where ev, : LX — X is the evaluation map defined in Section 5.1. We let
L,(X x X) be the pullback stack of the diagonal along ev,:

L,(XxX) % g LE X LE (13.4)

¥ —2 > xxx

Note that L,(X x X) = S' x Map(S! v §',X) (by Lemma 5.2) and that, under
this identification, i, becomes the map

(t, 7™M, p(26)(v?)) if 0<t<1/2
t.7) = {(t,p(2t —1) (), 4®) i 1/2<t<1
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where v — (1), 4(?)) is the map
Map(S* v §1, %) 2 LX xx LX — LX x LX.
For any 0 < t < 1/2, we have a pinching map p; : S* — S! v S! defined by

(0,2u — 2t) if 0<u<t
pe(u) = (2u — 2¢,0) if t<u<t+1/2
(0,2u—1-2t) if t+1/2<u

Here, we have identified S* v S' with the union of two basic circles of St x St.
For 1/2 <t <1, we similarly define

(2u—2t+1,0) if u<t—1/2
pi(u) = (0,2u—2t+1) if t—1/2<u<t
(2u — 2¢,0) if u>t

Note that po = p; is the pinching map of Section 10. We take m, : L,(X x X) —
LX to be the map (t,v) — =y o p; induced by the above pinching maps.

Remark 13.4 Informally, the map m, can be described as follow. An element
in L,(X x X) is given, for each 1/2 >t € S', by two loops a,b € LX such that
evo(a) = evy(b). Then m,(t, a,b) is the loop starting at evy(b), describing b
until it reaches evyy(b) = evg(a) where it follows the loop a and then follows
b back to evo(b). There is a similar picture for ¢ > 1/2. Note that, in the
proof of Theorem 13.2, we will use several times an informal description similar
to the one of m, to describe various maps that are rigorously defined using a
parametrized pinching procedure as above.

When X is an oriented stack of dimension d, then the pullback diagram (13.4)
induces a Gysin map Al : Hy(S* x LX x LX) — Hepq(L,(X x X)).

Lemma 13.5 If X is an oriented stack and a,b € Hq (LX), one has
{a;b} =m, o A!p([Sl] X a X b>.

PROOF. The proof is the stack analogue of a result of Tamanoi [65, Theorem
5.4] and [65, Definition 3.1]. To apply the proof of [65], we only need to use
the evaluation maps as we did to define L,(X x X) and Gysin maps induced by
the pullback along the diagonal A: X — X x X which is strongly oriented by
assumption. Then all identities involving Gysin maps in [65] follow using the
Gysin map given by the bivariant theory (see Section 9.1, and the techniques of
the proofs of Theorem 10.1 and Theorem 12.5) so that the proof of the Lemma
for manifolds [65] goes through the category of oriented stacks. O
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PrOOF OF THEOREM 13.2. We already have proved that (He(LX),*) is
a graded commutative algebra (see Theorem 10.1) and that the operator
D: He(LX) — Hey1 (LX) squares to zero: D? = 0 (Lemma 13.1). Thus, we
only need to prove identity (13.3) in order to prove Theorem 13.2.

By Lemma 13.5, given a,b, ¢ € H(LX), the left hand side of identity (13.3)

is f([S?] x ax bx c) where f: H(S' x (L3€)3) — H(LX) is the composition

H(S' x (Lx)*) 8 H(S' x LX x LX xx LX)

id Xm 1 Ap
DX H (ST x LE x LX) =5 H(L,(X x X))

mp

H(LX).
We denote L, 1 (X x X x X) the pullback

L,1(XxXxX) — S'xL¥xLX¥xxLX

‘| | Jia

Ly(X x X) Y §1xLX xLX

of ST x LX x LX xx LX along i,. We also denote m, 1 : L,1(X x X x X) — LX
the composition m, o u. Consider the following tower of pullback squares:

Lpi(Xx X xX) ——— S xLX xLX xyx LX (13.5)
“\L i/id xXm
Ly(% x X) i SUx LE x LX
x 2 Xx X

The naturality of Gysin maps with respect to this tower yields that

{a;bxc} = mp1, oA, o0 (idxA)([S'xaxbxc) (13.6)
where A!ml : H(S* x LX x LX xx LX) — H(L,1(X x X x X)) is the Gysin
map obtained by pulling-back the Gysin map of the strongly oriented diagonal
A:X — X x X along ev, o(id xm).

Now the main point is to analyze the composition A!p)l o (id xA'). By Sec-
tion 9.1 each Gysin map is obtained by pulling back the normally non-singular
diagram of the diagonal A : X — X x X (see Definition 8.21) along, respectively,
ev,o(id xm) and id x evy x evy and taking the Thom class of the associated
diagram.

Recall that each normally non-singular (nns for short) diagram yields a tubu-
lar neighborhood in the sense of Definition 8.5 (after replacing the target by
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a fiber bundle) and similarly after taking pullbacks. Then the composition

!p,l o (id xA') is the product in the bivariant theory (see Section 7) of these
Thom classes. It is essentially obtained by considering fiber products (over
S1 x LX x LX xx LX) of the above pulled-back normally non singular dia-
grams; more precisely by taking suitable pullbacks of the (pulled-back along
ev, o(id xm) and id x evy X evy) tubular neighborhoods (as in Section 7.4) and
composing them in a way similar to the proof of Lemma 8.13. As in Defini-
tion 8.21, we let 5 € HY(X — X x X) be the strong orientation class of X and
Oa € H*(X — X x X x X) be the strong orientation class of the iterated
diagonal (see Corollary 8.31).

In order to carry on the analysis, we divide the circle S' into the joint of
4-intervals I; (i = 1,...,4) corresponding to [0,1/4], [1/4,1/2], [1/2,3/4] and
[3/4,1] (here we identify S* = [0,1]/(0 ~ 1)) with the obvious identifications.
Note that the regular embeddings (induced by the nns diagram of the diagonals)
inducing the Thom classes can be obtained by gluing together the regular embed-
dings restricted over each I; x LX x LX x x L%, that is by taking the fiber product
(over the regular embeddings obtained by restricting to {i/4} x LX x LX x x LX)
of the regular embeddings over each I; x LX x LX xx LX. We first consider a
restriction of St x (LX)? to [1/2,1] x (LX)3. It yields a commutative diagram
of pullback squares:

Pi(XxXxX) — [L1]xLEXLExx LX — [L,1] x (LX) (13.7)

/ [

Lyi(ExXxX) —% §'xLX xLX xx LX Voxp
i ievf)
2 3 4
X Axid X T340(id X A xid) X

where 73 4 : X* — X* switches the last two factors. The vertical map evff) is the
composition (evp o(id xm),m o evp) (where 7 is the projection on the first

component), that is the map defined by

(evo(7), evae(B), evo()) if 0<t<1/2
(evar1(7),evi(B),evar—a(y)) if 1/2<t<1

Similarly, the map ev,x, is the map defined by

eVpo(ta%BJ]) = (eV2t—1(’Y)aeV1(ﬂ),eV2t—1(’Y),eV1(77))
for 1/2 <t < 1. By diagram (13.7), the (restriction to [1/2,1] x (LZ{)S of the)

product ev5,2)*(9A) - (idevo xcvg) (0a) is computed by ev,x,* (0ac).
Let As be the standard two dimensional simplex

Ay :={(u,s),0<u<s<1}
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and consider the following diagram (in which Py (X x X x X) is defined so that
the square is cartesian)

LY <" Py(X x X xX) — Ay xLX xLX xLX

i ieVH

ExX x4

Here the vertical (evaluation) map evy is defined by

evi ((u,8),a,b,¢) = (evy(a),evo(b), evs(a), evo(c))

and mpg: Pg(X x X x X¥) — LX is defined in a similar way as the map
my: Ly(X — X) — LX; that is, mH((u, s),a,b, c) (with u, s, a, b, ¢ satisfying
the pullback relation) is the loop starting at evg(a), describing a until it reaches
evy(a), then describing b back to evg(b) = evy(a), following a again until it
reaches ev(a), then following ¢ until reaches evy(c) = evs(a) again and finishes
to follow a back to evyi(a) = evg(a). Here we use an informal description of
the map my that can be obtained by a pinching procedure as explained before
Lemma 13.5 above.
Let ¢ : [1/2,1] — Ay be the map ¢(t) = (2¢,2t). The diagram

Pi(XxXxX) — [3,1] x (LX)? (13.8)

| RN

LY <" Py(XxXxX) —> A, x (LX)3 evpxo

| o/

%X% L x4

is commutative. Since the subset {(u,s), u = s} C Ay is a boundary component
of the dimension 2 simplex, it follows from Lemma 6.6 and diagram (13.8) that,
to compute the Thom class of the composition of the top lines in diagram (13.7),
we can replace the top line of diagram (13.7) by the restriction to the subset
{u=0o0r s=1} C Ay (that is the complementary boundary of As) of the top
line of diagram (13.8).

Now we analyze the restriction of diagram (13.8) to Iy x (LX)3 = [3/4,1] x
(LX)? which reduces to the analysis of the pullback square

Piy(X x X xX) — [2,1] x (L¥ x LX) x LX (13.9)
\L i/evpxevo
%2 AxA 4
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and its induced tubular neighborhood (given by the pullback along ev, x evq of
the nns diagram of the diagonal). Here the vertical map ev, X evg is the map

ev, X evg(t,a,b,c) = (ev;;t,g(a),evo(b), evo(a),evo(c))

(and Py o(X x X x X) is defined by the pullback property). Furthermore, the
restriction of the map mpy: Py (X x X x X) — LX (considered above) to this
boundary component identifies with the map my, : Py,(X x X x X) — LX
which maps (¢, a, b, ¢) to the loop starting at evg(a), following a until it reaches
evy_3(a) = evgo(b) then follows b until it gets back to evy(b) = evo(b), follows
a back to evy(a) = evg(c) and then goes through c. Similarly, the restriction of
diagram (13.8) to I3 x (LX)? = [1/2,3/4] x (LX)? yields a pullback P3,(XxXx X)
similar to the pullback (13.9) as well as a map m3,: P3,(X x X x X) — LX.

Furthermore, restricting diagram (13.5) to [0,1/4] x (LX)? yields a cartesian
square

P (X xXx %) — [0,1] x L x LX x LX (13.10)
i/ i/evp X evg
X2 AxXA x4
where ev, X evo(t,a,b,c) = (evo(a),eva(b),evo(b),evo(c)) and, similary, re-

stricting [1/4,1/2] x (LX)3, a cartesian diagram

Po(X xXxX) — [ 1] xLXxLXxLX (13.11)
\L i/evp X evo
x2 AxXA 4
where ev, x evo(t,a,b,c) = (evo(a),evy—1(c),evo(b),evo(c)). Note also that

restricting the map mp,1 : L,1(X x X x X) = LX to I = [0,1/4] and I, =
[1/4,1/2] gives rise to two maps my, : Pi,(X x X x X) — LX and my, :
Py, (X x X x X) — LX.

Now, to compute my, 1, o Al | o (id xA'), i.e., the Thom classes

(ev, xid) o (id xm)* (0a) - (id x evg X evp)(6a)

we are left to study the pullbacks of the tubular neighborhood induced by the
normally non-singular diagrams of the iterated diagonal A x A along the 4
various ev, x evg-maps (corresponding to the spaces P; ,(X x X x X)) and to
join them (as noted above). First, we remark that the restrictions to the points
{1/4} and {3/4} of the cartesian squares (13.10), (13.9), (13.11) and of the maps
m;,, are identical. Thus it is enough to study first the joint

Sy =1[3/4,1]U1[0,1/4]/(3/4 ~ 1/4)
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of I} and I, with the boundary points identified and the Thom class induced by
the cartesian squares (13.9), (13.10). Note that diagram (13.9) factors into the
following diagram whose vertical squares and top horizontal square are cartesian:

Lx <7 LxxxLxC LX x LX (13.12)

ma,p mf xid
m4,p¢ / ‘ /

Pro((xXxX) > P(Xx %) xLEC——~ [3 1] x (LX)?

\L \Levo X evqg

X %Xx evp Xevg

A

2 2 4
X id XA EIxX Axid x

Here w2 and 73 3 denote the projection on the last factors. By functoriality and
naturality of the construction of Gysin maps, we get that

m4,p*((evp X evo)*(QAxA)) = mp*((evo X evo)*(HA)) . (m;r X id)*((evp X evo)*(GA)

There is a diagram similar to (13.12) associated to the cartesian square (13.10).
Joining these two diagrams, we get:

L¥ <2 LX xxLXC - LX x LX (13.13)
m&
Lip(XxX)x L — S x (LX)3

l/evo

X XxXx eVp

A %2

which exhibits the restriction to S} x (L.%)3 of my,, (AL o (id xA")) as
mp*(evg(ﬁA) - (m} x id)*(eVS(HA))) Note that the above diagram (13.13)
is precisely the diagram defining {a, b} * ¢; in other words,

mp*<evé(9A) - (m} x id)*(eva(HA))) ([Si]x axbxc)
= m, oA'o (m} xid). oAL([S_H xaxbxc) = {a,b}*c
The above arguments for Si apply similarly to study the joint
St =1[3/4,1]U[0,1/4]/(3/4 ~ 1/4)

of I; and I with the boundary points identified. It yields that

mp*(ev(’;(ﬂA)  (mj; x id)*(eva‘(éA))) (1SY] xaxbxc) = (1)l a c}xb
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where the sign comes from the fact that one has to exchange b and ¢ in that
case (with a transposition similar to the one appearing in the bottom line of
diagram (13.7)). Recall from above that the restrictions to the points {1/4}
and {3/4} of the cartesian squares (13.10), (13.9), (13.11) and of the maps m; ,

are identical. It follows that the computation of the Gysin maps for St x (Lf{)3

factors through the one of (S1 Vv S1) x (L%)g. Thus, we deduce from the above
computations for S} and S! and identity (13.6) that

{a,bxc} = {a,b} xc+ (=)l {a e} xb

that is, identity (13.3) holds, by graded commutativity of the loop product. [

14 Homological conformal field theory and free
loop stacks

In this section, we extend the BV-structure of Theorem 13.2 and the Frobenius
structure of Theorem 12.5 into the whole structure of an homological conformal
field theory (with positive boundaries) following ideas of Cohen-Godin [22, 34]
for manifolds and Chataur-Menichi [18] for classifying spaces of groups. As
in Section 12 (and for the same reasons), we assume in this section that our
ground ring k is a field. Note that, unlike in Godin’s paper [34], we can only
allow closed boundaries and a positive number of both incoming and outgoing
boundaries components.

14.1 Quick review on Homological Conformal Field theory
with positive boundaries

We start by recalling some definitions of Homological Conformal Field theories.
We will make strong restrictions on the type of boundary we consider (which
simplify greatly the theory). We follow [26, 27, 34, 61].

A (closed)* homological conformal field theory is an algebra over the PROP
of the homology of the stack (or moduli space) of compact oriented Riemann
surfaces or, equivalently a symmetric monoidal functor from the (homology of
the) Segal category of Riemann surfaces [61] to the category of graded vector
spaces. Let us start by giving more details on what this definition means,
following [25, 26, 27, 33].

We first recall that, a complex cobordism from a family [[;_, S of circles
to another family []", S* of circles is a closed (non-necessarily connected)
Riemann surface ¥ equipped with two holomorphic embeddings (with disjoint
images) pin: [, D? — ¥ and pous ]_[fvil D? of closed disks. The image of p;,
is called the incoming boundary and the image of p,,;: the outgoing boundary.
Two complex cobordism X and ¥y (from [[;, S* to [[;~, S') are equivalent

4unless otherwise stated, we only consider closed cobordism in this paper
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if there exists a biholomorphism h: ¥; = ¥, which fixes the boundary (i.e.
commutes with p;, and pout)-

We denote 9, ,,, the moduli space of equivalence classes of complex cobor-
dism from [];_, S* to [[i~, S, that is the (coarse moduli space of the) dif-
ferentiable stack [&,, ,,/Bihol] obtained as the quotient of the space &, ,, of
holomorphic embeddings of disks inside compact Riemann surfaces by the group
of biholomorphism fixing the boundary. Note that, there is an isomorphism of
stacks

[Sn.m/Bihol] = [ [[#/Tn.m()]
(2]

where the union is over a set of representatives of the isomorphism classes of
cobordisms (with n incoming and m outgoing closed boundary components) and

Tpm(D): = wo(fof(Z))

n,m

is the isotopy classes of the group Dif f,f’m(E) of oriented diffeomorphisms
preserving the boundaries pointwise of a surface ¥ with n incoming and m
outgoing closed boundary components.

The disjoint union of surfaces yields a canonical morphism
M(n,m) x M(n',m’') = M(n +n',m+m’).

Further, given %7 € M(¢,n) and 3o € M(n, m), using the embeddings of disks

Y1 <—)ﬁD2c—>22,

i=1

we can glue X5 on ¥; along their common boundary. We denote £50%; € My,
the Riemann surface thus obtained. Applying the singular homology functor to
the above operations yields linear maps

He(I])
Ht(mn,m))@)Ho(mn’,m’) J H-(gnn-ﬁ-n’,m—i-m’)

and
He (o0
Ho(mf,n) & Ho (mn,m)) —(>) Ho(i):nf,m)

that satisfy natural associativity and compatibility relations. It follows that the
collection (H. (zmnm))n m>o are the morphisms of a graded linear symmetric
monoidal category Con whose objects are the nonnegative integers n € N and
the monoidal structure is induced by k ® ¢ = k + ¢ on the objects and disjoint
union of surfaces on morphismes.

A homological conformal field theory is a symmetric monoidal functor from
the category Con to the symmetric monoidal category of graded vector spaces
(equipped with the usual graded tensor product). Informally, this definition
simply means that an homological conformal field theory is a graded vector space
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A with an operation u(c): A®™ — A®™ for any homology class ¢ € He(IM,, m)
such that pu(cod) = u(c) o pu(d) and u(c]]d) = p(c) ® p(d).

