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Loop coproduct in Morse and Floer
homology

Kai Cieliebak, Nancy Hingston and Alexandru Oancea

®

Check for
updates

To Claude Viterbo on the occasion of his 60th birthday, with admiration.

Abstract. By a well-known theorem of Viterbo, the symplectic homol-
ogy of the cotangent bundle of a closed manifold is isomorphic to the
homology of its loop space. In this paper, we extend the scope of this
isomorphism in several directions. First, we give a direct definition of
Rabinowitz loop homology in terms of Morse theory on the loop space
and prove that its product agrees with the pair-of-pants product on
Rabinowitz Floer homology. The proof uses compactified moduli spaces
of punctured annuli. Second, we prove that, when restricted to pos-
itive Floer homology, resp. loop space homology relative to the con-
stant loops, the Viterbo isomorphism intertwines various constructions
of secondary pair-of-pants coproducts with the loop homology coprod-
uct. Third, we introduce reduced loop homology, which is a common
domain of definition for a canonical reduction of the loop product and
for extensions of the loop homology coproduct which together define
the structure of a commutative cocommutative unital infinitesimal anti-
symmetric bialgebra. Along the way, we show that the Abbondandolo—
Schwarz quasi-isomorphism going from the Floer complex of quadratic
Hamiltonians to the Morse complex of the energy functional can be
turned into a filtered chain isomorphism using linear Hamiltonians and
the square root of the energy functional.

1. Introduction

For a closed manifold M, there are canonical isomorphisms

H, (A Ao;n) = FHZO(T*M) = SH?°(D*M) = SHL;*(S*M).

<0

(1)

Here, we use coefficients in any commutative ring R, twisted in the first group
by a suitable local system 7 which restricts to the orientation local system

This article is part of the topical collection “Symplectic geometry—A Festschrift in honour
of Claude Viterbo’s 60th birthday” edited by Helmut Hofer, Alberto Abbondandolo, Urs

Frauenfelder, and Felix Schlenk.

Y Birkhauser


http://crossmark.crossref.org/dialog/?doi=10.1007/s11784-023-01061-z&domain=pdf

59 Page 2 of 84 K. Cieliebak et al. JFPTA

on the space Ag C A of constant loops (see Appendix A). The groups in the
above chain of isomorphisms are as follows: H,. (A, Ag) denotes the homology
of the free loop space A = C*°(S!, M) relative to Ag; FH°(T*M) the pos-
itive action part of the Floer homology of a fibrewise quadratic Hamiltonian
on the cotangent bundle; SH>%(D*M) the positive symplectic homology of
the unit cotangent bundle D*M; and SHL,*(S* M) the negative symplectic
cohomology of the trivial Liouville cobordism W = [1,2] x S*M over the
unit cotangent bundle S*M. The first isomorphism is the result of work of
many people starting with Viterbo (see [1,3,5,7,17,30,34,35,39]); the sec-
ond one is obvious; and the third one is a restriction of the Poincaré duality
isomorphism from [22].

Restricting to field coefficients, all the groups in (1) carry natural co-
products of degree 1 — n:

e the loop homology coproduct (in the sequel simply called loop coprod-
uct) XA on H,(A,Ag;n) defined by Sullivan [36] and further studied by
Goresky and the second author in [27], see also [29];

e the (secondary) pair-or-pants coproduct A on FHZO(T*M) defined
by Abbondandolo and Schwarz [4];

e the varying weights coproduct \* on SH_Z°(D*M) first described by
Seidel and further explored in [26];

e the continuation coproduct \f' on SHZ°(D*M) described in [20];

e the Poincaré duality coproduct \'P on SH;*(S*M) dual to the pair-
of-pants product on SH°, (S*M), described in [16].

The first result of this paper is

Theorem 1.1. With field coefficients, all the above coproducts are equivalent
under the isomorphisms in (1).

Remark 1.2. (Coproducts and field coefficients) There is a formal algebraic
reason why we need to restrict to field coefficients when speaking about
homology coproducts. Given a chain complex C' = C, and a chain map
C — C®C, we obtain a map H,(C) — H,.(C®C). However, the latter factors
through H,(C)® H,(C) only if the Kiinneth isomorphism H,(C)® H,(C) =
H,(C®C) holds, which is the case with field coefficients. All our coproducts
are defined at chain level with arbitrary coefficients, and we would not need
to restrict to field coefficients if we carried the discussion at chain level.