Unlike oriented closed manifolds, oriented stacks do not have unit for the
loop product (nor counit) in general (see Section 17.4 for instance). This forces
us to consider non-unital and non-counital homological conformal field theory
which are symmetric monoidal functor from the category Cgy"" to the category
of graded vector spaces , where Cy""“ C Coy is the (monoidal) subcategory
obtained by considering only cobordisms in 9, ,, for which every connected
component has at least one ingoing and one outgoing boundary component.
We may also refer to such algebraic structure as an homological conformal field
theory with positive (closed) boundaries.

We wish to make the homology He (LX) of the free loop stack of an oriented
stack an homological conformal field theory (without (co)units). However, since
the basic operations we consider are non-trivially graded (for instance the loop
product is of degree dim(X)), we need to plug in a notion of dimension in
the definition of conformal field theories to take care of this phenomenon and
encode the sign issues. We follow the ideas and presentation of Costello [27]
and Godin [34], where the grading is taken into account by a local coefficient
system det®? on the moduli spaces My, .

The local coefficient system det is a graded invertible locally constant sheaf
(i.e. a graded k-linear locally constant sheaf of dimension 1). To a closed
Riemann surface ¥ € M, ,,,, we associate a compact Riemann surface T with
boundary by removing from ¥ the interior of (the images of) the closed disks
pin: 11—y D* = ¥ and pous: |2, D* < X. Restricting p;;, to the boundary
[T, S* of the disks, we get a diffeomorphism from [[}_, S* onto the incoming
boundary of ¥4, Following [27] and [34, Section 4.1], we define the fibre of the
local coefficient system det at a surface ¥ € 9, ,,, to be

det(%): = det (HO (2", pm(ﬁSl))> @ det (H (2", pin ]Z[ ).

Here, given a finite dimensional k-vector space V', det denotes the determinant,
that is det(V) = A"™ ")V is the top exterior power of V, and we consider the
(relative) homology groups of a pair. This defines the local coefficient system
det on (M, ;m)n.m>0 and similarly, for an integer d, the local coefficient system
det®? obtained by tensoring det with itself d-times.

It is proved in [27, 34, 18] that the composition of surface induces a natural
isomorphism det(3s) ®det(X1) — det(X203;) which is associative and compat-
ible with the canonical isomorphism det(X] [ 35) = det(X]) ® det(X5). This

allows us to see the collection of homology groups (H. (zmn’m; det®d))

n,m>0
with value in the local coefficient det®? as the morphism of a graded linear
symmetric monoidal category Coy gey@q, and, as above, we also get a graded lin-
ear symmetric monoidal category Cg "1 o, by restricting to cobordism with at

least one incoming and one outgoing boundary on each connected component.
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According to [27, 34], we have the following

Definition 14.1 A (non-unital, non-counital) d-dimensional homological con-
formal field theory is a symmetric monoidal functor from the category G;;t“_’gei@d
to the category of graded vector spaces. /

14.2 The Homological Conformal Field Theory with pos-
itive closed boundaries associated to free loop stacks

It is known (see [33, 25, 53]) that an (non-unital) homological conformal field
theory (HCFT for short) carries the structure of a (non-unital) BV-algebra
as well as that of a Frobenius algebra (without (co)unit). For instance the
associative and commutative operation of the BV or Frobenius structure is
induced by the pair of pants surface lying in 9% ;. The main result of this
Section enriches the above structures already obtained for loop stacks into an

nuw,nc
HCFT over eim,det@d'

Theorem 14.2 Let X be an oriented (Hurewicz®) stack of dimension d. There
s a d-dimensional non-unital, non-counital homological conformal field theory
on the homology He(LX) of the free loop stack which induces the BV -algebra
and Frobenius structure on the homology He(LX) given by Theorem 13.2 and
Theorem 12.5.

Remark 14.3 The proof of Theorem 14.2 actually implies the ones of Theo-
rems 13.2 and Theorem 12 as well. However, this proof does not apply to prove
similar statements (for instance Theorem 12.3) for inertia stack (and thus to
define the intersection pairing as in Section 16) or any other family of groups
over a stack considered in Section 11. Further, it is not obvious that this proof
will also apply to the twisted versions of the loop product studied in Section 10
and aforementioned in Section 16.2.

To prove the above Theorem 14.2, we follow the approach of [18, 34, 27], using
chord diagrams/ribbon graphs, but using a stack point of view (instead of a
purely homotopical one) and the benefits of the bivariant theory of Section 7.
We will first determine the value on a particular cobordism > ,, ,, of the HCF'T,
which will be given by the linear map (14.9) below.

First, we need to recall some preliminaries on Sullivan’s chord diagrams and
fat graphs which are taken from [42, 22, 26]. By a graph, we mean a pair
G = (V, H) consisting of a finite set of vertices V', of half-edges (which can be
thought as oriented edges) H equipped with a map s : H — V and an involutive
map with no-fixed points e — € on the set of half-edges. A fat graph is a graph
equipped, at each vertex v, with a cyclic ordering of the half-edges emanating
from v. The geometric realization of a fat graph is thus a 1 dimensional cell
complex plus extra data. It is well-known that the classifying space of fat graphs

5Recall that any differentiable stack is Hurewicz
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is equivalent to the moduli space of Riemann surfaces (see [42, 26, 27, 66, 34]
for much more precised statements). In particular, every (isomorphism class
of a) Riemann surface ¥ € 9M,, ,,, is a deformation retract of (the geometric
realization of) a fat graph with n-incoming boundary cycles and m outgoing
ones (we refer to [42, 22] for the definition of these boundary cycles).

A chord diagram (see [22]) is a special kind of (geometric realization) of a
fat graph. A chord diagram of type (g,n, m) is a union of n disjoint circles with
a disjoint unions of trees whose endpoints are glued on the circles (on distinct
points), and such that the induced cell complex is (the geometric realization of)
a fat graph representing a surface of genus g with n 4+ m boundary components.
The first circles are refered to as the incoming circles and the set of (necessarily
path-connected) trees will be denoted T(cg,n,m). The set of points in the circle
in which the endpoints of the trees lies is denoted V(cg,,,,m) (and called the set
of circular vertices).

Let ¢gn,m be a chord diagram of type (g,n,m) and X, » be the surface
represented by cgn.m. Here g is the genus of 3, n, that is the sum of the
genera of its components. In particular, the Euler characteristic of X, is
given by

X(Eg,n,m) = 2:/'é)ézg,m,n —29-n—-m
where #X,,, m is the number of (arcwise) connected components of X, .
Then ¢y y,m is a deformation retract of g 5, ;. We let 7gn m 1 g n.m — Cgnm
be the retraction and tg n.m : Cgn,m — Xg,n,m be the inclusion. Note that since
every connected component is assumed to have positive incoming and outgoing
boundary component, x(3g,n,m) is always non-positive in our case.

Given a tree t € T(cg.n,m), We can associate the subset V(t) C V(cg n,m) of
circular vertices given by the endpoints of ¢ and we get a canonical inclusion

map Hue\?(cg,n,m){pt} — Hteir(cg‘n,m) t. Applying the mapping stack functor,
we get a map

d [T Map(t, x) — xVonm)

teg’(cg,n,'m)

Cg,n,m *

which was already considered in [18].

Lemma 14.4 Let X be an oriented stack of dimension d. Then there is an
orientation class

de n,.m »
Odeynm € H_dX(Eg‘"””)< [T Map(t,x) = %V(cg,n,m))'
teT(cg,n,m)

PRrROOF. Each tree is a deformation retract onto any of its vertex, hence we have

Lt
deformation retract ¢t < pt for each t € T(cg,n,m) and a factorization

Tt

HT: ng,n,m
Hteir(cg,n,m) Map(t, %)

AF#V(eg,n,m)—#T(cg,n,m))

:{‘-T(Cg,n,vn)

%V(Cg,n,m)
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The bottom line is an iterated diagonal, hence strongly oriented by Corol-
lary 8.31. Then we take 04, tobe the pushforward (I1r7), () of the orienta-
tion class @ € HX#V(conm)=#T(cgnm)) (T (€gmm) — ZV(eo.n.m)) of this iterated
diagonal. Since the Euler characteristic of the chord diagram agrees with the
one of the surface it represents, we get #V(cgnm) — #T(cgnm) = —X(Zg,n,m)
as in [22] and the lemma follows. O

14.3 Construction of the operations

We now define the operations associated to (the isomorphism class of) a Rie-
mann surface X, ,, ,, € My, (n0t necessarily connected). We will first define
certain quotient stacks of mapping stacks by diffeomorphism groups. Let cg n,m
be a chord diagram representing X, , ,,. We still denote 7., , .. Xgnm —
Cg.n,m the retraction and tc,, . @ Cgnm — Lgnm the inclusion, which yield
an homotopy equivalence 7y, ., Map(cgnm,X) — Map(Zynm,X) (and
Lgnm: Map(Zg n.m» X) — Map(cg.n,m, X))-

The circular vertices, which are the points where the trees in T(cg n m) are
glued to the n disjoint circles, yields pushout diagram

HUGV(CQ,”,M){”} a I, st

i l

Hteﬂ'(cg,"ﬂ,L)t — > Cgnm

which, by Lemma 5.2, induces a pullback of stacks

Map(cg,n,m, X) (Lx)™ (14.1)

| -

de, ,n,m
Hteg’(cg,n,m) Map(t, %) % :{V(Cg,n,m)

where evy : (Lff)n — XV(con.m) is the evaluation map induced by the inclusions
wv: oevie, v} = 1=, S'. We denote

x

_ *
gn,m er(ed

cg,n,m) € ltf_‘]l’<(29*’”’"‘)(Maup(cg’n,m7 X)) — (Lf{)n) (14.2)
the bivariant class induced by the pullback diagram (14.1) and the orientation
class 04, , . of Lemma 14.4.

,m

The retraction 7., : Map(cg.nm,X) = Map(Zy 5.m, X) sits inside a com-
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mutative diagram:

Map(Xg n,m, X) (14.3)

Lg,n,m
Pin
T.‘?v",m

Map(cg,n,m, X) (Lx)"

where the map Map(Xg n m,X) — (LX)" is induced by the inclusion of the
incoming boundary in X/, ,,. Applying the pushforward map along rg . m
given by the above diagram (14.3) to the bivariant class 6, ,, (see (14.2)) gives
us a bivariant class

P (0% m) € H™ o) (Map(Sy ., X) — (L)"'), (14.4)

Quotienting by diffeomorphisms To shorten notations, we write Gy for
the group Diff,tm(zg’n,m) of oriented diffeomorphisms of ¥, ,» preserving
the boundaries pointwise. The group Gy = Diff;m(Eg,mm) acts on g ,m
and thus on Map(X, 1, m, X) (by functoriality, see Section 5.1) and the restriction
map pin: Map(Xg.n.m,X) — (LX)" is equivariant (where the action on (LX)"
is trivial since the boundary is pointwisely fixed). Similarly to the construction
of the transformation groupoid of a topological group acting on a space (see
Section 1.4), we can pass to the quotient of the above stacks by the G's-action:

Lemma 14.5 The action of Gy on Map(X, ,.m,X) gives rise to a quotient
topological stack [Map(Egymm, }C)/Gg] together with an natural topological stack
epimorphism pgy: Map(Xg ,m, %) — [Map(Egm,m,%)/Gg] and, similarly,
a quotient stack [(L}C)”/Gg} with an natural topological stack epimorphism
pays: (LX)") — [(LX)"/Gx] such that

1. there is a cartesian square

Gx x Map(zg,n,max) — Map(Eg,n,m,%)

pTz\L i/sz;

PGy

Map(zg,mmax) I [Map(zg,nmux)/GE]

where the top arrow is given by the Gs-action as well as a similar cartesian
square with (LX)" instead of Map(Xg 5 m,X);

2. The map pgy: Map(Xgnm,X) — [Map(Zgyntm,f)/Gz] makes
Map(Xg n.m, X) a Gs-torsor and similarly for (LX)";
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3. There is a topological stack isomorphism [(LX)"/Gx] = (LX)" x [ * /Gx]
and the following diagram is commutative

~

poy T
1d X 4Gy

(Lx)"

where qgy : * — [* /Gg] is the canonical map.

PRrROOF. We know from Section 5.1, that the stack Map(2g 5, m, X) is the fibered
groupoid over Top given by the rule T' € Top — Hom(T x X, m,X), where
Hom is the groupoid of (stack) morphisms. Then we can define another fibered
groupoid T' — Mx ¢, (T') where the set of objects of Mx ¢ (T) is the set of
stack morphisms hom(T X Xg . m, X) (here hom(%,9)) denotes the set of objects
of the groupoid of stack morphisms Hom(X,%))). The morphisms of Mx q,, (T)
are

Mor(Mx ¢, (T)) = {(g,f) € Gx X Mor(Hom(T x Zg,nﬂm%))}

with source and target maps given by s(g, f) = s(f) and t(g, f) = t(g- f) (where
- denotes the action of Gx). The rule T — Mx g (T') is easily seen to define a
prestack. We let [ Map(X ,.m,X)/Gx| be the stackification of Mx ¢y (—). We
define in the same way the stack [(LX)"/Gx]| as the stackification of a fibered
groupoid £x gy (T). Since the action of Gy on (LX)™ is trivial, there is an
isomorphism (of fibered groupoids) in between

Sx.0y(T) = {(g, f) € Gx x Mor(Hom(T x [ 5", 3e))} = hom(T x [[ $*, %)

i=1

and Gx, x Mor(Hom(T x [, S*,X)) = hom(T x [[;—, S, X). Hence an iso-
morphism of stacks [(LX)"/Gx] = (LX)" x [* /Gx].

Choosing g = 1, the unit of Gy induces a prestack mor-
phism p: Map(Xg,m,X) — Mxgy which yields the canonical map
Past Map(Zgn,m, X) = [Map(Xg,,m, X)/Gx] after stackification. This map
is shown to be an epimorphism and a Gyg-torsor as in the usual case of trans-
formation groupoids (see [8, 57, 56]). The case of (LX)" is similar and assertion
3. of the lemma follows immediately.

In order to prove that these quotient stacks are topological stacks, we
note that if X — Map(Xg,,m,X) is a chart for Map(E, ,,m, %) (that is a
representable epimorphism from a topological space), then the composition
X — Map(Xgnm,X) — [Map(ng,m,%)/Gg] is again a representable epi-
morphism. The existence of X is given by Proposition 5.1.
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By construction, the fibered groupoid Mx ¢, is defined so that the diagram

Gs xHom(T x X4 m, X) — Hom(T X Xy 1.m, X)

pra) |

Hom(T x X4 m, X) Mx.cy(T)

is 2-cartesian. Since the stackification functors commutes with 2-fiber products,
it induces the cartesian square asserted in the Lemma. [J

Since the map p;, is equivariant, it passes to the quotient to give rise to
a stack morphism [pin/Gs]: [Map(Eg nm,X)/Gs| — [(LX)"/Gx]. Further-
more, we have the following lemma.

Lemma 14.6 Letpq,, : (L%)n — [(LX)"/Gx)] be the quotient map (of stacks)
giwen by Lemma 14.5 and similarly for Map(3g ».m, X). The following diagram

Pin

Map(Sgn.m, X) (Lx)"

l ip/cz

[Pin/Gz]
[Map(ng)m, x)/GZ} [(L%)”/GZ].

1S a cartesian square.

PROOF. Unfolding the definition of [ Map(3 n,m,X)/Gx| and [(LX)"/Gs] in
the proof of Lemma 14.5, we see that, since p;, is Gg-equivariant, it induces
a map of fibered groupoids Mx ay, (T) — Lx ¢y (T). After stackification, we
get the map [pin/Gs]: [Map(Egn,m,X)/Gx] — [(LX)"/Gx]. Furthermore,
the diagram pictured in the Lemma follows from the same diagram of fibered
groupoids. In order to check that this diagram is 2-cartesian, we note that both
vertical arrows are Gy-torsors (by Lemma 14.5) and the lemma follows from the
usual interpretation of transformation fibered groupoid as groupoids of torsors
recalled in Section 1.4 (also see [8, 57]). O

Remark 14.7 Lemma 14.5 and Lemma 14.6 (as well as the constructions un-
derlined there) basically follow because we are considering strict actions of a
topological group on a stack (induced by the mapping stack construction).
These statements are actually particular cases of more general statements about
quotient of topological stacks by (topological) groups which will be studied by
the second and third author in a work in progress.

By Lemma 14.6, any bivariant class in

H.<[Map(zg,n,mvx)/GZ] [piigf] [(L%)"/GZD

can be pulled-back along p,q,,.
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Lemma 14.8 There is a bivariant class

X € H™ X0 ([ Map(Sg.,m, X)/Gs] [pin/ =]

Og,n,m

[(L2)" /) )

whose pullback pjq (0% .m) is the class 1o nm, (0%, ), see (14.4).

PROOF. An element g € Gy acts on X, and thus on tg pm(cgn,m). The
image 0 - tg.n,m(Cg,n,m) is a chord diagram diffeomorphic to ¢g  m, by a diffeo-
morphism fixing the boundary circles of ¢4 p . Further 3, 5, n also retracts on
0 Lgnm(Conm) and, indeed, £ — g tgnm(Tgnm(g~" - x)) is a retraction of
Yg,n,m O Cqpnom-

A proof similar to the one of Lemma 14.5 shows that we can form the
quotient stack [Map(cgymm, }C)/Gg] induced by the above action on ¢g . m. In
particular the action of Gy factors through an action of the orientation and
circles preserving diffeomorphism Dif fg(cg,n’m) group of cgpnm. Note that
the n disjoint circles are pointwisely fixed by an element of Dif fg (cgm,m)- It
follows that this group actually acts on the disjoint union of the trees ]_[(I(cg%m
(and preserving the circular vertices).

Thus, applying Lemma 14.6 and its proof we get the diagram of pullback
squares

Tg,n,m Pin

Map(cg,n,m, x) Map(Eg,n,m, f{) (Lx)n

| | e

[Map(cg,n,m,X)/Gs] /6] [Map(2g,n,m, X)/Gx] M [(LX)"/Gs)].

(14.5)
For simplicity, we also denote p;, the composition p;, o 74, m. This pullback
square will allow us to reduce the statement of the lemma to an analogue state-
ment with cg 5, instead of 3, ,, . Indeed, assume we have a class

[Piﬁ:}

O'gm,m

5 e g X(Conm) ([Map(cg,n,m, X)/Gy] [(Lx)" /Gg])

such that pjq (oX = 9*

gnm) = g nm:

mute in a bivariant theory (see Axiom A.13 in Appendix B.2), we get that

p7G2 ([T/Gz}* (g;{,n,m)> = ’rg’"»m* (gin,m) .

Then, since pushfoward and pullback com-

Thus to finish the proof of the Lemma, it suffices to define the class Gimm
satisfying p e (5;6%7”) = 9§n,m (where H;fn’m is the class defined by the iden-

tity (14.2)). To do so, we follow the proof of lemma 14.4 to get an orientation
class

Oa,o, € H-XGorm) (T [Map(t, X)/Gx] — [xV(nm)/Gy]).
teT(cg,n,m)
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Each tree is a deformation retract onto any of its circular vertex, hence we have,
for each t € T(cg n,m), a factorisation

HT:/GE

[xtr(cg,n,m)/GZ] Hteﬂ'(cg,n,m) [Map(tv %)/GZ]

\ \deg="=m/cz
(#V(cg,n,m)—#T(cg,n,
A g,m,m g,m,m I:xV(Cg’n,m)/GE:I

/Gx

where the rf /Gy, are retractions.  Note that, similar to the proof of
Lemma 14.5.3., there are topological stacks isomorphisms

[V Conm) /Gy] & XV Conm) x [+ /Gy
and

[T Comm) /Gy] o &TCanm) x [« /G]
since the action of Gy on the circular vertices is trivial. Further, under this
isomorphism, the map dcg,nym/GE is identified with d x id;gy. Thus, by

Proposition 7.7, an orientation class 6 (as the one given by Lemma 14.4) in
H=XEgnm) (7 (€gnm) — xV(egn.m)) determines an orientation

Cg,n,m

dey  m Xid
01 € H X (7 (onn) s [x [Gy] 02 2V o) [ 5 /Gy]).

Furthermore, it follows from the proof of Proposition 7.7 that the pullback
p“;GZ (0 ® 1) is the original orientation class §. Taking, as in the proof of
Lemma 14.4,

Od)ey = (HT:/GE)*(Q ®1) (14.6)
to be the pushforward of the orientation class 6§ ® 1, we see that
Pias(0a,o,) = b, . (14.7)

that is, the pullback ijE (Qd/GE) is the class Gdcg,n,m of Lemma 14.4 (once again
using that pullback and pushforward commute in a bivariant theory).

Now, let us consider the following commutative diagram

Map(cg,n,my x) Pin (L:{)n
/ ‘ [pin/G):] ‘KGE
[Map(cg,n,m, X)/Gs] [(Lx)"/Gx] evy
i’ VY /Gy
de
tGiT(clgnyl\T:I)ap(t’ X) L %V(cg,n,m)
teg’(cl;[ynﬂ[nl\)/lap(t’ %)/GZ] 9:m,m /G [x\?(cg,n,m)/GE]
(14.8)
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The bottom vertical and lower horizontal square are pullbacks and so is the
top horizontal square. It follows that the front vertical square is a pullback too.
We denote by ¢, .. the pullback eVViay, (0ag,,) in

g,n,m

[Pin—/Cjz]

HﬁdX(Eg’"’m) ([Map(cg,n,mv X)/GE] [(LX)H/GE])

of the class (14.6)

ey € H-XCon) (] [Map(t, %)/Gs] — [&VC0n)/Gy))
teT(cg,n,m)

defined above. By definition of 8%, = (see identity (14.2)), one has the identities

g,n,m

Ognm = ev(0a,, )

= evy (p’/‘GE (Gd/GZ)) by relation (14.7)

= p?GZ (evijE (Gd/cz)) by diagram (14.8)
* ~X
= Pjax (Fgnm)

X
g,n,m

which prove that the class ¢ satisfies the expected identity and thus finishes

the proof of the lemma. O

Defining the homology conformal field theory and Proof of Theo-
rem 14.2 The inclusion of the outgoing boundary components [[;~, S* —
Yg.nm is also Gx-equivariant. Thus, similar to the ingoing boundary case, we
get a stack morphism

[pout/GZ} : [Map(zg,n,ma x)/GE] — [(LX)m/Gz].

Since Gy acts trivially on (L.’{)m7 the terminal map Gy — {1} yields a stack
morphism

m m ~ m
(L3)™/Gs] — [(L)™ /{1}] = (LX)
By Section 9.1, the bivariant class O';{M

map

m given by Lemma 14.8, yields a Gysin

(0F,m) H([(LX)"/Gs]) = H([Map(Sg,n.m,X)/CGx])-

Composing with the homology pushforward of the two preceeding stacks mor-
phisms, we get, for every (isomorphism class of a) surface X ,, n, the following
linear map:

ps, . H([(LX)"/Gx]) (”;—’“ﬁ)! H([Map(Zg,n,m, X)/Gx]

[pouﬁﬂ* H([(L%)m/Gz]) — H((L%)m) (14.9)
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This map indeed defines the (non-unital, non-counital) homological conformal
field theory structure of He(LX) asserted by Theorem 14.2 as we will now prove
(recall from Lemma 14.5 that [(L.’f)n/Gg] = (L.’{)n x [ /Gx]).

PrROOF OF THEOREM 14.2. We wish to define the d-dimensional homolog-
ical conformal field theory structure by assigning to any positive integer n,
the graded space H.((LX)"). First note that, by Lemmas 14.4 and 14.8, the
map (14.9) above

15 Ho([(LX)"/G5]) = Hapars, o (1X)™))

is of degree —dx(¥gn,m). Further, since Gy = Diff:,m(Zg,n’m) acts triv-
ially on the incoming boundary of ¥, ,, and thus on (LX)", there is (see
Lemma 14.5) a canonical isomorphism of topological stacks

[(Lx)"/Gs] = (LX)" x [+ /Gs]
and thus natural isomorphisms
HL([(LX)"/Gx]) = Ho((LX)") © Hu(BGs) = Hy((L%)") © Ha(BLy.n (D))

It follows that the maps us, , ,, induce, for any ¥, . € My, a well defined

map from H.((L%)n) to H, ((LX)m), which we still denote psy, , .. This map
has the correct degree shifting with respect to the twisting local coefficient
system det®?. Furthermore, since we are only considering closed boundaries,
the bundle corresponding to this local system is oriented by [34] and locally
trivial over the category M, ,, by [26, 27]. It follows that in order to check that
the rule n — H.((L%)n) together with the maps uyx, , ,, defines a symmetric
monoidal functor from Gg,’d”;@d to the category of graded vector spaces (i.e.

a non-unital non-counital d-dimensional homological conformal field theory),
it suffices to check the behavior of the maps us, , . with respect to disjoint
union and gluing of surfaces. This will be done below similarly to the proof of
associativity and coassociativity of the loop product in Theorems 10.1 and 12.5
as well as in Chataur-Menichi [18].

We first deal with the gluing of surfaces. Let ¥g¢m € My, and X, €
M,,.m be two surfaces. We denote

Gy = lefzn(zg/,n) and G/E/ = szsz—m( ;’,n,m)

the corresponding diffeomorphisms groups. Since these groups are fixing the
boundaries pointwisely, it follows that we have an injective morphisms of topo-
logical groups Gs; x G%, — Hyvoy where Hyoxy = Diffzm(Z’g,’n’m °0Xgen)is
the group of oriented diffeomorphisms fixing pointwisely the boundary of the
surface 3, . 0¥y, obtained by gluing ¥, and ¥, . For simplicity,

/

henceforth, we denote ¥, = X7, . o ¥g,, this gluing. Since the boundary

circles are fixed pointwisely, both Gy x G%, and Hsyvoyx acts trivially on (L%)Z
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and (LX)m so that we have stacks morphisms [(L%)Z/Gz X G'Z,] — (L%)e,
[(L%)Z /Hsrox] — (L%)Z defined and that we have these equivariant maps

is the same as the ones of Lemma 14.5 and Lemmal4.6). The morphism
Gy, x G%, — Hyrox induces a commutative diagram of stacks

o

[*/Gz] X [*/G/,] —_— [*/HEQE/]

1 1

o
Sﬁé,n X mn,m mé m

)

and a similar diagram after passing to homology with twisted coefficient. We
thus have to prove that psy, o s, ,, = M5 - The above group morphism
g’ ,n,m i o

G x G5, — Hsyox induces an action of Gy, x G5, on Map(io, X) and a diagram
of cartesian squares (applying, mutatis mutandis, the proof of Lemma 14.6) of
topological stacks

Pin

Map(Es, X) (Lx)" (14.10)

i i

_ [pin/GsxCly .
[Map(., X) /Gy x G%,/] [(LX) /Gs x G%/]

i i

[Map(Zo, X)/Hsrox] % [(LX)Z/HE/@H

Furthermore, the group Gy, x G%, also acts on Map(X, ¢ ,,, X) (through the above
action of G, and the trivial action of Gy, ) and similarly on Map(¥{, , .., X).
Since 3, = Y nm © Xgen is obtained by glueing %, 0, on X, . along the
n-disjoint circles of their common boundaries, applying Lemma 5.2 and (the
proof of) Lemma 14.6, we get another cartesian square

- resin /G XxGY,
[ Map(Zo, X)/Gs; x G%/] [4Xf] [Map(Eg.6.n, X)/Gx x G|

Oul/ , [Pm/GEXG/Z/] n i/
X)/GZ X GZ’] [(LX) /Gg X GIE/]

(14.11)
of stacks (also see [18]), where res;, is the restriction map induced by the

inclusion ¥4 0, — Xo.

[ Map(%!

g’'\m,m’

The inclusion of the outgoing boundary of ¥, ,, induces a stack morphism

Pmid: [Map(Zg,0n, X)/Gs x G| — [(LX)"/Gs x G&/] — [(LX)"/G%/]
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since the group Gy acts trivially on (L%)n Similarly, we have topological stacks
morphisms

m

Pout: [Map(Sl, .y X) /G5 ] — [(LX)™ /G5 ] — (LX),

;);out: [Map(io,ff)/szog} — [(L%)m/HEIOE] — (L%)m

and a composition of morphisms of topological stacks

€80ut: [Map(Zo, X) /G x G| — [Map(2}, ,, . X)/Gx x G&/]
— [Map(Z, ,, .. X)/Gs/].
By Lemma 14.8 applied to the surfaces ¥ ¢, ¥, , ,, and 5, there are bi-
variant classes aie}n, J’?n,m and o inducing (as for the definition of uyx
respectively, the Gysin maps

g )

(0F,,)" s H([(LX)/Gx]) — H([Map(Sg..n, X)/Cx]). (14.12)
(o' g )+ H([(LX)"/G5]) = H([Map(Sgnm, X)/C5]),  (14.13)
&%) : H([(LX)"/Hsrox]) = H([Map(So, X)/Hsox)).- (14.14)

The first Gysin map above is equivariant with respect to the action of G%, since
this group acts trivially on 3, ¢ ., thus passes to quotient stack to define a Gysin
map

(0,0 H([(LX) /Gx x G&]) = H([Map(Sy,0, X)/Gx x Gi]). (14.15)

Furthermore, the proof of Lemma 14.8 applied to X4, with respect to the
action of the group Gy x G%, (and not the full Hyvox) also yields a bivariant
class ﬁé «¢  and an associated Gysin map

= =/

(68sxay,) s H([(LX)/Gs x G5]) — H([Map(So, ) /G x G]). (14.16)

The Gysin maps (Egsz, )' (morphism (14.16)) and (Ufz )b (mor-
=/ s
phism (14.15)) are related as follows. We choose ¢4, to be a chord dia-

gram associated to g ¢, ¢/, . to be associated to ¥y . and Coygpm =

Cyr n.m © Cg,t,n the one associated to 5, obtained by gluing the two previous ones
(see [22] for the composition of chord diagrams). By construction (i.e., use of
Lemma 14.8), the bivariant class 0%,  is obtained as a class whose pullback

g,4,n
along the stack morphism (L%)e — [(LX)E/GZ X G’E,] is rg7g7n7*(9§£,n) where
O;E’Zm is given as in formula (14.2) and Lemma 14.4. Similarly, the bivariant

class 5§EX Gy, is obtained as a class whose pullback along the stack morphism

(L%)é — [(L%)K/Gg X G/] is Tgyg tmx (054 g 0.m), Where, again the class
g%

+g'.0.m 18 given by formula (14.2) and Lemma 14.4.
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We now relate the classes 99+ ' om and 99 on The chord diagram cg4g4/ ¢,m
has ¢-disjoint circles, a set of dlSJOlnt trees ‘J'(cg ¢n) (corresponding to to the
trees of cq¢,) and an additional set of disjoint trees J'(c/ ) such that

g'sn,m
the union T(Cyigr0m) = T(cgen) [[T (¢ 1) is the set of trees associated

t0 Cgtg7,0,m- We define similarly the set of circular vertices V(cg,e,n), V' (¢} 1.m)

and '\7(’5g+g/7g7m). We thus get a diagram of pullback squares (obtained as for
the square (14.1)):

c
res;,

Map(Cytg’,0,m,X) ——— > Map(cg,n,m,X) ————— > (LX)"

| o |

[I Map(t, X) 2V € mm) [T Map(¢, X)

~ — V(@ em)
=~ g+g’,t,m
t€T(Cg1 g/ ,m) t€T(cg,n,m) X

(14.17)
The left cartesian square above (14.17) and the proof of Lemma 14.4 gives us a
bivariant class

~ res
efesfn = evi}, (eiresq ) € H<Map(cg+9/7€,ma ) — Map(cg,n ’H'L?%))

Since the classes 6% gtg0.m and 0 ,, are also induced by pullbacks along evy; of
classes given by Lemma 14.4 (correspondlng to the bottom line of (14.17) and
the various chord diagrams involved here), it follows from the functoriality of
pullbacks (Axiom A.3 in Appendix B.2) that 6% =6X e 6

g+g’.L,m ress g.l,n*
Since the following diagram (induced by the various restriction maps)

T€Sin

Map(Se, X) ——— > Map(Sg,¢n, X)

Tg+g’,e,m¢ T"g,tz,n

Map(5g+g/,f,ma X) - Map(cg,é,m X)

is commutative, it follows that

Tg+g’,6,m,x (9§+g’,€,m) = Tg+g’,0,m,x (95631?") “Tg,tm,x (eié,n)-

Unfolding the argument of the proof of Lemma 14.8, we get that the bivariant
class rgyg 0,m,« (0% ) is the pullback of a class

ox € H([Map(Eg,e,n,%)/szG/Z/] [Tesmgxcz,]

TESin

[Map(io,%)/ngG’ ,])

and further that the Gysin maps induced by the classes 5§E><G’ , Jfln and
Z/ g
ok, satisfy the identity
X ! x ! x !
(UGEXG ) = (Uresin) o (Ug,f,n) . (1418)
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Now, using the above defined maps, we can consider the following diagram

x
(0g.em

H([(LX) /G x Ga]) 22" H([Map(Sg.m, 8)/Gs x G]) 22 o H([(LX)"/C])

(5\ J{(afesm)’ ) L(a_f,,n_,m)’

x , )!
GEXGE,

H([Map(£o, X)/Gx x G ]) —— H([Map(3j ., X)/Gsr])

TeSoutx

M j/ @) lﬁm

H([Map(io, X)/Hsros]) —— H((Lx)™)

~X\!
(@3) Poutx

H([(L%)"/Hyrox))

(14.19)

The left vertical map ad the bottom line represents the map px- oS gotm

g’ \n,m

while the top line and right vertical composition represents the composition
:uE/g,,n’m OUSy on-

Thus to prove the glueing property, it is enough to show that the dia-
gram (14.19) is commutative. The commutativity of the upper left triangle is
precisely identity (14.18) above. The commutativity of the trapezoid labeled (1)
follows from the tower of pullback squares (14.10) and naturality of Gysin maps
with respect to towers of pullback squares, since all the classes involved are
obtained by pullback from a class induced by Lemma 14.8. The commutativity
of the square labeled (3) follows from the fact that the restriction to the outgo-

ing boundary of ¥, coincides with the restriction to the outgoing boundary of
!, Finally the square labeled (2) is commutative thanks to the naturality

g',m,m:*

of Gysin maps applied to the cartesian square (14.11).