Remark 1.3. (Coefficients twisted by local systems) The chain of isomor-
phisms (1) also holds if one further twists each of the factors by an addi-
tional local system. If the latter is compatible with products in the sense of
Appendix A.5, then all groups still carry natural coproducts of degree 1 —n
and Theorem 1.1 continues to hold. This is particularly relevant when M is
orientable: the constant local system on A is indeed of the form o~ ! ® 7,
where o is the transgression of the second Stiefel-Whitney class, so that
H.(A,Ao) ~ SHZY(D*M;0~1). See Appendix A.9.

Remark 1.4. All our statements have counterparts for open strings, in which
the free loop space is replaced by the based loop space and symplectic homol-
ogy of T* M is replaced by wrapped Floer homology of the cotangent fibre
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T; M. See [16]. We do not spell out these results and focus on closed strings
in this paper.

The first two isomorphisms in (1) are obtained by dividing out the
constant loops, resp. the action zero part in the chain of isomorphisms

H.(A;n) = FH,(T*M) = SH,(D*M). (2)

According to Abbondandolo and Schwarz [3], these isomorphisms inter-
twine the Chas—Sullivan loop product [13] on the first group with the pair-
of-pants products on the other two groups. On the other hand, according
to [16,21], the product on SH,(D*M) and the coproduct on SH.°(D*M)
are related to the pair-of-pants product and coproduct on SH,(S*M) by the
“almost split” exact sequence

SHLG"(D*M)

)

—— SH=*(D*M) ——> SH,(D*M) ——> SH,(S*M) ——> SH'~*(D*M) —>

SHZ°(D*M)
(3)

where the maps have the following properties.

e The map ¢ intertwines the pair-of-pants products, and the map = inter-
twines the pair-of-pants coproducts.

e The “almost splitting” i satisfies m 04 = j and intertwines the prod-
uct dual to A" on SHL*(D*M) with the pair-of-pants product on
SH,(S*M).

e The “almost splitting” p satisfies por = ¢ and intertwines the coproduct
on SH.(S*M) with the continuation coproduct A\f' on SHO(D*M).

e The map ¢ lives only in degree 0 and factors through the constant
loops as the connecting map in the Gysin sequence for the cohomology

H"*(S*M)
SH=*(D*M) ——= SH,(D*M) (4)
H*M — > .M

Here, the map e is multiplication with the Euler characteristic of M in degree
0. From this perspective, and up to some discrepancy at the constant loops,
both the pair-of-pants product on SH,(D*M) and the product dual to A\¥
on SH;B*(D*M ) appear as “components” of the pair-of-pants product on
SH,(S*M). See [21, §7].
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Our second goal is to define a topological counterpart of SH.,(S*M).!

The starting point is the topological counterpart of diagram (4):
H*A *>8 H*A (5)

L]

H>*M —*=H.M
Here, the map ¢ is induced by a chain map on the Morse complex (with
respect to the energy functional)
c: MC™*(A) - MC™*(M) - MC.(M) — MC.(A),

where the exterior maps are induced by the inclusion of constant loops, and
the middle map lives in degree zero and is given by multiplication with the
Euler characteristic of M. We define the Rabinowitz loop homology as the
homology of the cone of ¢,

H.A:=H,(Cone(c)).

By general properties of the cone construction (see e.g. [22]), this fits into a
long exact sequence

H*A —> HA > HA "> H' A —> (6)

Our second result is

Theorem 1.5. The Rabinowitz loop homology }AI*A carries a natural product
of degree —n such that the map v in (6) is a ring homomorphism. Moreover,
forn # 2, there exists an isomorphism of rings SH,(S*M) = H.A such that
the following diagram commutes:

.. SH™*(D*M) —— SH,(D*M) —=> SH,(S*M) ——> SH*~*(D*M) - -

TR

CHTEA H, A H.A T H=*A ...