We are left to the case of disjoint union of surfaces, that is, to prove that

“Eg.n,mHE’/ Lot :I:'uzg,n,m ®'U’E/ ’

g’ ,n',m g’ ,n' ,m’

where the sign is induced by the Koszul rule and the local coefficient det®,
The sign follows as in [18, 34, 26, 27]. Let ¢(g,n,m) and ¢/(¢’,n/,m’) be chord
diagrams representing respectively 3, », and X Then the disjoint union

q/7n/,m/ .
c(g,n,m)[[c'(¢',n',m) is a chord diagram representing 3y ., [[ X7, ./ ,,,, and
moreover, the diffeomorphism group Dif ;' 0 0 (Sg0m 11 X0 s me) i the

cartesian product of Gy = Dif f . (Sgnm) and Gz = Dif ff, (S ).

n/’m/ g/vn/’m/
Let Gdcg ., and g, be the respective strong orientation classes given by
v g’ ,n! ,m’

Lemma 14.4 applied to %, ,, »m and X7,

q )n/7m/~
— ! / — /o : :
YX=Ygnm 2 = Eg,7n/7m,, c=Cgnm and ¢’ = Cotmt - Since we are working

over a field, by Proposition 7.7, we get that the tensor product

For simplicity we simply denote

ed‘?gm,,m,

T(cllc)

glvﬂ'lvm’/

®0s, € H*dX(ZHE')( [T Map(t,X) L%WCHC') )

identifies with the class 04 given by Lemma 14.4 applied to the
‘g

’
c
yn,m 11 g’ ! m’

surface X, m [[Xg/n/,m. This is a consequence of the fact that this class is
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induced by taking the products of the diagrams inducing 9qu . and 0g

It follows that the same property holds for the classes obtained by alg)plying

Lemma 14.8, namely o* o ®o;€n,m. Further the restriction

g+g’ ,n+n’ m+m’ = Og.n,m
to the incoming and outgoing boundary yields a commutative diagram

(Lx)'rﬂrn’ # Map(zgy’ﬂ,mHE;17n17m/7x) L (L%)erm/

w | :

(L%)n > (Lx)nl - Map(Eg,n,m,X) X Map(Z;,’n,,m,,x) [ (L%)m > (L%)MI

Pin XPin Pout XPout

1R

It now follows similarly to the case of the glueing of surfaces (and actually more
easily) that the operation us, , . 1% LIS s, . s,
gm, ; s

’'n! m g’ ,n' m

Now we only need to identify the operations of the BV-structure and
Frobenius structure with the one given by the homological conformal field
theory we just defined. By [33, 34, 18], we know that the BV-operator
Ho(LX) — He¢+1(LX) is induced by the generator of degree 1 in the homol-
ogy He(9y,1) corresponding to the diffeomorphism of a cylinder given by the
Dehn twist along a generator of the degree 1 homology of the cylinder 3¢ 1 ;.
In other words, this generator is induced by the fundamental class of S!, and
passing to the quotient stack Map(¥o1,1,%X) — [Map(Zo,1,1,%)/S?], we sce
that the action of this generator on pout(Map(EoJ,l, X)) = LX coincides with
the operator D of Theorem 13.2.

Now the product and the coproduct are respectively given by pair of pants
(with different incoming and outgoing boundaries). The first one correspond
to the chord diagram with two circles and one edge connecting them while the
second one correspond to the chord diagram with one circle and one diameter.
They are given by degree 0 homology classes in He (Mo 1) and He (M 2), thus to
identify them, it is enough to consider the Gysin maps obtained via Lemma 14.4
before passing to the quotient by the diffeomorphim groups. Unfolding the proof
of Lemma 14.4, we see that these Gysin maps coincides with the ones defining
the loop product in Section 10.1 and loop coproduct in Theorem 12.5. [J

15 Remarks on brane topology for stacks

Brane topology, as coined by Sullivan and Voronov [25], is an higher dimensional
analogue of string topology defined for free mapping sphere spaces instead of
free loop space. Many aspects of Brane topology for manifolds have been stud-
ied in [25, 17, 45, 41] for instance. Roughly, Brane topology is concerned with
the algebraic structure of the homology of MS" = Map(S™, M), where M is
an oriented manifold and S™ the standard n-dimensional sphere. In this sec-
tion we sketch how to apply our general machinery to define Brane topological
operations for oriented stacks.

By Proposition 5.1, for any topological stack X, the mapping stack
Map(S™, X) is a topological stack. Here S™ is the n-dimensional sphere. Let
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evg: Map(S™, X) — X be the map induced by the evaluation in 0, the based
point of S™. There is a standard pinching map pgn: S™ — S™V S™ obtained by
collapsing an equator to the based point. This map is homotopy coassociative.
By Lemma 5.2, if X is Hurewicz, there is a cartesian square

Map(S™V 8™, X) — Map(S™, X) x Map(S™, X)

l/ \LGVO X evp

X XxX

and thus, if X is oriented of dimension d, a Gysin map A': H,( Map(S™, %) x
Map(S™, X)) — He_q(Map(S™V S™, X)). Composing A' with the map induced
by the pinching map pgn, yields the brane product

wgn s H(Map(S™, %))®? = H(Map(S™, X) x Map(S™, X))
A% H(Map($™ v 57, %)) ®=" H(Map(s™,%)). (15.1)

Proposition 15.1 Let X be an oriented stack of dimension d. The brane prod-
uct makes the shifted homology H, ( Map(S™, .’f)) = H.+d(Map(S”, }C)) a graded
commutative algebra.

PROOF. The argument is the same as the ones of the proof of Theorem 10.1
and Proposition 10.9. O

Remark 15.2 The brane product (15.1) can be “twisted” by a class a €
D,,>0 H"(Map(S™ v S", X)) similarly to the loop product as in Section 10.
The analogue for brane product of Theorem 10.3 holds true, the proof being
the same. For instance, the twisted brane product is associative if the class «
satisfies the 2-cocycle condition (10.3).

Let ¢F: S™ — S™ be the k*"-iterated power map defined by the composition
k p*) g Vid
g sm P\ §m 5 n (15.2)
i=1
where p(*): ™ — \/ S™ is the k'"-iterated pinching map and \/id : \/ S™ — S™
is the identity on each sphere of the bouquet \/ S”. The map ¢* induced by
precomposition maps A¥: Map(S™, X) — Map(S™, X), f +— A(f) = fooF. We
have

Moo Xt = 2k (15.3)
Theorem 15.3 Let X be an oriented (Hurewicz) stack of dimension d and as-

sume n > 2. Then the maps \*: Hqe(Map(S™, X)) — He(Map(S™, X)) are maps
of algebras (for the brane product xgn ).
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Moreover, if the ground ring k contains Q, there is a decomposition

H. (Map(5", X)) = [T H (%),
>0

where H(.i)(}l) is the eigenspace of Nf (with eigenvalue k'), that makes
(H.(Map(S”,I)),*Sn) a bigraded commutative algebra (with respect to the
shifted total degree and the grading induced by the decomposition,).

PROOF. By identity (15.3), the maps A\*: Map(S™,X) — Map(S™, X) equip
He (Map(S™, X)) with the null multiplication (and not the brane product *gn)
a A-ring with trivial multiplication as in [48]. The existence of the decomposi-
tion then follows from standard properties of A-ring, see [5, 48]. Thus in order
to prove the Lemma, we are left to prove that the maps A* are maps of al-
gebras with respect to the brane product. This is an easy consequence of the
commutativity of the following diagram
! (2)
H(Map(S"[[S", X)) ——= > H(Map(S" vV 8", X)) A Map(S™, X)
(vid)]_[(vid)\L , \L(vid)v(vid) \Lvid

N
vE_ sn e)
H(Map(VF_, S" IV, 5™, %)) L)H(Map((v;;l S™My Vv (VR 5™, %)) L Map(y 5™, %)

() Hp<k>¢ ipmvp(m J/,,m
! @)

H(Map(S"[[S", X)) ——= > H(Map(S" vV S", X)) ——> Map(S™, X)
(15.4)
where the Gysin map A! , gn 18 obtained as the pullback by
i=1
k k
evg X evg: Map ((\/ S™) H(\/ SM),%) 5> X x X
i=1 i=1

(the evaluation at the base points of each component) of the diagonal A: X —

X x X. Let
k

k k
\/p(z): Map ((\/ SMV(\ 5"), %) = \/S"
i=1 i=1 i=1
be the map obtained by applying a permutation on the bouquet of spheres (so
that the first and k 4+ 1-sphere are put next to each other, and then the second
sphere with the k+2-sphere and so on) and then applying p? k-times. Tt follows
immediately from this definition that the top right square of diagram (15.4) is
commutative. The left squares are seen to be commutative by applying the
naturality of Gysin maps as in the proof of Theorem 10.1. The maps

k k
p(k) o \/p(Q) : Map ((\/ S™) vV (\/ S"),%) — Map(S™, X)

i=1 i=1

and p® o (p(*) v p(k)) involved in the lower right square of diagram (15.4) are
not equal. However, since n > 2, they are homotopic to each other (the proof
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being similar to the commutativity of the higher homotopy groups). The result
follows. O

Remark 15.4 In view of Section 17.1, Theorem 15.3 holds for oriented mani-
folds, which did not seem to be known in the literature according to our knowl-
edge.

The brane product described above shall belong to a bigger algebraic struc-
ture. Namely, we believe that the following

Claim Let X be an oriented Hurewicz stack of dimension d.  Then
He (Map(S™, X)) is an algebra over the homology H,(Cac™) of the n-
dimensional cacti operad Cac(™ (see [25, 67] for the definition).

is true for stacks (the corresponding property for manifolds is due to Sullivan-
Voronov [25]).

The case n = 1 follows from Theorem 14.2 since the operad H,(Cac")) is
the BV-operad (see [33, 25, 59]). (Indeed, 1-dimensional cacti can be seen as
special kind of chord diagram).

We believe the methods introduced in Section 10 and Section 14 could be
applied to prove the above claim provided one has a model for the n-dimensional
cacti operad in which cacti are obtained by gluing the various lobes using trees.

Remark 15.5 According to a result of Sullivan and Voronov [25, Theorem
5.1.1], there is an isomorphism of operads between H,(Cac™) and the ho-
mology operad H,o(DJ") of the framed little n-dimensional disks operad D"
(studied in detail in [59]). Hence the claim, if proved, implies such a structure
on H.(Map(S", X))

Remark 15.6 As in [25], one can prove that the claim follows from a n-
dimensional cactus algebra structure of the free sphere stack Map(S™, X) in the
category of correspondences of topological stacks (and not of topological stacks).
This category Cor has Hurewicz topological stacks for objects and morphisms
from X to 2 given by diagram X + 3 — 2). The composition is defined by
taking pullbacks. The proof of [25] applies verbatim to the framework of stacks.
However, applying this idea to pass to homology is rather subtle as one needs
to be careful with Gysin maps and do not seem to be straightforward.

16 Orbifold intersection pairing

In this Section, unless otherwise stated, X will be an almost complex orbifold.
Then AX is again an almost complex orbifold. In particular, X and AX are
oriented orbifolds. Care has to be taken, because even if X is connected and
has constant dimension, AX usually has many components of varying dimension
(the so-called twisted sectors). Using the (almost) complex structure and our
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bivariant theory, we will define a refinement of the hidden loop product, which
is the (Poincaré) dual of the orbifold cup-product [19].

Warning 16.1 In this section, all (co)homology groups are taken with coeffi-
cients in C, the field of complex numbers. In particular, this is true for singular
homology H,.(X), de Rham cohomology (denoted H (%)) and compactly sup-
ported de Rham cohomology (denoted Hpg (X))

16.1 Poincaré duality and orbifolds

For (any) oriented orbifolds, there is the Poincaré duality homomorphism
P Hy(X) — HI7'(X), see [6]. Here X is an oriented orbifold which has constant
(real) dimension d = dim(X). Let us recall briefly the definition of the Poincaré
duality homomorphism, see [6] for details. There is the canonical inclusion
Hi(X) — (HZ(%))* which is an isomorphism if H;(X) is finite dimensional.
Since X is of dimension d, there is the Poincaré duality isomorphism (Hp )" —
Hg_RfC, see [6]. Let inc: Hpg (X) — Hpr(X) be the canonical map. The
Poincaré duality homomorphism P is the composition

Hi(X) — (H'(X))" = (Hbr(X))" = HER' (%)

G HAZHX) = HYY(X). (16.1)

If the orbifold X is proper, then P: Ho(X) — HY~*(X) is an isomorphism.

Recall that the inertia stack AX usually has many components of varying
dimension. The inverse map I: AX — AX is the isomorphism defined for any
object (z,¢) in AX, where z is an object of X and ¢ an automorphism of X,
by I(z,p) = (z,97!). In the language of groupoids, if X is presented by a
Lie groupoid X, the map I is presented by the map (v, ) + (y~1,3) for any
(’}/,Oé) e SX X Xo X;.

The age is a locally constant function age: AX — Q. If X = [M/G] is a
global quotient with G a finite group, then

Ax=||]]Mm*) /G

geG

and for x € MY, the age is equal to > k; if the eigenvalues of g on T, M are
exp(2imk;) with 0 < k; < 1. The age does not depend on which way X is con-
sidered as a global quotient. So it is well-defined on AX for any arbitrary almost
complex orbifold, because any such X can be locally written as a global quotient
[M/G]. Similarly, the dimension is a locally constant function dim: AX — Z.
The age and the dimension are related by the formula (for instance see [19, 29])

dim = d—2age—2ageol (16.2)
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where I: AX — AX is the inverse map (as above). The orbifold homology of
X is

H.Orb(.%) = H.—2 ageoI(Ax) = @H —2q([Ax]ageoI:q)
q€Q

where [AX]uge=n is the component of AX for which the age is equal to n. In
plain english, we define the orbifold homology of X to be the homology of AX
with a local degree shifting given, on a component of a certain fixed age, by
—2age o I. According to formula (16.2), the local degree shifting is also equal
to dim —d + 2age.

The orbifold cohomology is H?(X) = H®* 23°(AX) (see [19, 29]). Note
that the shift of degrees are not the same, but rather are Poincaré dual. Indeed,
since AX is an oriented orbifold, there is the Poincaré duality homomorphism
P: Ho(AX) — H*(AX) obtained as the composition (16.1) above on every con-
nected component of AX. Since AX has in general several connected components
of different dimensions, this is not a graded map with respect to the usual grad-
ing. However, we have the following.

Lemma 16.2 The Poincaré duality homomorphism
H,(AX) -2 H*(AX)

maps HP™(X) into H ¥(X). We call it the orbifold Poincaré duality ho-

orb

momorphism PP Hob(X) — HIUx).

orb

PRrROOF. It follows from formula (16.2). O

16.2 Orbifold intersection pairing and hidden loop prod-
uct

Recall that, if X is a manifold, then the homology He(X) has the intersection
pairing and the cohomology H®(X) has the cup-product. The Poincaré duality
homomorphism is an algebra map. However, if X is not compact, the intersection
ring and cohomology ring may be very different from each other (for instance,
if X is not compact, He(X) has no unit).

Chen-Ruan [19] defined the orbifold cup-product on the cohomology H2, (X)
of an almost complex orbifold X, generalizing the cup-product for manifolds.
We will define the analogue of Chen-Ruan orbifold product in homology. Our
construction generalizes the intersection pairing for manifolds. Note that we do
not assume our orbifolds to be compact.

Our definition of the orbifold intersection pairing is as follows. There are
the canonical maps j : AX Xx AX — AX x AX and m : AX xx AX — AX (see
Section 11.1) and a Gysin homomorphism j': H(AX x AX) — H(AX xxAX) (in
homology) because j is strongly oriented. Note that this Gysin maps is not the
same as the one obtained by pulling back (as in Section 11.1) the orientation
class of the diagonal X — X x X in general.
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The main ingredient in the definition of Chen-Ruan orbifold cup-product is
the so called obstruction bundle whose construction is explained in detail in [19]
and [29]. Another very nice reference for this is [44]. The obstruction bundle is
a bundle over AX xx AX denoted Ox. We denote ex = e(Dx) the Euler class
of Dx. The orbifold intersection pairing is the composition:

H(AX) ® H(AX) =5 H(AX x AX) <5 H(AX xx AX)
D% H(AX xx AX) 25 H(X). (16.3)

Theorem 16.3 Suppose X is an almost complex orbifold of (real) dimension d.

1. The orbifold intersection pairing defines a bilinear pairing

K2

or or Q) or
H™ (%) @ HY™(X) == HYY_ 4(%).

2. The orbifold intersection pairing M is associative and graded commutative.

3. The orbifold Poincaré duality homomorphism P°™: H™(X) — H*(X)
is a homomorphism of C-algebras, where Hgg)'(%) is equipped with the
orbifold cup-product [19].

Recall that graded commutative means that, for any x € H;([AX]ageor=1) C
H1o, (%) and y € Hj([AX]ageor=¢) C H1%,(X), one has

Ty = (_1)(i+2k)(j+2£)y A 2.

PRrROOF.

1. By Riemann-Roch, the obstruction bundle Oz satisfies the following
well-known formula (see [29] Lemma 1.12 and [19] Lemma 4.2.2):

rank(Ox) = 2(age o p; + age o p2 — age o m) + dimy — dim om (16.4)

where p1,p2 : AX xx AX — AX are the projections on the first and second
factor respectively, dimg: AX xx AX — Z is the dimension function of the
orbifold AX xx AX and rank : O — Z is the rank function of the vector bundle
Ox (as a real vector bundle). Since j : AX xx AX — AX x AX has codimension
equal to dimop; + dimops — dimy, the result follows from formula (16.4) and
formula (16.2).

2. Since flip(Ox) = Ox (for instance see [29]) and ex is of even degrees
(thus strictly commutes with any class), the commutativity follows as in the
proof of 11.1. It remains to prove the associativity. Consider the cartesian
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diagrams

AX xx AX X AX (16.5)
J(12)3 mi2
/ \
AX xx AX xx AX AX x AX
\\;;;E\\\s; f/”i;/a’
AX Xx AX

v AX x AX xx AX (16.6)
J1(23) ma3

\

AX xx AX xx AX AX x AX

7

\\\\\\s\
5 7

AX xx AX

The map j(12)3, ji(23) are the canonical embeddings induced by j : AX xx AX —
AX x AX (applied, respectively, to the last two and first two factors). The
maps my;+1 (¢ = 1,2) are induced by multiplication of the components 4,4 + 1.
Similarly we denote

Diji AX Xx AX xx AX = AX, i#3j
the map (p;, p;) induced by the projections on the component ¢ and j and
Jioa = § xid : AX*3 — AX xx AX x AX,
Jog = id xj : AX*3 = AX x AX xx AX

the respective embeddings. The excess bundle ¢, associated to diagram (16.5)
is defined as follows . There is a canonical map from the normal bundle N;
of

(12)3

AX xx AX xp AX 79% A% xp AX x AX

to the restriction mj,V; of the normal bundle of AX xx AX A% By def-

inition €12 = Coker(Nj,,, < mi,N;). Similarly, there is the excess bundle

€y3 = Coker(Nj,,, < m33N;) associated to diagram (16.6). The proof of

Theorem 10.8 together with the commutativity of ex with any class, shows that
(@mB)my = my (5 (miz. (jizla x B x ) Npiyex)) Nex)

M. (maz, (jaz)s' ((ia(e x B x 7) Npiaex) Ne(€ra)) Nex)

!
= mf) (j(z) (a x B xv)Npiex Ne(Ez) N mf2e35) )

The second line follows from the excess bundle formula (see Proposition 9.5)
applied to diagram (16.5). Similarly,

!
am(Bmy) = m? (j(2) (o x B x 7y) Npisex Ne(Ea3) N mggex) .
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Hence we need to prove that the bundles Ox and €;; satisfy the following
identity

P12(Dx) +m13(Ox) + €2 = py3(Ox) +moy(Ox) + €3 (16.7)

in the K-theory group of vector bundles over AX xx AX xx AX.

The main property of the obstruction bundle Ox is that it precisely satisfies
an “affine cocycle condition” see Equation (16.11) below. In fact, there are two
cartesian squares (for ¢ = 1,2), analogous to (16.5), (16.6)

AX xx AX (16.8)
Piit1 m
/ \
AX xx AX xx AX AX

AX xx AX

Since p12 = p12 © j(12)3 and p; = py o j, it is easy to check that the ”excess”
bundles associated to diagram (16.8) for i« = 1,2 coincide with ;5 and €3
respectively. Indeed, we have the following identities

€2 = plom Tax + Taxxeaxxeax — PlaTaxxeax — MioTaxx cax,(16.9)
Co3 =Po3m™ Tax + ThxxxAxxxAx — PosTAxxxAx — M3Taxx o ax(16.10)

in the K-theory group of vector bundles over AX xx AX xx AX.

It follows from Lemma 4.3.2 and Proposition 4.3.4 in [19] (also see Lemma
1.20 and Proposition 1.25 of [29] for more details) that Ox satisfies the following
7associativity” equation

P12(Ox) +miz(Ox) + €2 = py3(Ox) +mo3(Ox) + E  (16.11)

in the K-theory group of vector bundles over AX x x AX x5 AX. This is precisely
identity (16.7); the associativity of m follows.

3. Since dim : AX — Z is always even, P commutes with the cross product.
Using general argument on the Poincaré duality homomorphism in [6], Propo-
sition 9.3 and tubular neighborhood (see Section 8), it is straightforward that
Po f' = f*P for any strongly oriented map of orbifolds f: ¥ — ). Hence the
following diagrams are commutative

J

H*(AX) @ H*(AX) == H*(AX x AX) 1> H*(AX xx AX)

A A

Ho(AX) ® Ho(AX) 2> Ho(AX x AX) —> Ho(AX xx AX),
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Uex my

H*(AX xx AX) =2 H(AX xx AX) % H*(X)

A A

Ho(AX xx AX) —> Hy(AX xx AX) =% H,(X).
Now the result follows from Lemma 16.5 below. O

Remark 16.4 If X is compact, the orbifold Poincaré duality map is a linear
isomorphism, thus an isomorphism of algebras according to Theorem 16.3.3.

Lemma 16.5 The Chen-Ruan orbifold cup-product [19] is the composition
H*(AX) ® H*(AX) =5 H*(AX x AX) -5 H*(AX xx AX)

X fe (AR xx AX) " H®(AX).

PROOF. The Chen-Ruan pairing in [19] is defined, for compact orbifolds, by the
formula

(@ Uorb B Y)ors = /A @ U UM () e, (16.12)

Until the end of this proof, let us write u for the pairing given by the formula
of Proposition 16.5. We compute (u(a, ), ¥)orb- Denoting fo the orbifold
integration map defined in [19], we find

wonB)ar = [ wlap)ur )
= [ m i) Upi(E) Uex) T ()
AX
_ / m' (p}(0) Up3(8) U ex Um*(I*(7)))
AX

- / pi(0) Up3(8) Um* (I (7)) Uex.
AX X xAX

By nondegeneracy of the orbifold pairing, we get a Uo 8 = p(a, 5). O

Similarly to the twisted hidden loop product 11.1, we now introduce orbifold
intersection pairing twisted by a cohomology class.

Definition 16.6 Let o € H*(AX xx AX) be a (not necessarily homogeneous)
cohomology class. We define the orbifold intersection pairing twisted by
a, denoted M, to be the composition

H(AX) ® H(AX) =5 H(AX x AX) -1
HAX xx A%) "5 (A% xx AX) ™ H(X).
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For a vector bundle & over AX xx AX, we call m¢(%) the orbifold intersection
pairing twisted by €.

With similar notations as for Theorem 10.3, we prove the following.

Proposition 16.7

1. If « satisfies the cocycle condition:
Pia(a@) U (m x 1)*(a) = pyz(er) U (1 x m)"(c)

in H*(AX xx AX xx AX), then m*: H(AX) @ H(AX) — H(AX) is asso-

ciative.

2. If € is a bundle over AX xx AX which satisfies the cocycle condition
P12(€) + (m x 1)*(€) = p33(€) + (1 x m)*(€) (16.13)

in the K -theory group of vector bundles over AX x x AX xx A%, then @m(®)
1S associative.

PrROOF. It follows as Theorem 11.3 and Theorem 16.3.2. (O

We will now explain the relationship between the hidden loop product and
the orbifold intersection product. Namely, the first one is obtained by twisting
the second one by an explicit vector bundle over AX xx AX.

The inverse map I: AX =+ AX induces the ”inverse” obstruction bundle
O3' = (I xx I)*(Dx) which is also a bundle over AX xx AX. We let 91y be the

normal bundle of the regular embedding AX xx AX 55 AX.

Theorem 16.8 For any almost complex orbifold X, the hidden loop product
coincides with the orbifold intersection pairing twisted by D;l @ Nx, i.e., for
any x € He(AX),

Ty =z MOx ON2) 4

The proof will reduce to the following two lemmas.

The first lemma relates the hidden loop product with the Gysin homomor-
phism j': H(AX x AX) — H(AX xx AX) and yet another canonical bundle on
AX xx AX. We define the full excess bundle §x as the excess bundle associated
to the cartesian diagram

A
7 N
AXAX x

S A

AX

i.e., §x = Coker (]\fA%XxA%p_lﬂ\3€ — NAxiKae)'
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Lemma 16.9 Let X be an almost complex orbifold. The hidden loop product
*: H(AX) @ H(AX) — H(AX) is equal to the composition
H(AX) ® H(AX) =5 H(AX x AX) 25 H(AX xx AX)
"G BAZ xx AX) ™5 H(AX).
PROOF. Apply the excess formula (Proposition 9.5). O

The next Lemma relates the four bundles introduced above.

Lemma 16.10 The obstruction bundle satisfies the identity
Ox + Nx + 05! = Fx
in the K-theory group of vector bundles over AX xx AX.
PROOF. Recall that Ox is a solution of equation (16.11):
P12(Dx) + mix(Ox) + €12 = pi3(Ox) + ma3(Ox) + Ea3

in the K-theory group of vector bundles over AX xx AX xx AX.

For any permutation 7 € X3 of the set {1,2,3}, there is a map T, : AX xx
AX — AX xx AX defined as the composition

P12

,p2,lom F
AX xx AXTE2ER % wp AX xx AX —> AX xx AX xx AX 22 AX xx AX,

where T is the permutation of factors induced by 7. It is well-known (see [19],
29] Lemma 1.10) that T*(Dx) 2 Ox.

Let r be the map
(p1,p2, 1 op2): AX xx AX — AX xx AX xx AX.
Note that
pizor =id, (migor)=10Tqs), p23 o1 = (p2, 1 0 pa).

and furthermore r*mb;Thaxxax = pf(Tax). It follows (using Equation (16.9),
Equation (16.10) and DMx = m*Tax — Taxxax) that the pullback of Equa-
tion (16.11) along r yields the identity

Ox + 97" +Mx = ev'Tx — Taxxenx — PiTax — P3Tax
+77pa3(Ox) 4+ 77ma3 (Ox)
in the K-theory group of vector bundles over AX xx AX. Since the right-hand
side of the first line is isomorphic to §x, it suffices to prove that r*p3,(Ox)

and r*m34(Ox) have rank 0. This is an easy application of the Riemann-Roch
formula (16.4). O
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Remark 16.11 One can easily check that the full excess bundle also satisfies
the “associativity” equation (16.11). It thus follows from Lemma 16.10 that the
twisting bundle 9y + O3 ' satisfies equation (16.13).

PROOF OF THEOREM 16.8. By Lemma 16.9, it suffices to prove that e(Fx) =
ex Ue(D3! @ MNx) which is trivial by Lemma 16.10. O

Remark 16.12 Let us sum up the philosophy underlying Theorem 16.8. In
Section 11.1, we have defined an associative product on He(AX) by using the
Gysin map A': He(AX x AX) — He_4(AX xx AX) for general oriented stacks.
In the case of orbifolds, one can directly use the regular embedding j: AX xx
AX — AXx AX (more precisely the regular embeddings associated to the various
connected components of AX) to define a Gysin map j'. Due to the excess
formula (Proposition 9.5), the map j' does not induce an associative product,
so that to get such a product one needs to twist this map by a class satisfying
the “affine cocycle” condition (16.7). In the case of almost complex orbifold, the
obstruction bundle is a small bundle satisfying this equation. The excess formula
ensures that the Gysin map A' is the Gysin map j' twisted by the Euler class
of a bundle (the full excess bundle by Lemma 16.9). Then Lemma 16.10 proves
that the obstruction bundle is a (virtual) subbundle of the full excess bundle and
indeed, measures the difference between these two bundles and hence between
the two Gysin maps.

Remark 16.13 According to Theorem 16.8, Theorem 16.3.3 and Remark 16.4,
if X is compact, the orbifold Poincaré duality homomorphism P°*® induces an
isomorphism of algebras between the hidden loop algebra (]HI. (A.’{),*) and the
orbifold cohomology equipped with Chen-Ruan orbifold cup-product twisted by
the class e(D;(lX ®9%). A nice interpretation of this isomorphism has recently
been found by Gonzdlez, Lupercio, Segovia and Uribe [37]. They proved that
the hidden loop product of compact complex orbifolds is isomorphic to the Chen
Ruan product of the cotangent bundle 7*X of X.

16.3 Examples of orbifold interesection pairing

Let us consider now a few examples. Note that the orbifold cup-product has
been computed for many compact orbifolds. For instance, one can refer to [19,
29, 20, 36]. Complex toric orbifolds were dealt on in [43, 35]. By Theorem 16.3,
the intersection pairing coincides with the orbifold cup-product in these cases.

Example 16.14 Let G be a finite group. Then [x/G] is a complex orbifold.
It follows from Theorem 16.8 that the intersection product is the same as the
hidden loop product in that case. Note that all the ages are trivial and thus
H™(X) = H;(AX) for all i’s. Thus the algebra (HS™, @) is concentrated in
degree 0 and isomorphic to the center Z(C[G]) of the group algebra C[G], see
Example 17.7.
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Now let V' be a C-linear representation of G of dimension n > 0. Then
the quotient stack [V/G] is a complex orbifold. Since all invariant subspaces
V9 (g € G) are contractible, the homology He(A[V/G]) is still concentrated in
degree 0 and is isomorphic to (C[G])¢ as a vector space. However, the ages
are no longer trivial (and depends on the specific representation) and add an
interesting combinatorial grading to (C[G])g. It follows that

HM™(G) = @ Cl2age(g™)]
l91€C(G)

where C(G) is the set of conjugacy classes of G and C[g] means C placed in
degree ¢. Since the age is invariant by conjugation, Z(C[G]) (which is isomorphic
to H™P(G) as a vector space) inherits a non-trivial grading induced by the age.
Since [V/G] is of dimension n > 0, the hidden loop product is trivial. Similarly,
the pairing [g]@ [h] = 0 if either V9 or V" is non-trivial, while if V9 = V" = {0},
[g] M [h] is non-zero and behaves as in the case of [*/G]. It follows that there is
an isomorphism of graded algebras

(H.Orb([V/G]), @) = ZV,G ©® Annv,(;

where Zy ¢ is the (graded by the age) subalgebra of Z(C[G]) generated by the
elements with trivial invariant subspace and Anny ¢ is the complementary sub-
space equipped with the zero multiplication. Finally, the orbifold cohomology
ring H?, (X) is isomorphic, as a graded ring, to Z(C[G]) equipped with the age
grading. Thus for a generic representation none of the three rings are isomorphic
as rings, though they are isomorphic as vector spaces.

Example 16.15 We consider the Kummer surface orbifold £ = [(S1)*/Z/2Z)]
where Z /27 acts diagonally by z — 1/z (on each factor). Then £ is a complex
orbifold with 16 orbifolds points {((=1),...,(=1)5)}. We identify the above
sets with (Z/2Z)* (and we will denote € = (ey,...,€e4) an element in (Z/27)*).
The age of the generator 7 of Z/27Z is one at every orbifold point. Thus, as a
graded vector space,

HY™(R) = Ho(R) @ (C[-2]){(z/22)")

where C[—2] is the vector space C placed in homological degree 2. Since the co-
efficient ring is C, the cohomology of £ is computed by the cohomology of invari-
ant form Q((Sl)‘l)z/2Z
chains. Hence

and its homology by the homology of Z/2Z-coinvariant

Hu(®) = C-16 C[-2(a;;, 1 < i < j < 4) & C[~4Jag

where ag is the fundamental class of & and a; ; is the class given by the cross

product of the fundamental classes of the i*" and j** circles in (S 1)4. Thus

H™P(R) = C- 1@ C[-2a;;, 1 <i<j<4)a (C[-2))((2/22)*) ® C[-4]ag
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The computation of the intersection pairing is similar to the computations in
Section 17.3. We find that ag is a unit for the orbifold intersection pairing and
that a; ; May,; = 1 if the 4 indices are distinct and 0 otherwise. The (degree 2)
generators € € (Z/27)* comes from the degree 0 homology of the corresponding
orbifold point. Hence emMe=1and eMe =0 if € # €. A degree argument also
shows that € M a; ; = 0. This finishes the description of the whole intersection
pairing of 8. The hidden loop product of £ is a little bit different since exe = 0
for the latter product.

Example 16.16 Here is a (rather trivial) non compact example of orbifold
product. Let d be a positive integer and consider the weighted projective stack
P(d,d,--- ,d) = [V/C*], where V := C"** — {(0,0,---,0)} and the action of
A € C* is multiplication by (A4, A% --- A?). Let U be an open substack of
P(d,d,--- ,d). Denoting pg the group of d"roots of unity, we have

A= JTw

£€p4

Note that the coarse moduli space of P(d, d, - - - , d) is CP™, and the coarse moduli
space of 4l is an open U in P". Combining the results of example 16.14 and
remark 17.2 we see that the orbifold homology ring of 4l is

HJ™(4) = Clpa] @ Ha(U),

where Hq(U) is the usual homology of U endowed with intersection product,
and C[u,) is the group ring of the group jg of d** roots of unity (sitting in
degree zero).

Example 16.17 We compute the orbifold homology of the weighted projective
line P(m,n). Recall that, for m and n positive integers, P(m,n) := [V/C*],
where V := C? — {(0,0)} and the action of A € C* on V is by multiplication by
(A™,A™). We do not assume n and m to be relatively prime integers.

Note that, except for CP! = P(1,1), a weighted projective line is never a
(orbifold) global quotient as it is simply connected. We can, however, cover
P(m,n) by two global quotient open substacks as follows. Denote the point
[0:1] € P(m,n) by 0 and the point [1 : 0] € P(m,n) by co. Then

P(m,n) — {oo} = [C/un] and P(m,n) — {0} = [C/pm],

where p,, = 7Z/nZ stands for the group of n*" roots of unity. The action of
€ €, on C is given by z +— &%z, where d = ged(m,n). It follows that the
inertia group of the point 0 is w, and the inertia group of co is t,,. The inertia
group of every other point is pg. Note that pg sits inside u, as the cyclic
2in/d — (eQi“/")n/d and similarly, it also sits inside g,
(62i7r/m)m/d.

subgroup generated by e

as the cyclic subgroup generated by
Let us describe the inertia stack AP(m,n). Over the point 0 € P(m,n)
consider a disjoint union of n copies of [x/u,] indexed by p,. Similarly, over
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the point oo consider a disjoint union of m copies of [/, indexed by p,,. For
every ¥ € pg, “join” the copies of [*/u,] and [*/p,] corresponding to ¢ € uy,
and v € uy,, respectively, by viewing them as the 0 and the co points of a new
copy of P(m,n) (indexed by ). Then, AP(m,n) is the union of all these, that

is,
AP(m,n) = ( H [*//fm]) Upia ( H P(mvn)) Ui ( H [*/Nm])
E€un LASTO CEpm
The map AP(m,n) — P(m,n) is the obvious one (it is the identity on each copy
of P(m,n) in AP(m,n)).

Let us now describe the orbifold homology HS™ (P(m,n)). First we deter-
mine the ages of the twisted sectors of P(m,n). For every ¢ € ug4, the age of
P(m,n)y is zero. For & = e2™/™ € p,, the age of [*/pu,)¢ is {dl/n}. (For r € R,
we define 0 < {r} < 1 to be the residue of r modulo 1.) Similarly, the age of
[%/tmlc, ¢ = e2™/™ € p,,. is {dk/m}. Observe that the ages of two twisted
sectors [*/in]e and [/ are distinct unless they lie on some P(m, n)y, (that
is, if £ = ¢ = 4, for some ¥ € pg).