Remark 1.6. (a) In [16] we defined H,A as SH,(S*M), and with this defini-
tion Theorem 1.5 is a tautology. The point of the present paper is to define
H,Ain purely topological terms as above, in which case Theorem 1.5 becomes
an actual theorem. It can be seen as an upgrade of Viterbo’s isomorphism
[39] from symplectic homology to Rabinowitz Floer homology.

(b) The hypothesis n # 2 is only an artefact of our proof and can be
removed by upgrading the theory of AJ-structures in [20] to a theory of
A;—structures, which would take into account arity 3 operations.

n [22] the group SH.(S*M) was called symplectic homology of (the trivial cobordism
over) S*M, and in [15] it was proved to be isomorphic to the Rabinowitz Floer homol-
ogy group RFH.(S*M). In the sequel, we will allow ourselves to use both names. The
isomorphism HA~ SH.(S* M) motivates our terminology Rabinowitz loop homology for
H.A.
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One difficulty with the proof of Theorem 1.5 is the lack of an obvious
chain map inducing the isomorphism SH,(S*M) = ﬁI*A, due to the fact
that the natural chain maps inducing Viterbo’s isomorphisms on homology
and cohomology go in opposite directions. We overcome this difficulty using
the theory of AJ-structures from [20]. We will prove that the Abbondandolo—
Schwarz map on chain level yields a quasi-isomorphism of A -structures, and
then appeal to algebraic results from [20] concerning such structures and their
associated cones.

Starting from the exact sequence (6), we define in this paper reduced
loop homology and cohomology

H.A\ = cokere, H'A =kere.

Theorem 1.7. ([21]) The loop product on H.A descends to H.A and the loop
coproduct on H.(A,No) extends to H,A (canonically if we have HiM = 0).
Each such extension A defines together with the loop product u the structure
of a commutative cocommutative unital infinitesimal anti-symmetric bialgebra
on H.A = H,,A. In particular, the following relation holds:

M=Ee)(AeN)+ (1 D)A@1) - (pep) (1o Al 1),
where we denote 1 the identity map and 1 the unit for the product p.

We refer to [19,21] for the definition of a commutative cocommutative
unital infinitesimal anti-symmetric bialgebra. The extensions of the coproduct
depend on the choice of auxiliary data consisting of a Morse function on M
with a unique maximum, a Morse-Smale gradient vector field, and a vector
field with nondegenerate zeroes located away from the (n — 1)-skeleton. We
discuss this dependence in Sect. 4. The coproduct is independent of all choices
when H; M = 0 (Proposition 4.7), and in that case it also vanishes on the unit
1 (Corollary 4.9), so that the above relation becomes the unital infinitesimal
relation

A= (@ 1)1 N + (1o 1)(Ae 1),

Structure of the paper. In Sect. 2, we define the notion of a special Aj -
structure and prove that the Morse complex of the energy functional on loop
space carries such a structure. In particular, this includes a Morse theoretic
definition of the loop coproduct.

In Sect. 3 we construct a special Aj-structure on the chain complexes
underlying symplectic homology of D*M.

In Sect. 4, we discuss extensions of the loop coproduct to reduced ho-
mology, and also the dependence of these extensions on choices.

In Sect. 5, we revisit the Viterbo isomorphism between symplectic ho-
mology of the cotangent bundle and loop space homology. We show that the
Abbondandolo—Schwarz map

U : SH,(D*M) = H.(A;n),

which was originally constructed using asymptotically quadratic Hamiltoni-
ans and as such did not preserve the natural filtrations (at the source by the
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non-Hamiltonian action, and at the target by the square root of the energy),
can be made to preserve these filtrations when implemented for the linear
Hamiltonians used in the definition of symplectic homology. As such, ¥ be-
comes an isomorphism at chain level. This uses a length vs. action estimate
inspired by [17].

In Sect. 6, we prove that the isomorphism W intertwines the special A3 -
structures of Sect. 2 and Sect. 3, which together with algebraic results from
[20] yields Theorem 1.5. Our proof uses homotopies in certain compactified
moduli spaces of punctured annuli. In Remark 6.2, we discuss some related
open questions involving the two chain-level isomorphisms between Morse
and Floer complexes constructed by Abbondandolo—Schwarz in [1,6].