The above decomposition of AP(m,n) implies that H™ (IP(m,n)) is a union
of three subrings Ry, R and R, (given by the sectors/copies over the point 0,
oo and a generic point of P(n,m)) . Ounly R is a unital subring.

The ring R is the homology of [[ ¢, P(m, n) and is isomorphic, as a graded

ring, to C[uq] ® He(CP'), where the elements of the group ring jy are sitting in
degree 0 (this computation is the one done in Example 16.16). More precisely,
if 8 € Hy(CP') = C is the homology class of a point and a € Hy(CP') = C is
the fundamental class, then ¢ ® 8 corresponds to the homology of a point in
Hy(P(m,n)y) and ¢ @ o corresponds to the fundamental class of P(m,n)y. In
particular, the unit element of R (and also of the whole H{™ (P(m,n)) is 1 ® a.

The ring Ry is isomorphic, as a vector space, to C[u,] (as in Example 16.14).
For & € puy, the basis element & € C[u,] corresponds to the generator of
Ho([*/pnle,) = Ho(x) = C. Its degree is equal to 2 — 2{—dl/n}, where & =
eml/n Note that if 1 = £,/ € pta C fin, then [%/p,]y C P(n,m)y and
the class &g, /4 is identified with the degree 0 generator of Hy (P(n, my). Every
class &; in Ry is given by (a degree shifting of) an ordinary degree 0 homology
class of the point 0 viewed as lying in the &;-fixed point locus 0% . The map
m: AP(m,n) Xp@,m) AP(n,m) — P(n,m) clearly maps 0%-% (the intersection
locus of the copies of [x/pn]e, and [*/p]e, indexed by & and &;) to 05+ (the
copy of [*/pu,] indexed by &;). If & is in pg (that is, it is of the form ¢n/d),
then &MmE; = 0 for degree reasons, since §; is a degree zero homology class. Thus
to compute the intersection pairing, it now remains to analyze the obstruction
bundle in the other cases. For an integer 4, let us denote 0 < {i},, < n/d the
residue of ¢ modulo n/d. From (the Riemann-Roch) formula (16.4), we find
that, for &;,&; ¢ pa, the obstruction bundle (over the copies indexed by ¢&; and
&;) is of rank 0 if

{i}n +{itn =n/d

and is of rank 2 otherwise. Indeed, if {i}, + {j}n < n/d, then {d(i + j)/n} =
{di/n} + {dj/n} and dims = 0 = dimom. If {i}, + {j}n > n/d, then {d(i +
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§)/n} ={di/n} + {dj/n} — 1 and dimy = 0 = dimom. If {i}, + {j}n = n/d,
then {d(i + j)/n} = {di/n} + {dj/n} — 1 and dims = 0 but now dimom = 2
(the dimension of the copy P(n,m)e,, ;)

Thus, it follows that the orbifold intersection pairing &; M¢; of basis elements
& and & is given by

&Gy i it {i}a <n/d and &€ ¢ p
&GmE; = { 0H if {i}, +{j}n >n/d or¢& or gj € Mdd (16:14)

In particular, R is generated, as a graded ring, by the elements £1,&14y/4,- - - -
Tt is easy to describe the action of R on Ry. Indeed, for degree reasons, (¢ ® )M
& = 0. However, since the fundamental class of P(n,m)g,, , intersects [*/fi,]e,
for any &; € p, with a trivial obstruction bundle, we have (£p,/q ® o) M &; =
&itonyq (in particular 1 ® B acts as the unit). Summing up, we have

Yep)mné& = 0
{ (gln/d®a)ﬁ'ﬂ§l = §i+£n/d (1615)

The ring R is isomorphic, as a vector space, to Clunm]. For (x € fim,
the basis element (; € Clu,] corresponds to the generator of He([*/ptm]c,) =
Hy(*) = C. Tts degree is equal to 2—2{—dk/m}, where ¢}, = *™*/™_ We denote
0 < {i}m < m/d the residue of any integer ¢ modulo m/d. A computation
similar to the one of Ry shows that, the orbifold intersection pairing ¢, m ¢, of
basis elements ¢y, € i, is given by

_ Cptq if {p}m + {Q}m <m/d and e ¢ pd
Qm@‘{o if (P + {0} > mfd or GorGepg (1019
and that the R action on R is given by
(¢ ® ﬁ) MG = 0
16.17
{ (Compa®@a)WCp = Cpyomyd- ( )

Since the points 0 and oo do not intersect, it is immediate that Ry M Roo = {0}.
From the above descriptions (identifying the sectors [*/us]e,, , with their

image in P(n,m)e,, ), we find that the orbifold homology HZ™(P(n,m)) is the
graded ring

HY™ = Ro ® R Roo/(Eenja = §enja © ¢ = Comya ® @ = Comya)

where the product structure is given by formulas (16.14), (16.15), (16.16)
and (16.17).

The reader can check that the orbifold product on HS™ (P(m,n)) is Poincaré
dual to the Chen-Ruan orbifold cup product in Example 5.3 of [19] (note that
loc. cit. only considers the relatively prime case). It is not hard to check that the
hidden loop product is different. Indeed, the grading is different (concentrated
in degree 0 and 2) and the only non zero products of basis elements are those
involving ¢ ® 3.
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17 Examples

17.1 The case of manifolds

Smooth manifolds form a special class of differentiable stacks with normally non-
singular diagonal (Definition 8.15). Denote by the same letter M a manifold
and its associated (topological) stack. The diagonal A: M — M x M is strongly
oriented iff the manifold M is oriented.

Proposition 17.1 Let M be an oriented manifold. The BV -algebra, Frobe-
nius algebra and (non-unital, non-counital) homological conformal field theo-
ries structures of He(LM) given by Theorem 13.2, Theorem 12.5 and Theo-
rem 14.2 coincide with the ones of Chas-Sullivan [15], Cohen-Jones [23], Cohen-
Godin [22] and Godin [34).

PROOF. By Proposition 5.7, the free loop stack of M is isomorphic to the free
loop space LM. It follows from Proposition 9.3 and Proposition 8.32 (in the
case G = {1}), that the Gysin maps of Sections 10, 12, 13 coincide with the
Gysin maps in [23] Section 1 (also see [30] Section 3.1). O

Remark 17.2 When M is an oriented manifold, the hidden loop product on
Ho(AM) = Hq(M) is simply the usual intersection pairing. It is also immediate
that, if M is an almost complex manifold, the orbifold intersection pairing of
M also coincides with the usual intersection pairing.

Remark 17.3 Similarly, the brane product for manifolds given by Proposi-
tion 15.1 coincides with Sullivan-Voronov one [25] and Chataur one [17].

17.2 Hidden loop (co)product for global quotient by a fi-
nite group

An important class of oriented orbifolds are the global quotients [M/G], where
G is a finite group, M is an oriented manifold together with an action of G
by orientation preserving diffeomorphisms. In this case, the homology of the
inertia stack H(A[M/G]) is well known. Assume that our coefficient ring k is
a field of characteristic coprime with |G| (or 0). The inertia stack of [M/G] is
represented by the transformation groupoid

[ Mo xa= ] me (17.1)

geG geq
where the action of h € G moves y € M9 toy-h € Mhgh, Furthermore,

AXxxAx=[ [T Mo"/q],
g,heG

130



where M9" = M9 N M", and the “Pontrjagin” map m : A¥X xx AX — AX
is induced by the embeddings i, ,: M9" — M9". Since |G| is coprime with
char(k), the homology groups of the inertia stack A[M/G] are

Hy(AM/G) = H, | [[M?] =|EDH(1)

geG geG

G G

The excess bundle Fz(M, X, X') of the diagram of embeddings
X
7 A
Z=XNX' M
N v
X/

is the cokernel of the bundle map Nz,x < (Nx/—n)/z. Thus Ex(M, X, X')
is the virtual bundle Ty — Tx — T'x» + Tz (each component being restricted
to Z). For g,h € G, we denote Ex(g,h) := Ex(M,M9,M"). The bundles
Ex(g,h) induce a bundle Ex on A[M/G] x[ar/q) A[M/G] whose Euler class is
denoted e(Fx). Since the diagonal G — G x G is a group monomorphism, there
is a transfer map

18 e (P Ho(M?) @ Ho(M")awe — ( D Ho(M?) @ Ho(M")),,
g,heG g,heG

explicitly given (see Equation (9.6)) by

t1Guc(®) =)z (9,1).

geqG

The maps ig4: MM — M9, i, : M9" — M" yield Gysin morphims (ig %
in)'s Ho(M9 x M") — Ho(M9H).

Proposition 17.4 The hidden loop product x : H(A[M/G]) @ H(A[M/G]) —
H(A[M/G]) is the composition

(@ﬁﬂM%) ®(G§Hwﬂ0 —;(&)HwﬂxMh)tﬁﬁ;(&)HwaMﬂ)
9geG a heG a g,h€G axa g9,heG a
Big i)’ ( D H(Mgvh)) ne(E) ( D H(Mg«h)) ma (EB H(M’“))
g,heG a g,heG a keG a

The proof of Proposition 17.4 relies on Lemma 17.5 below, which is of indepen-
dent interest. Note that there is a oriented stack morphism

i AM/G) xajey AM/G) = | T M2"/G | — AM/G) x AM/G] (17.2)
g,heG

induced by the groupoid map (x, g) — (i4(z), g,in(2), g).
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Lemma 17.5 The Gysin map ' is the composition

( P Ho x Mh)> o ( @ HOo x Mh)> Bligxn) ( <> H(Mg’h)) .
G G G

9,h€G «G g9,h€G g,h€eG

PROOF. The G-equivariant map M9" — M9 x M", given by z — (i,(x),in(x)),
induces an oriented stack morphism

1/): A[M/G] X[M/G] A[M/G] — A[M/G] X[*/G] A[M/G}

By Proposition 9.3, ' = ®(i, x i)". Then, the result follows from the functo-
riality of Gysin maps and Lemma 9.4. [J

PrOOF OF PROPOSITION 17.4. We use the notations of Section 11.1. The
cartesian diagram (11.3) (where X = [M/G]) and the excess formula 9.5 shows
that,

A" = o'(z) Ne(Ex).

Thus the result follows from Lemma 17.5. O

Similarly we compute the hidden loop coproduct. For any g € G, the unit
1, € Ho(M?) induces a map

1,: H(MY) — Ho(M?9) @ H(M?) — H(M?9 x MY).

Proposition 17.6 The hidden loop coproduct is induced (after passing to G-
invariant) by the composition

1 G o,
P HMY) DS P HM x M%) 5 @ HM x M) L P HMOP)
geG geG g,heG g,heG

"B @ ey W @y M x Py = ) H(M) ® H(M").
g,heG g,heG g9,h€eG

ProoOF. Let X be the transformation groupoid [M x G = M]. Unfolding

the definition of the groupoid AX (see Section 12.3), one finds that AX is the
transformation groupoid

(Gx HMh> G =Gx [ M,

heq he@
where the action of (hg,hi/2) € G2 on (g,m) € g x M" is (hy'ghy /9, m.hy).
The Morita map p: AX — A[M/G] (Equation (12.12)) has a section x defined,

for m € M" and hg € G, by x(m, ho) = (h,m, ho, ho). In particular x induces
an isomorphism in homology and commutes with Gysin maps. Thus the Gysin
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map A' of Section 12.3 is the composition of x, with the Gysin map associated
to the sequence of cartesian diagrams

I M9 /G] — [Gx[[M"/G] — [Gx][M"/GxG]  (17.3)

i i !

(M/G] —— [M x M/G] — [M/G] x [M/G]

By Proposition 9.5 and Lemma 9.4, the Gysin maps associated to the left square
and the right square are, respectively, i, (=) Ne(Ez(g, h)) and TS, .. Since
ks« = @1y, the result follows. O

Example 17.7 Consider [*/G] where G is a finite group. By Proposition 5.9,
the stack morphism ®: A[x/G] — L[x/G] (see Lemma 12.14) is an isomorphism.
Let k be a field of characteristic coprime with |G|. Then

Hy(A[+/G) = (D k), = (P K) = Z(k[G)

geG geG

where Z(k[G]) is the center of the group algebra k[G]. By Propositions 17.4,
the isomorphism He(A[*/G]) = Z(k[G]) is an isomorphism of algebras. By
Proposition 17.6, the hidden loop coproduct is given by d([g]) = 3=, —,[h] ® [K].
Thus the Frobenius algebra structure coincides with the one given by Dijkgraaf-
Witten [28].

17.3 String topology of [S**1/(Z/2Z)" ]

Consider the euclidean sphere
SQn—H — {‘ZO|2+"'+ |Zn‘2 _ in c (C}

acted upon by (Z/2Z)"*! identified with the group generated the reflections
across the hyperplanes z; = 0 (0 < i < n). Let R = [S*+1/(Z/2Z)"] be
the induced quotient stack which is obviously an oriented orbifold of dimension
2n+1. We now describe the Frobenius algebras associated to AX and LX. Until
the end of this section we denote R = (Z/2Z)"+1.

The hidden loop product has a very simple combinatorial description.
Let A™ be a n-dimensional standard simplex. Denote vg,...,v, its n + 1-
vertex and Fy,...,F, its n-faces of dimension n — 1. In other words F; =
A(vg,...,0i,--.,0y) is the convex hull of all vertices but v;. More generally we
denote Fj, ;. := F;, N---NF;, the subface of dimension n — k given by the
convex hull of all vertices but v;,,...,v;,. We assign the degree 2n — 2k + 1 to
a face F;, . ;, of dimension n — k.
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Proposition 17.8 Let k be a ring with 1/2 € k. Then He(AR) is the free
k-module with basis indexed by elements r € R — {1} of degree 0 and all faces
F;, . i, in degree 2(n — k) + 1 (in particular Fy = A™ has degree 2n+ 1), i.e.,

H,(AR) = kmm@( P kFlk)
0<iner <hcn

The hidden loop product x is defined on the basis by the identities

Fi iy % Fjy = Fiy iy OV Fjy G,

1.--

if the two subfaces have transversal intersection in A™, and is 0 otherwise. The
element A™ = Fj is set to be the unit and all other products involving a generator
of kIEI=1 gre trivial.

In other words, Ho(AR) = kI%1=1 and Hy; (1 (AR) is the free module generated
by the subfaces of dimension ¢ of the simplex A™. The product is given by
transverse intersection in A™.

PrOOF. Write s; (i=0...n) for the reflection across the hyperplane z; = 0.
Then, for 0 < k < n,

(S2n+1)si1...57‘,k ) (20’ o Zn) c (Cn—i-l / Z |Zj|2 =1 o~ SQn—Qk-&-l.
JFi1,. ik
Thus
H (($2)y e ) =k V], @ k)

’Ll...ik

2(n — k) + 1.

Since these generators are R-invariant, |R| is invertible in k and (S27+1)%0-sn =
(3, one has

Hy(A%) = P H (S, = P H.((8*)9)
geR g—{1}€R
By Proposition 17.4, the hidden loop product is the composition of trll“%xR with
H((SQn-‘rl)g % (S2n+1)h) (iﬂi;h)! H((52n+1)g,h) ﬂe(%,h))
H((S* o) I H((S2H1)9h)  (17.4)

Clearly tr%X g is multiplication by the order of R. Furthermore Fj, ; and
Fj, . j, are transversal iff the sets {i1,...,4x} and {j1,..., i} are disjoint iff the
submanifolds (S%7F1)%ii-%ix and (S27F1)%n% are transversal in (S2"+1). In
particular, if F;, ;, and Fj, _; are transversal,

(52n+1)s,;1 Sy Sy e Sh (52n+1)s7~,1 e Sip Sy Sy ’
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the excess bundle is of rank 0, m, = id and by Poincaré duality,

; ; ! / ! _ /
(Zs’il'“sik x ’szl"'sjl) (Fil- ik FJ1 ]1) - Fil.“ikjl...jl'
If F;, .4, and Fj, _; are not transversal, one finds
. . ! / / _ ’ / _ /
(Zsil"‘sik X 7’51‘1~~5jz) (Fi1~ N Fjl Jl) = I w1 F]l Ju T itk YUt )

and (S2HL)si-SigSii-Si contains (S2H1)Si-SiesSii-Si as a submanifold of
codimension > 0. It follows that

M (F{/il,~~-’ik}U{j1’~~,jl} N e(E:E)) =0

for degree reason. Similarly, Fj, .ip *9 =0 for any g € R. The result follows
by identifying F;, ; with 2~ n TR ag basis element. O

sk Tl yeney ik

Remark 17.9 It is easy to show that the hidden loop coproduct is trivial. In-
deed, for degree reason, only the class of Fjy might be non zero. Proposition 17.6
shows the hidden loop coproduct is induced by the composition

@ H S2n+1

Since (S2"*1)" is an odd dimensional sphere, its Euler class is 2-torsion, hence
trivial by our assumption on k.

0696 (S2n+1)h

SQn-i—l @ H S2n+1

Since R = (Z/2Z)"*! is abelian, its group algebra is a Frobenius algebra
(see Example 17.7 above).

Proposition 17.10 Let k be a field of characteristic different from 2. There is
an isomorphism of BV -algebras as well as Frobenius algebras

Ho(LR) = H (LS @y k[(Z/27)"1]. (17.5)

The BV -operator on the right hand side is B ® id where B : Hq(LS*"*1) —
Hey1(LS?™*1) is the BV-operator of the loop homology of S?"+1.

PROOF. According to Proposition 5.9, the free loop stack LR is presented by
the groupoid
[ s+ x R= ] 25t
geER gER
Hence
Hy(LX) = (€D H(2,8*)),

geER

Since R is a subgroup of the connected Lie group SO(2n + 2), which acts on
S2n+1 for all g € R there is a continuous path p : [0, 1] — SO(2n+2) connecting
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g to the identity (that is p(0) = g, p(1) = 1). In particular, any path f €
P,S*" 1 can be composed with the path f(0).p(t) yielding a loop Y,(f) €
LS?nF1 Tt is a general fact that Y,: PyS?" 1 — LS?"+1 is a G-equivariant
homotopy equivalence (see [50] for details). We write

T[] Pt — [ LS

geER geR

for the map induced by the maps T, for ¢ € R. Since the G-action on LM =
P.M is trivial, the isomorphism (17.5) follows.

It remains to prove that the linear isomorphism (17.5) is an isomorphism
of Frobenius algebras and BV-algebras. To do so, we need the evaluation map
evg : LR — R at the groupoid level. One checks that evq is represented by the
maps

evy: PyS?t x R — S R

defined by evy ((f,h)) = (f(1),h). Let (f,g) € P.5*" x P,5?" ! be such
that f(1) = g(1). The composition of the path f(—) and g(—) - h gives an
element m(f,g) € P, S?" . This composition induces the stack morphism
m : LR x93 LR — LAR. Denote by m the map

H LS2n+1 X g2n+1 LSQn_H Til) H LS2n+1

g,heR geER

which maps an element (7y,7') € LS?"*! x g2nt1 LS?"*1 in the component (g, h)
to the element m(v,~’) in the component gh. Here m is the usual composition
of paths. The map Y : P;5?" ! — LS?*"*! induces a commutative diagram of
R-equivariant maps

Hg,h PgSQ"“ X PhS2n+1 < Ug,h PgS2n+1 X g2n+1 PhS2n+1 e Hg PgSQ"“
e, e | i,
I1,, LS x LS+ < [, , LS*" ! xganin LS2"H Do ] LS

Since LS?n+1 — §2n+l P g2+l _y G20+l are fibration, the vertical arrows
are R-homotopy equivalences. It follows easily that the map

|11%|T cHy([ J] Ls*™*/R]) — Ho(LS*" ') @ k[R]
gER

1
is a morphism of algebras. One proves similarly that m’f is a coalgebra map.
Now we need to identify the BV-operator. Denote again LX the transfor-
mation groupoid

X i= [ [T Py2+t s k= T 52

geER gER
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and recall Remark 5.10.

Since the stack S* is canonically identified with the quotient stack [R/Z], the
homology H,(S") coincides with the homology of the groupoid I" := [R x Z =
R]. The O-dimensional simplex (0,1) € R x Z = I'| defines an element in
Co(T}) € C1(T) which is the generator of Hi(S).

The map IV x LX 21x defined, for (z,n) e R x Z, f € P, and h € R, by
O(x,n, f,h)(t) = f(t+x).g"h is a groupoid morphism representing the S*-action
on LX. Since Y(0((0,1), f) = f, T commutes with the BV-operator. [J

Remark 17.11 For the sake of completeness, we recall [24] that, H,e (LS?"+1)
k[u,v] with |[v] = —2n — 1 and |u| = 2n for n > 0, and H,(LS*"*1!)
E[[u,u=]][v] if n = 0. Thus

1111

H, (L[S?" T /)(Z/22)"TY)) = k[(Z/2Z)" ] [u,v] if n >0, and
H,(L[S'/Z/27Z]) = k[[u, v ]][r,v]/(r? = 1) with |v] =1, |u| = 0if n = 0.

Remark 17.12 The stack morphism ®: AX — LX of Section 12.15 is rep-
resented at the groupoid level by [, cp(S*" )9 — T[] cpPyS** ! where
x € (S?"*1)9 is identified with a constant path. It follows easily that the Frobe-
nius algebra morphism is given by ®(Fy) = e, ®(F;,.. ;) = 0 and ®(g) = gv.

17.4 String topology of L[x/G] when G is a compact Lie
group

Any topological group G naturally defines a topological stack corresponding to
the groupoid [G = {x*}], which is denoted by [*/G]. In this section we study
the Frobenius structures on the homology of its loop stack and inertia stack
assuming that G is a compact and connected Lie group. It turns out that in
this case the two Frobenius structures obtained are indeed isomorphic since
A[*/G] and L[*/G] are homotopy equivalent. In this section, we assume that
G is of dimension d and we will work with real coefficients for (co)homology
groups.

First we will identify the homology groups He(A[*/G]) and He(L[*/G]).

Lemma 17.13 The inertia stack A[x/G|] is represented by the transformation
groupoid |G x G = G|, where G acts on itself by conjugation, while the stack
Alx/G] X[x)c) Al*/G] is represented by the groupoid [(G x G) x G = G x G] with
the diagonal conjugacy action.

The following result is well known [13].

Lemma 17.14 The map A[x/G]| 3 L[x/G] is an homotopy equivalence.
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PROOF. Since G is connected, by Proposition 5.7, L[*/G] can be represented
by the loop group [LG = {*}]. On the other hand, BLG = LBG is homotopy
equivalent to EG x ¢ G [9], [13]. This equivalence can be seen as follows. Denote
by e the unit of G and let P.G be the based path space of G, that is P.G is the

set, endowed with the compact-open topology, of paths [0, 1] 4 @ such that
f(0) = e. There is an action of the loop group LG on EG x P.G given, for
(z,f) € EG x P.G and v € LG, by

(e, f) -7 = (e-7(0),7(0) " % f %)

where * stands for the (pointwise) multiplication in G. This action is clearly
free, thus BLG = (EG x P.G) x ¢ {pt}. The map (z, f) — (z, f(1)) induces a
continuous map p : (EG x P,G) X1 {pt} = EG x¢ G. Since G is connected,
for any g € G, there is a path f; € P.G with f,(1) = g. The map

EGxG>3(x,9)— (z, fy) € Gx P.G

induces a well-defined map 9: EG xg G — (EG x P.G) x ¢ {pt}. It is easy to
see that v is independent of the choice of the f,’s and is a left and right inverse
of p. Hence the homotopy equivalence BLG = EG X G follows. Through the
isomorphism in between L[*/G| and [*x/LG] (Proposition 5.7), the map ® of
Lemma 12.14 is transfered to the map

¥: B|G/G] = (EG x P.G) x ¢ {pt} = B[pt/LG].
The result follows. OJ

As an immediate consequence, we have

Corollary 17.15 The map @.: He(A[x/G]) — Ho(L[*/G]) is an isomorphism
of Frobenius algebras.

Thus it is sufficient to study the Frobenius structure on the homology of the
inertia stack A[x/G].

According to Remark 12.12, there is a dual Frobenius structure induced on
(H*(A[*/G]),*,0). We refer to

6: H*(Alx/G]) — H*(A[+/G]) @ H*(Alx/GI)
and
*x: H*(A[x/G]) ® H*(A[x/G]) — H*(A[x/G)])

as the dual hidden loop coproduct and dual hidden loop product respectively.
Since, it is technically easier, we will describe the Frobenius structure of
H*(A[*/G]). The following result is standard [54]. We write EG for a free
G-space which is contractible and BG = EG x ¢ {x} its classifying space so that
H*([+/G)) = H*(BG) = Hz ().
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Proposition 17.16 1. The cohomology of G, as a topological space, is
H*(G) = (Ag") = Aly1, 92, u1)
2. The cohomology of [*/G] is
H*([/G)) = (5" (g"))" = S(1, 22, ,a)
3. The cohomology of |G/G] is
H*([G/G]) = (5*(8"))% ® (Ag")” = S(w1, 22, ,71) @ Ay1,y2,++ 1)
4. The cohomology of |G x G/G] is

HY([GxG/G) = (S"(g")" @ (A(g" @g")"
S(x1,$27"' 7$l) ®A(y17y27"' 7yl7y£7y/27"' 7yl/)7

Il

5. The cohomology of [G x G/G x G] is

HY(GxG/GxG)) = (S(ag"@9") ® (Ag"@g")"
S(Z‘1,$2,"' 7$l7$/1,1‘/2,"' ,Jj;)

®A<y17y27 e ayl7y/17yé7 e ayl/)

1

Here l = rank(G), deg(y;) = deg(y;) = 2d; — 1, deg(z;) = deg(z};) = 2d; and
d; are the exponents of G.

To compute the Frobenius structure on H®(A[*/G]), we need an explicit
construction of certain Gysin maps.

Let M be an oriented manifold with a smooth (G x G)-action. Consider G
as a subgroup of G x G by embedding it diagonally. In this way, M becomes
a G-space and we have a morphism of stacks [M/G] — [M/G x G|, which is
indeed a G-principle bundle. According to Section 9.1, there is a cohomology
Gysin map Aj: H*[M/G] — H*¢[M/G x G|, which should be in a certain
sense fibration integration.

Recall that when G is a compact connected Lie group, the cohomology of
the quotient stack H®([M/G]) with real coefficients can be computed using the
Cartan model (2¢(M), dg), where Qg(M) := (S(g*) ® Q(M))G is the space of
G-equivariant polynomials P: g — Q(M), and

da(P)(§) == d(P(§)) — e P(E), VEeg.

Here d is the de Rham differential and ¢ is the contraction by the generating
vector field of £&. Given a Lie group K and a Lie subgroup G C K, let G
act on K from the right by multiplication and K act on itself from the left
by multiplication. The submersion K — K/G is a principal K-equivariant
right G-bundle. There is an isomorphism of stacks [M/G] = [K xg M/K]
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which induces an isomorphism in cohomology. It is known [54] that, on the
Cartan model, this isomorphism can be described by an induction map Indf( :
Qa(M) = Qg (K xg M). Here G acts on K x M by

(kym)-g=(k-g,g7"-m).

The induction map is the composition

Qa(M) B Qua(K x M) S Qe (K xg M),

where Q¢ (M) 2yl Qi xa(K x M) is the natural pullback map, induced by the
projections on the second factor K x G — G, and

QKXg(K X M) %) QK(K Xa M)

is the Cartan map corresponding to a K-invariant connection for the G-bundle
K — K/G [54]. We now recall the description of this map.

Let © € Q}(K)®g be a K-invariant connection on the G-bundle K — K/G.
The associated principal G-bundle

K x M
G—-KxM-— X

2K xgM

carries a pullback connection, denoted by the same symbol ©. We denote F© =

1
de + 5[@, O] its curvature, which is an element in Q% (K x M) ® g. The
equivariant momentum map p® € (¢* ® Q°(K))X ® g is defined by

Eet ) = —1®

where ¢ is the contraction along £ e X(K), the generating vector field of .
Then F© 4 p® is the equivariant curvature of © [10]. Observe that

Qewa(K x M) = (S(g") @ Qe (K x M))©

is the space of G-equivariant polynomial functions from g to Qx (K x M). Hence
if v € g® Q% (K x M) and P is a homogeneous degree ¢ polynomial on g, then
by substitution of variables, we get an element P(z) in Q377 (K x M). The
Cartan map Qrxq(K x M) = Qg (K xg M) is the composition

Powe (S(g) @k (K x M) — PF®+ 1®)we Qp(K x M)
—  Hor(P(F® + 1°)w) € Qx(K xg M),

where Hor: Q(K x M) — Q(K xg M) is the horizontal projection with respect
to ©.

If moreover F© = 0 and K x M — K x¢ M admits a horizontal section
0: K xg M — K x M, we have the following lemma.
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Lemma 17.17 Let P®w be an element in (S(g*) @ QM))® = Qg (M). Then,
md% (P ®@w) € QK xg M) is the K -equivariant polynomial on t with value in
Q(K xg M) defined, for any £ € €, by

Idf (P @w): & = 0" (P(u®(&))prs(w)).

PRrROOF. First of all,

Pul(P @ w) € (S((t@g)*) @ QK x M) ¢

is the map £ ® y — P(y)prs(w) for any € € ¢ and y € g. Then, by hypothesis,
Hor (P(F® + 1®)w) = o™ (P(u®(€))pri(w)) € (S(6*) @ QK x¢ M))™
and the lemma follows. O

Now let K be the cartesian product group G x G. We view G as the diagonal
subgroup of K. The K action on itself by left multiplication commutes with
the right G-action. We have a principal right G-bundle

G— KE=GExG —G
(g, h) > gh™t.

The left Maurer-Cartan form ©%, . € Q}(G) ® g on G yields a K-invariant
one-form © = prj (0%,-) € Q'(K) ® g by pullback along the projection on
the second factor. Then © is a K(= G x G)-invariant connection. Moreover
it is flat, thus its equivariant curvature reduces to the equivariant momentum
pPit=gog— QK)®ag.

Lemma 17.18 For any (o, 8) € ((=g @ g), and (g,h) € K(= G x G) one has

Me(avﬂ”(g,h) = - Adh—1 6

PROOF. The generating vector field for the left G-action on G is given, for all
B egby

0
Bln = a5t exp(tB)h = Ly, (Ady-1 B3).
t=0

Tt follows, for any (g,h) € K = G x G, that

p2 (@, B)lgmy = —ap(®lwm)
= *LB 6%/10|h
= —Ocl, (Adp-1 ) = — Adj-1 B.
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Let M be a K (= G x G) space. It is then a G-space. Thus we have an
induction map

Ind&, o : Qa(M) = Qexc((G x G) xg M) = Qaxa(G x M).
The group G x G acts on G x M by
(k1,k2) - (9,m) = (kigks ', (k1 k) - m).
Lemma 17.19 1. The map
(GxG)xgM— Gx M, (ki,ka,m)— (kiky", (ki k2)-m)
is a (G x G)-equivariant diffeomorphism.
2. The map
0:GxM—KxM, o(g,m)= (g,l,(gil,1)~m)

s a horizontal section for the principal G-bundle G - K x M — K Xg
M=Gx M.

As a consequence, we have an isomorphism
Qoxa((Gx Q) xg M) = Qaxa(G x M).
Thus there is an induction map
md&, o Qa(M) = Qaxa(G x M).
To obtain the Gysin map H*([M/G]) — H*~4([M/G x G]), one simply
composes the induction map Ind%,, o: H*([M/G]) — H*([G x M/G x G]) with

the equivariant fiber integration map [4] H*([G x M/G x G]) — H*~4([M/G x
G]) over the first factor G.

Proposition 17.20 Given a (G x G)-manifold M, the Gysin map
HE(M) — Heo(M)

is given, on the Cartan model, by the chain map ¥: Qg(M) — Qaxa(M),
which, is defined, for all P ®w € (S(g*) ® Q(M))“, by

W(Pow - (m@m / P<—52>so*<w>), e eg  (17.6)

where @: G x M — M is the map (g, m) = (¢g~1,1) - m, and Jo stands for the
fiber integration over the first factor G.
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PROOF. The induction map IndS,, o: Qe (M) = Qaxa(G x M) is a chain level
representative of the stack isomorphisms

[M/G] +— [Gx G x M/GxGxG] 5 [GxGxgM/GxG.
induced by Morita equivalences of groupoids. Thus the Gysin map
Ay: H[M/G] — H* 4 M/G x G]
is the composition of Ind%,, o with the Gysin map
H*([G x M/G x G]) = H*"4[M/G x G])

which, by Proposition 9.3, is the equivariant fiber integration.

We now need to express the induction map more explicitly. Recall that,
for any o € Qg(M), IndS, (@) € Qaxa(G x M). That is, IndS, () is a
polynomial function on ¢(= g @ g) valued in Q(G x M).

Write ¢: G x M — M for the composition ¢ = pry, o 0. Thus
o(g,m) = (g7 %,1) - m. According to Lemma 17.17, it suffices to compute
o* (P(u®(&1,&2))prs(w)). By Lemma 17.19.3 and Lemma 17.18 we find that

o (P(u°(£1,))) = P(=&2).

Now the very definition of ¢ yields that for any @ = P @ w € Qg(M) =
(S(g*) ® Q(M))“, and V&1, &, € g,

Indg, () (&1, &) = P(—&)¢" ().
This concludes the proof. [J

Remark 17.21 If we identify an element of Qg (M) with a G-equivariant
polynomial Q: g — Q(M), then Equation (17.6) can be written as follows.

v(€17£2) EFzg@g,

W(Q)(Er, &) = /G S (Q(—£)).

We now go back to our special case.

Denote by m : G x G — G and A: G — G x G the group multiplication
and the diagonal map respectively. The diagonal map induces a stack map
A: [G x G/G] = [G x G/G x G] and thus a Gysin map

Ar: H*([G x G/G]) — H* (|G x G/G x G]),

which is given by Proposition 17.20. Similarly the group multiplication m in-
duces a stack map m : [G x G/G] — [G/G] and thus a Gysin map

my: H*([G x G/G)) — H*~[G/G)).
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Since m is G-equivariant, this is the usual G-equivariant Gysin map on manifolds
according to Proposition 9.3.