In Sect. 7, we restrict to positive symplectic homology on the symplectic
side, respectively, to loop homology rel constant loops on the topological side.
We relate there the coproduct A\F resulting from Sect. 3 to the other secondary
coproducts mentioned above, thus proving Theorem 1.1. In particular, this
implies that the secondary coproduct defined by Abbondandolo and Schwarz
in [4] corresponds under the isomorphism ¥ (restricted to the positive range)
to the loop coproduct. For completeness, we also give a direct proof of this
last fact in Sect. 7.4.

In Sect. 8, we compute the extended coproducts on reduced loop homol-
ogy of odd-dimensional spheres S™. For n > 3, these coproducts are canonical,
but for n = 1 one sees explicitly the dependence on the choice of auxiliary
data discussed in Sect. 4.

The Appendix contains a complete discussion of local systems on free
loop spaces and their behaviour with respect to the loop product and coprod-
uct. Local systems are unavoidable in the context of manifolds which are not
orientable [7,31], and also in the context of the correspondence between sym-
plectic homology of D*M and loop space homology of M [5,7,30]. They also
proved useful in applications [9].

2. A;-structure for loop space homology

2.1. A -algebras

In this subsection, we recall from [20] the definition and basic properties of
A7 -algebras. We will restrict to the case of special Aj-algebras which suffices
for our purposes.

Let R be a commutative ring with unit, and (A, 9) a differential graded
R-module. Let AY = Hompg(A_., R) be its graded dual, and ev : AV®A — R
the canonical evaluation map. We denote

T:ARA—- AR A, a @b (—1)deeadesby g g,

Definition 2.1. A special AJ-structure on (A, d) consists of the following R-
linear maps:

e the continuation quadratic vector cy: R — A® A, of degree 0;
e the secondary continuation quadratic vector Qg : R — A® A, of degree
1.

3
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The

the product i : A® A — A, of degree 0;
the secondary coproduct A : A — A® A, of degree 1.

continuation quadratic vector cg gives rise to the continuation map

c=(eve)(1®c): A — A

These maps are subject to the following conditions:

1.
2.

w

co is a cycle;
co is symmetric up to a homotopy given by Q, i.e.

Tco — ¢o = [0, Qol;

. W is a chain map;
. ) satisfies the relation

0N = (1@ 1)(1® o) — (1 1) (reo ® 1);
. Denoting A = A\, and
Arco,reo = Acgueo + (1@ 1)1 Qo) — (L@ p)(T7Q0 ® 1),
Acoreo = Acoreo T (1@ 1) (1@ Qo),
Areaco = Acg,eo — (1@ p)(7Qo ® 1),
we require that

()‘CO,TCO ® 1)1 = O‘TCO,CO ® 1)1co = (Areg,reo @ 1)co = 0.

We call the tuple (A, 9, co, Qo, i1, A) a special Ag-algebra.

59

Proposition 2.2. ([20]) Let (A, 9, co, Qo, i1, \) be a special A -algebra. Then,
the cone Cone(c) carries a canonical product p which commutes with the
boundary operator and thus descends to homology. Moreover, in the long exact
sequence

— H " (A)

Cx

H.(A) —= H,.(Cone(c)) —= H'™*(A) —

the map ¢ is a ring map with respect to p and p.

Next, we discuss morphisms (again only a special case).

Definition 2.3. A special morphism of special AS-algebras (¥,T,0): A — A’
consists of the following R-linear maps:

i) a degree 0 chain map ¥ : A — A’ satisfyin
g g

o = (V@ ¥)co, Qo = (¥ © ¥)Qo;

(ii) a degree 1 bilinear map I' : A ® A — A’ satisfying

0.T] =1/ (T T) - Py

(iii) a degree 2 bilinear map © : A — A’ ® A’ satisfying O¢ = 0 and

0,8 =NT - (VRU)A-T®V)(1®c) + (VRTI)(Tco @ 1).
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Proposition 2.4. ([20]) Let (¥, T,0) : A — A’ be a special morphism of spe-
cial A3 -algebras such that the induced map V. : H,(A) — H.(A’) is an iso-

morphism. Then, there exists a canonical ring isomorphism H,.(Cone(c)) =
H,(Cone(c)) such that the following diagram commutes:

[

- H™*(A) H.(A) —— H,(Cone(c)) ——= H'*(A)---

@*Tu | \P*lu lu WT&

/

HHA) S HU (A —Ss H, (Cone(c')) —= H'=*(A') - -

Remark 2.5. The word “special” refers to the conditions (5) in Definition 2.1
and ©c = 0 in Definition 2.3. These conditions are imposed in order to sim-
plify the algebra in [20]. These conditions, as well as the hypothesis n # 2
from Theorems 1.5 and 6.1, can be removed by upgrading the theory of
AF -structure to a theory of A7 -structures, which would include arity 3 op-
erations.

Remark 2.6. (a) The conditions in Definition 2.1 imply (Proposition 2.2)
that p and A induce a product p on H,(Cone(c)). Associativity of p re-
quires further compatibilities between p and A, one of them being the “unital
infinitesimal relation” [16,20,21].

(b) The conditions in Definition 2.1 imply that A descends to the “reduced
homology” H.(A/imc) and the map 7 in (6) intertwines it with a naturally
defined coproduct A on the cone; see [21] for further details.

2.2. A;‘ -structure on the Morse complex of the loop space

Let now M be a closed connected manifold of dimension n. For simplicity, we
assume that M is oriented and we use untwisted coefficients in a commutative
ring R; the necessary adjustments with twisted coefficients are explained in
Appendix A. We denote

Sh:=R/Z and A:=W'2(S', M).

Our goal in this subsection is to construct an Aj-structure on the Morse
complex of A. The analysis underlying the Morse complex is identical to the
one in [1,24] and we refer to there for details.
The Morse complex. Consider a smooth Lagrangian L : S* x TM — R
1

which outside a compact set has the form L(t,q,v) = 3[v|* — Vi (t, q) for a

smooth potential Vo : S* x M — R. It induces an action functional

1
S A — R, qt—>/ L(t, q,q)dt,
0

which we can assume to be a Morse function. This functional is continuously
differentiable and twice Gateaux-differentiable on the space of loops of class
Wh2 but in general it is not smooth (unless L is everywhere quadratic) [2].
Abbondandolo and Schwarz proved in [2] that it admits a negative pseudo-
gradient vector field which is smooth and Morse—-Smale. The latter condition
means that for all a,b € Crit(Sy) the unstable manifold W~ (a) and the
stable manifold W™ (b) with respect to the negative pseudo-gradient intersect
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transversely in a manifold of dimension ind(a) —ind(b), where ind(a) denotes
the Morse index with respect to Sp.

Let (MC,,0) be the Morse complex of S; with R-coefficients. It is
graded by the Morse index and the differential is given by

d:MC, —» MC,_y, ar— > #M(a;b) b,
ind(b)=ind(a)—1

where #M(a;b) denotes the signed count of points in the oriented 0-dimen-
sional manifold

M(a;b):=(W~(a) NWT(b))/R.

Then, d 09 = 0 and its homology M H, is isomorphic to the singular homol-
ogy H,A. We will assume in addition that near the zero section L(t,q,v) =
1lv[? — V(q) for a time-independent Morse function V : M — R such that
all nonconstant critical points of Sg, have action larger than — min V. Then,
the constant critical points define a subcomplex MO of M C, which agrees
with the Morse cochain complex of V' on M, with degrees of ¢ € Crit(V)
related by ind(q) = n — indy (q).

We assume that L]y has a unique minimum ¢gg and a unique maximum
(Max- We denote by x = x(M) the Euler characteristic of M and define the
R-linear map ¢g : R — MCy ® MCy by

co(1):=X qo ® qo.

The element cq is clearly a cycle and we actually have 7¢o = ¢g. Note, however,
that the secondary continuation element )y that we construct in the sequel
may be nonzero. See also Sect. 4.

Remark 2.7. The operation ¢y can also be defined by a count of pairs of
semi-infinite gradient lines with common starting point.