Note that H&(G) is a free module over H*([x/G]) = S(z1,...,x;). In fact,
HX(G) = H*([*/G))[y1, - - -, yi] (the y;s are of odd degrees). Thus elements of
H?.(G) are linear combinations of monomials yi'...y;", where each ¢; is either 0
orl. Slmllarly HG(GX G) is the free H2(G)-module generated by the monomials

€1 /61 /61

v Yy Y

Lemma 17.22 The map my is a H*([x/G]) linear map defined by

’ !
€ /61 /el e1+e;—1 e+e;—1

mi(yr -yt ) =0 Y
with the convention that yj_ =0.
PROOF. Since m : G x G — G is G-equivariant, the Gysin map
mi: H*([G x G/G]) = H*([G/G])

is a map of H*([*/G])-module, and by Proposition 9.3, it is the equivariant
fiber integration of the principal bundle G x G — G. It can be represented
on the Cartan cochain complex by integration of forms, see [39] for details. In

€1 /51

particular mi(yi*...y;' v} .yfeg) is determined by the equation
m* (o) A (W5 i) = / o Am(ys iy (TT)
GxG G

Since the volume forms on G and on G x G are respectively given by ...y
and yl...yly’l yl7 Equatlon (17.7) implies that m,: H*(G x G) — H*~4(Q)

€] /51

sends yi'..y;y . qu to y61+61 ! ..y6’+6’ ' This finishes the proof. O

The hidden loop product and coproduct on He([G/G]), by universal coeffi-
cient theorem, induces a degree —d coproduct

6: H*(|G/G]) = H*([G/G]) @ H*(|G/G])
and degree —d product
*: HY([G/G]) © H*([G/G]) = H*([G/G])
which makes H*([G/G]) into a Frobenius algebra, called the dual Frobenius
structure on H*([G/G]).
More explicitly, these two operations are given by the following compositions:
6: H*(|G/Q)) ™ H*([G x G/G]) o H* 4G x G/G x GQ))
- @ H(c/6) e H(G/A),
i+j=e—d

and

*

x: H*([G/G)) ® H*([G/G]) = H*([G x G/G x G]) 2
H*([G x G/G) ™ H*~4(G/G]). (17.8)
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Theorem 17.23 Let G be a compact connected Lie group. The dual hid-
den loop coproduct on H®(|G/G]) is trivial. And the dual hidden loop prod-
uct on H*([G/G]) is given as follows. For any P(xy,...,x)y7"...y;" and

Q(zy, ... 7xl)yi,1...yl5; in He([G/G]), we have
(P, o)y etf®) « (Qahe i i)

f—1 —1
= (PQ)(x1,...,a)y; Ty

with the convention that yj_l =0.

PROOF. On the Cartan model, by Proposition 17.20, the hidden loop coproduct
is given by the following composition of chain maps:

Q6(G) 5 Qa(G x Q) L5 Qaxa(G x Q) =5 Q6(@Q) ® Q6 (G).
Here the last map is Kiinneth formula, and the first map
P Qa(G) = (S(g7) @ UG))T = QG x G) = (S(g") ® G x ()
is S(g*)-linear and given by
p(PRw)=Pam*(w), YP®uwe (S(g*)®aQ))°.
Note that the space
Q6(G) @ 2(G) = (S(g7) @ (G)° @ (S(g") ® UG

has a S(g*)“-module structure, which is given by multiplication on the second
factor: i.e.

VQ € 5(g"), PL®w @ P ®ws € Qg(G) ® Qa(G),
one defines Q - (P ® w1 ® P> ® wa) by

(€1,62) = Pi(&) @ wi ® Q(—&2) Pa(&2) ® w2 € Q(G) ® QG).

By Proposition 17.20, we know that the Gysin map ¥*: Q¢ (G x G) —
Qoxc(G x G) is indeed a S(g*)%-module map.

There are two kinds of elements P @ w in H*([G/G]) = (S(g*))G ® A(g)°.
One consists of those where w is a top degree form, i.e. a multiple of y; A--- Ay,
and the others are those where w corresponds to a form in Q*<4(G). In the latter
case, V(P ® w) vanishes after fiber integration for degree reasons. In the first
case, the G-action on G is by conjugation. Since the conjugacy action is trivial in
cohomology, [, ¢*(w) =0 and by Proposition 17.20, ¥(P ® w)vanishes. Hence
the dual hidden loop coproduct is trivial.
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We now compute the dual hidden loop product. First, by a simple com-
putation, we know that, on the Cartan model, the map A*: H, (G x G) —
HE(G x G) is given by

* / / / /
A (P('r17"',wlay17"'7yl7x1a"'7xl ay17"'?yl)>
/ /
:P(xlw"71.l7y17"'7ylvx17'"7xl7y1""7yl)‘

In other words, the map A* is an algebra map that leaves the odd degree
generators y;, y; unchanged and send both generators z;, 2 (i = 1...7) to the
generator z;. By Lemma 17.22, one obtains that

’ ’ ’
/€1 /el) o €1+e;—1

* +e—1
(mao A (yst oy i ) Yr y T

Y
The dual hidden loop product now follows from the explicit S(g*)-module struc-
ture. [

Remark 17.24 It follows that the hidden loop product on He([G/G)) is trivial
while the hidden loop coproduct has a counit given by the fundamental class of
G, which is dual of the cohomology class y; ... y;.

Remark 17.25 Let G be either a compact Lie group or a discrete group. As
we have seen above, the stack [x/G] is strongly oriented and, according to
Theorem 12.5, Ho(L[*/G]) is a Frobenius algebra. An alternative approach
to string topology for [*/G] has been carried out in Gruher-Salvatore [38].
It would be interesting to find a precise link between the result of this Sec-
tion 17.4 with those of [38]. Similarly, it would be interesting to find the con-
nection between the construction of our hidden loop product (Theorem 11.1)
with that of Abbaspour-Cohen-Gruher [1] for Poincaré duality groups. An-
other approach to the BV-algebra structure for L[x/G] was recently studied by
Chataur-Menichi [18]. Their results seem to agree with ours.

A Categories fibered in groupoids

The formalism of categories fibered in groupoids provides a convenient frame-
work for working with lax groupoid-valued functors. In this section, we recall
some basic facts about categories fibered in groupoids.

Let T be a fixed category. An example to keep in mind is T = Top, the
category of topological spaces. A category fibered in groupoids over T is a
category X together with a functor 7: X — T satisfying the following properties:

i) For every arrow f: V — U in T, and for every object X in X such that
m(X) = U, there is an arrow F: Y — X in X such that n(F) = f.

ii) Given a commutative triangle in T, and a partial lift for it to X as in the
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diagram

there is a unique morphism H: Y — Z such that the triangle commutes
and 7(H) = h.

We will often drop the base functor 7 from the notation and denote a fibered
category m: X — T by X.

For a fixed object T € T, we let X(T') denote the category of objects X € X
such that m(X) = T. Morphisms in X(T) are morphisms f: X — Y in X such
that = (f) = idp.

It is easy to see that X(T) is a groupoid. This groupoid is sometimes called
the fiber of X over T. Tt is also called the groupoids of T-points of X(T).

Example A.1

1. Let T = Top, and let G be a topological group. Let BG be the category
of all principal G-bundles P — T'. A morphisms in BG is a G-equivariant
cartesian diagram

P — P

oo

7 — T

The base functor BG — Top is the forgetful functor that sends P — T to
T. Observe that BG(T) is the groupoid of principal G-bundles over T'.

2. Let T = Top, and let X be a topological space. Let X be the category of
continuous maps 7' — X. A morphism in X is a commutative triangle

77 —— T

N/

X

The forgetful functor that sends T'— X to T makes X a category fibered
in groupoids over Top.

The groupoids X(T') is in fact equivalent to a set, namely, the set of
continuous maps 7' — X (i.e., the set of T-points of X).
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Remark A.2 There are two ways of thinking of a fibered category X — T.
One is to think of it as a device for cataloguing the objects parameterized by a
moduli problem over T. In this case, an object X € X(T') is viewed as a “family
parameterized by T.”

The second point of view is to think of X as some kind of a space. In this
case, an object in X(7') is simply thought of as a T-valued point of X, that is,
a map from T to X.

The Yoneda type Lemma A.4 clarifies this dual point of view.

Remark A.3

1. Conditions (i) and (ii) imply that, for every morphism f: 7" — T in T,
every object X € X(T') has a “pull-back” f*(X) in X(7”). The pull-back
is unique up to a unique isomorphism. We sometimes denote f*(X) by
XlT’ .

2. The pull-back functors f* (whose definition involves making some choices)
give rise to a lax groupoid-valued functor T +— X(7T'). Conversely, given
a lax groupoid-valued functor on T, it is possible to construct a category
fibered in groupoids over T via the so-called Grothendieck construction.

A.1 The 2-category of fibered categories

Categories fibered in groupoids over T form a 2-category. Let us explain how
this works.

A morphism f: X — 2) of fibered categories is a functor f: X — ) between
the underlying categories such that 7y o f = m%. Given two such morphisms
f9: X =9, a 2-morphism ¢: f = g between them is a natural transformation
of functors ¢ from f to g such that the composition 7y o ¢ is the identity
transformation from mx to itself.

With morphisms and 2-morphisms as above, categories fibered in groupoids
over T form a 2-category §ibt. The 2-morphisms in Fibt are automatically
invertible.

The construction in Example A.1.2 can be performed in any category T and
it gives rise to a functor T — Fibt. From now on, we will use the same notation
for an object T in T and for its corresponding category fibered in groupoids.

We have the following Yoneda-type lemma.

Lemma A.4 (Yoneda lemma) Let X be a category fibered in groupoids over
T, and let T be an object in T. Then, the natural functor

HomgibT (T, }:) — :f(T)
s an equivalence of groupoids.

This lemma implies that the functor T — Fibt is fully faithful. That is, we
can think of the category T as a full subcategory of §ibt. For this reason, in the
sequel we quite often do not distinguish between an object T" and the fibered
category associated to it.
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A.2 Descent condition

To simplify the exposition, and to avoid the discussion of Grothendieck topolo-
gies, we will assume from now on that T = Top.

We say that a category X fibered in groupoids over T is a stack, if the
following two conditions are satisfied:

i) Gluing morphisms. Given two objects X and Y in X over a fixed topologi-
cal spaces T', morphisms between them form a sheaf. That is, the presheaf
of sets on T defined by

Uw— Homx(U)(X|U, Y|U)
is a sheaf.

ii) Gluing objects. Let T be a topological space, and let {U;} be an open
covering of T'. Assume we are given objects X; € X(U;), together with
isomorphisms ¢;;: X;|v,nv, = Xilu,nu, in X(U; N Uj) which satisfy the
cocycle condition

Pij © Pjk = Pik
on U; NU; NUy, for every triple of indices 4, j and k. Then, there is an
object X over T, together with isomorphisms ¢;: X|y, — X; such that

Pij ©Pi = Pj-

The data given in (ii) is usually called a gluing data or a descent data. Tt
follows from (i) that the object X in (ii) is unique up to a unique isomorphism.
Stacks over T form a full sub 2-category of Fib.

Example A.5

1. The fibered category BG of Example A.1.1 is a stack. This is because one
can glue principal G-bundles over a fixed space T using a gluing data (and
the same thing is true for morphisms of principal G-bundles as well).

2. The fibered category X of Example A.1.2 is a stack. This is because,
given a collection of continuous maps f;: U; — X which are equal over
the intersections U; N Uj;, we can uniquely glue them to a continuous map
fT—X.

Note that the cocycle condition over triple intersections does not appear
in Example A.5.2. The reason for this is that the fiber groupoids X(U) are
equivalent to sets. That is, if there is a morphisms between two objects in X(U)
it has to be unique.

In view of Example A.5.2 (and Lemma A.4), the descent condition for a
stack X can be interpreted as follows. Let T be a topological space and {U;}
an open covering of T. Assume we are given morphisms f;: U; — X, together
with 2-isomorphisms ¢;;: filv,nu;, = filv.nu,, satisfying the cocycle condition
©i; 0@k = @ik (This should be thought of as saying that ¢;; are “identifying f;
and f; along U; NU;.”) Then, we can glue f; to a global map f: T — X whose
restriction f|y, to U; is identified to f; via a 2-isomorphism ¢;: f|y, = fi.
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A.3 Quotient stacks

To any topological groupoid X = [X; = X{] one can associate a stack [Xo/X1]
called the quotient stack of the groupoid. A quick definition for this quotient
stack is as follows. By definition, [Xy/X1] is the stack associated to the (fibered
category associated to the) presheaf of groupoids

T — [Xi(T) = Xo(T)].

Since we have not discussed the stack associated to a category fibered in
groupoids, we give an alternative description of [Xy/X;] in terms of principal
bundles.

We only describe the case when X is the action groupoid [X x G = X] of the
action of a topological group G on a topological space X and refer the reader
for the general case to ([57], Section 12). In the case of a group action, the
quotient stack is denoted by [X/G].

For a topological space T', the groupoid [X/G|(T') of T-points of [X/G] is the
groupoid of pairs (P, ¢), where P is a principal G-bundle over T, and ¢: P — X
is a G-equivariant map. The morphisms in [X/G|(T) are G-equivariant mor-
phisms f: P’ — P such that ¢’ = ¢o f.

It is easy to verify that [X/G] is a stack. When X is a point, the quotient
stack [*/G] coincides with BG of Example A.1.1 and is called the classifying
stack of G. Remark that, by Lemma A.4, the groupoid Hom(T, BG) of mor-
phisms from T to BG is equivalent to the groupoid of principal G-bundles over
T.

B Generalized Fulton-MacPherson bivariant
theories

In this section we recall the axioms of a Fulton-MacPherson bivariant the-
ory. Our theory is slightly more general than the original approach of Fulton-
MacPherson in the following ways:

- Since we need to work with stacks, the underlying category of our theory is
indeed a 2-category. All fiber products and commutative diagrams should
be interpreted in the 2-categorical sense. The associated bivariant groups,
however, will be equal for 2-isomorphic moprhisms.

- Fulton-MacPherson have a notion of a ‘confined morphism’ (along which
you can push forward bivariant classes) while we believe it is more natural
to have ‘confined triangles’.

- Product of bivariant classes are only partially defined.

In the context of this paper, these differences, however, are not crucial and
give us the right amount of generality to define the desired Gysin maps.
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B.1 The underlying (2-)category

The underlying category of a generalized bivariant theory is a category C (rather,
2-category) with fiber products and a final object. The category C is equipped
with the following structure:

e A class of commutative triangles called confined triangles

f

X — Y

N

We usually write this triangle as X i> Y -4 S. We sometime refer to
the above triangle as a morphism f: X — Y confined relative to S.

e A class of squares called independent squares

Note: we will distinguish the above square from its transpose, so the
transpose of an independent square may not be independent.

e A class of morphisms called adequate.

We require the following axioms to be satisfied:

Al. A triangle X Jo X ® Z in which f = idx is the identity map is
confined.

A2. If the inside triangles in

are confined, then so is the outside triangle.

B1. Any commutative square in which the top and the bottom morphisms are
the identity maps is independent.

B2. Any square obtained from juxtaposition (vertical, or horizontal) of inde-
pendent squares is independent.
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C. If in the commutative diagram

X’LY/L;S/

A U
X ?‘ Y Y S
the left square (or its transpose) is independent and f is confined relative
to S, then f’ is confined relative to S’.

D. All isomorphisms are adequate.

Lemma B.1 Given
XLy —-z—w
if f is confined relative to W then f is confined relative to Z.

Proor. Use Axioms B1 and C. O

B.2 Axioms for a bivariant theory

A Dbivariant theory T on such a category C assigns to every morphism f: X — Y

in C a graded abelian group T(X N Y), or T(f) for short. We denote the
it" graded component, i € Z, of T by T®. We sometimes denote an element

a€T(X L5 v) by
XLy

@

The functor T support three types of operations:

1. Product. For every f: X — Y and adequate g: Y — Z, there is a product
X L y)eri(y L z) - T (X 2% 7).
2. Pushforward. Given a confined triangle

f

X — Y

N

there is a pushforward homomorphism

fo THX 5 8) — TY(Y -5 8).

152



3. Pullback. For every independent square

’

x 2s x

f'\L if

Y —> Y

there is a pullback homomorphism
o Tix Ly i Ly,
(Observe the abuse of notation.)

These operations should satisfy the following compatibility axioms:

A1. Product is associative. Given a diagram

XLy Sz iw
® @

®)

where g, h and h o g are adequate, we have
(@-p)-v=a-(8-7)
inT(hogo f).

A2. Pushforward is functorial. If the triangles in

are confined, then
(gofla=gsofu: THX 5 8) — TY(Z % 89).
A3. Pullback is functorial. If the squares in

’
X// hl; XI 9 >

rlor

Y ==Y > Y

are independent, then
(goh)* =h*og*: THX L5 v) — Tix" I vy,

153



A12. Product and pushforward commute. Given

x Ly gy
\_/

®

with f confined relative to W and h adequate, we have
fila-B) = fila)- B
in T'(hog).

A13. Product and pullback commute. Given

x M x
3 e
vy sy
)
7 L= z

with independent squares, g and ¢’ adequate, we have
h*(a - B) =h"(a) - h"(B)
in T(g o f').
A23. Pushforward and pullback commute. Given

x 2 x

S

vy s v e

SV

Z/ $ Z

with independent squares and f confined relative to Z, we have

fu(ha) = " fu(e)

in T(g).
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A123. Projection formula. Given

with independent square, g adequate and confined relative to Z and hog
adequate, we have

a-g.(8) =g.(g"a- B)
in T(ho f).

We say a bivariant theory 7" has unital if for every X € C there is an element
1y € TO%(X NS ) with the following properties:

e For every f: W — X and everyaeT(WLX), we have a - 1x = a.
e For every g: X — Y and every 8 € T(X -5 Y), we have 1x - 8 = .
e For every g: X' — X, we have g*(1x) = 1x-.

A bivariant theory T is called skew-commutative (respectively, commu-
tative), if for any square

’

XIgHX

| fl@

Y/%Y

that is independent or its transpose is independent, g and f are adequate, we
have

9'(0) - § = (~1)*E ) 2 (5)
(respectively, g*(a) - 8= f*(8) - ).

Note that we don’t assume the class of adequate morphisms to be closed;
that is, if f, g are adequate, g o f might not be adequate. However, in practice,
it is convenient to specify a (large) closed subclass of adequate maps, called
the strongly adequate morphisms. In particular, the product of bivariant
classes are always defined and associative on the subclass of strongly adequate
morphisms.

Using the definitions of Section 7 and results of Sections 4, 6, 6.1, it is
straightforward to prove
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Theorem B.2 The bivariant theory of Section 7 is a generalized Fulton-
MacPherson bivariant theory.

Note that, in view of Lemma 6.4 and Example 7.6.1, we can choose the class of
strongly adequate morphisms to be the class of strongly proper maps.
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