The product ;. For a path « : [0,1] — M and 7 € [0, 1], we define the
restrictions a|p -1, @fr17 1 [0,1] — M by

alpt):=a(rt),  alpyt)=a(r+ 1 -71)t). (7)

For paths «, 3 : [0,1] — M with a(1) = 3(0), we define their concatenation
ot : 0,1] = M by

aB(t):= {

For a,b,c € Crit(Sr) set
M(a,bic)i={ (@, B,7) € W=(a) x W=(b) x W*(c) | 7 = a5},
which is a transversely cut out manifold of dimension
dim M(a, b; ¢) = ind(a) + ind(b) — ind(c) — n.
If its dimension equals zero this manifold is compact and defines a map

p:(MC®MC), = MCy—p,  a®@b— Y #M(a,bic)c.
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If the dimension equals 1 it can be compactified to a compact 1-dimensional
manifold with boundary

OM(a,b;c) = H M(a;a’) x M(d',b;c)
ind(a’)=ind(a)—1
il H M(b;0') x M(a,b';c)
ind(b’)=ind(b)—1
I H M(a,b; ") x M(c;c).
ind(¢’)=ind(c)+1
corresponding to broken pseudo-gradient lines. Therefore, we have
pO@id+id®9d) —ou =0, (8)
i.e. p satisfies condition (3) in Definition 2.1. The induced map on homology

py: (MH® MH), — MH,_,

agrees with the loop product under the canonical isomorphism M H, = H,A.
The loop product is associative, and this is reflected at chain level by the fact
that p is associative up to chain homotopy.

The critical point gyax is a cycle which is a two-sided unit for p up
to homotopy. Moreover, the subcomplex of constant loops MC-° ¢ MC, is
stable under 1 and we can choose the Morse data such that gy is a strict
unit for the restriction of u to MCZC.

The coproduct \. We fix a small vector field v on M with nondegenerate
zeroes such that the only periodic orbits of v with period < 1 are its zeroes.
(The last property can be arranged, e.g. by choosing v gradient-like near its
critical points; then the periods of nonconstant periodic orbits are uniformly
bounded from below by a constant ¢ > 0, so v/2c¢ has the desired property.)
Denote by

fi: M =5 M, teR

the flow of v, i.e. the solution of the ordinary differential equation % fi = vofy.
It follows that the only fixed points of f = f; are the zeroes of v, each zero
q is nondegenerate as a fixed point, and

signdet(7, f —id) = ind,(q),
where ind, (¢) is the index of ¢ as a zero of v. The map
fxid: M — M x M, q»—>(f(q),q)
is transverse to the diagonal A C M x M and
(f xid)~'(A) = {g € M | f(q) = ¢} = Fix(f).

Since for ¢ € Fix(f) the map T,M — T,M x T,M, w — ((T,f — id)w,0)
fills up the complement to T(, A, the induced orientation on F1x( ) =
(f x id)7!(A) endows ¢ with the sign ind,(q).
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o(r) = f7((0))
’ !
T
a «(0)
ﬁ (6]

FI1GURE 1. Matching conditions for the definition of the loop
coproduct via Morse chains

Remark 2.8. Alternatively, we could use the exponential map of some Rie-
mannian metric to define a map M — M by q — exp, tv(q). Although this
map differs from f; above, for v sufficiently small it shares its preceding
properties and could be used in place of f;.

Consider now a generic family of vector fields v, 7 € [0, 1] which inter-
polates between v° = v and v* = —v. We denote f7, t € R the flow of v™ and
fT = f{. Note that, while v and —v have nondegenerate zeroes, this condi-
tion cannot be guaranteed for v7. Genericity of the family means that the
maps fOx1: M — MxM, ftx1: M — M x M, and [0,1]x M — M x M,
(1,p) — (f7(p),p), are transverse to the diagonal.

For each ¢ € M and 7 € [0,1], we denote the induced path from ¢ to

f7(a) by
Ty [0,1] — M, W;(t)::f[(q),
and the inverse path by

(rg)™1:[0,1] = M, (m) " (t):=FT_s(a)-

Recall from above the restriction and concatenation of paths. Now, for a, b, c €
Crit(Sg,), we set

M (a;b,c):={(r,0, 3,7) € [0,1] x W™ (a) x WH(b) x W (c) |
B=af, v=a3}

with
i L a(27t) t<1/2,
af (t):=al o, # (75 0)) = {fglzt (a(0)) t>1/2,
N _ f{t(a(())) t<1/2,
o (t):=mg o)l (r1) = {a(27‘ —1+(2-27t)  t>1/2.

See Fig. 1.
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Note that the matching conditions imply a(7) = f7 o a(0). This is a
codimension n condition and, as the family v7 is generic, M!(a;b,c) is a
transversely cut out manifold of dimension

dim M*(a; b, ¢) = ind(a) — ind(b) — ind(c) + 1 — n.
If its dimension equals zero this manifold is compact and defines a map

A MCy — (MC@MC)uiy—n,  ar Y #M(a;bc)b@c.

b,c

If the dimension equals 1 it can be compactified to a compact 1-dimensional
manifold with boundary

OM*(a;b,c) = H M(a;a') x M*(d';b,c)

ind(a’)=ind(a)—1

11 11 M (a;b',¢) x M(V';b)
ind(b’)=ind(b)+1

I H M (a;b,c) x M(c;c)
ind(¢’)=ind(c)+1

IT M (a;b,¢) TTME_(a;b,¢).

Here, the first three terms correspond to broken pseudo-gradient lines and

the last two terms to the intersection of M?'(a;b,c) with the sets {r = 1}
and {7 = 0}, respectively. Therefore, we have

(0@id+1d @ )N+ A = A\ — Ao, (9)
where for ¢ = 0,1, we set

A MC, — (MC@MC)aey,  ar— Y #Mi_(a;bc)b@ec.
b,c

Let us look more closely at the map A;. For 7 = 1 the matching conditions
in M*(a;b,c) imply that a(0) = ¢ is a fixed point of f!, the time-one flow
of —v, and v = ¢ is the constant loop at ¢q. Assuming that L|y; has a unique
minimum go and the fixed points of f! are in general position with respect
to the stable and unstable manifolds of L]y, the condition ¢ € W (c) is only
satisfied for ¢ = go. Thus, ML_;(a;b,c) is empty if ¢ # gy and

Mi_i(asbg) = [ {(e.8) € W (a) x WHb) | B = attq}.
g€E€Fix(f1)

Choosing all fixed points of f! closely together, we can achieve that the
terms on the right hand side corresponding to different ¢ € Fix(f!) are in
canonical bijection to each other. By the discussion before Remark 2.8, the
terms corresponding to a fixed point ¢ come with the sign ind_,(g). Since

> ind_y(q) = x and W~ (qo) = {qo}, we obtain
#M}—:l(mbvqo)
= > #(@B) eW (o) x WHD) | B = a#q}

q€Fix(f1)
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= > () Dp{(a,8) € W (a) x WH(b) | B = attq}
q€Fix(f1)

=x#{(a,7,8) e W™ (a) x W™ (qo) x WF(b) | B = a#~}

= x #M(a, qo; b).

Since the last moduli space is the one in the definition of i, we conclude
Ai(a) = x (e ® qo) © qo,
or equivalently
A= (p®1)(1® ).
Similarly, we have

Ao(a) = xq0 ® p(qo ® a),
or equivalently
Mo = (18 p)(co®1) = (18 p)(rep @ 1),
In conclusion, we obtain condition (4) in Definition 2.1,
[0,\ = (p®1)(1®c) — (1@ p)(Teo @ 1).
We define the secondary continuation quadratic vector Q¢ by

QO = 7)\(qMax)'

Condition (2), i.e. Tco—co = [0, Qo], follows by inserting guax into the relation
for [0, ] and using that gyrayx is a strict two-sided unit for g on MCZC. This
is an instance of unital AJ-structure [20]. Note that Qo € MC" @ MC°
for energy reasons.

We now prove condition (5) in Definition 2.1. For n = 1 it holds because
x = 0, hence ¢ = 0. We, therefore, assume w.l.o.g. n > 2 and give the proof
in two steps.

1. We first prove A¢c = 0. This follows from A(gp) = 0, which is seen as
follows. The coefficient (A(qp),z ® y) can only be nonzero if z,y are
critical points of K. Since A\ has degree 1 — n, we must have 1 —n =
ind(z) + ind(y) — ind(qo) = n — indy (z) — indy (y) + indy (go), hence
indy (x) + indy (y) = indyv(go) + 2n — 1 = 3n — 1. Since indy (z) +
indy (y) < 2n, this is impossible for n > 2.

2. We now show that (1 ® p® 1)(a ® b) = 0, where (a,b) = (7Qo, co),
(1¢0,Qo), (TQo,Tco), (co, TQo). We identify MCZO(L) with the Morse
cochain complex MC™ *(V). The cohomological index of Qg is 2n —
1, so its components must have degrees n — 1 and n. If n > 2 these
degrees are both positive, and therefore any component of @ is killed
by multiplication with gy because the latter has cohomological index n.

In summary, we have shown
Proposition 2.9. Fach vector field v on M satisfying the preceding conditions

gives rise to a special A;‘ -structure (co, Qo, 1, A) on the Morse complex MC,
of the functional Sp, : A — R.
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Remark 2.10. In the previous construction, we used an interpolating family
of vector fields v™ such that v' = —v%. This choice is important because it
ensures that the product on the Rabinowitz loop homology obtained from
the AJ-structure via the cone construction is associative, and much more:
in view of the isomorphism with the A;“—structure on symplectic homology
proved in Sect. 6 and in view of [16,20], the resulting product fits into a
graded Frobenius algebra structure on H.A.

While the construction of an Aj -structure would have worked with
any choice of nondegenerate vector fields v° and v!' at the endpoints of the
parametrising interval, the necessity of the condition v! = —v°, which ensures
these fine properties of the product, would become visible at chain level within
a theory of A -structures. The development of such a theory is a matter for
further study.

Remark 2.11. The description of M1_,(a;b, qo) and ML_(a; o, c) above im-

plies that A\, Ao : MC, — (MC ® MC)* _n are chain maps. By Eq. (9) they

are chain homotopic, hence they induce the same “primary” coproduct
Mo]=[M]: MH, - (MH® MH)._,

and the preceding discussion recovers [4, Lemma 5.1].

Remark 2.12. Alternatively, we could define the loop coproduct using the
spaces

M (a;b,¢):={ (1,0, 8,7) € [0,1] x W~ (a) x WF(b) x WH(c) |
Bt) = (f7) "t oalrt),
V() = (fi_) tealr+ (1 -7)t)}.

Again the matching conditions imply a(r) = f7 o a(0), and M'(a;b,¢) is a
transversely cut out manifold of dimension ind(a) — ind(b) —ind(c) + 1 —n
whose rigid counts define a map

X MC, — (MC & MC)yt1—n, aHZ#Ml(a;b,c)b(@c.
b,c
A discussion analogous to that for A shows that Proposition 2.9 also holds
with A in place of A. The obvious homotopies between the loops a] and o
in the definition of A and the loops t — (f7)"'oa(rt) and t — (f7_,)"to
a(r + (1 = 7)t) in the definition of provide a special morphism between
(co,Qo, 11, A) and (co, Qo, i1, A), where Qp = —A(quax). We will use the re-

striction of the map A to Morse chains modulo constants in the proof of
Proposition 7.4.

3. A;‘-structure for symplectic homology

As in the previous section, let M be a closed oriented manifold. We pick
a Riemannian metric on M and denote by S*M C D*M C T*M its unit
sphere resp. unit disc cotangent bundle. The latter is a Liouville domain
whose completion is T*M. Tts symplectic homology SH.(D*M) is defined
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as the direct limit of the Floer homologies F'H,(K) over Hamiltonians K :
St x T*M — R that are negative on D*M and linear outside a compact
see; see [22] for general background on symplectic homology. The goal of this
section is to construct a special A;—Structure on the chain complex underlying
symplectic homology.

3.1. The continuation map c*

Recall from [22] that for Hamiltonians H < K, we have a continuation map
ek @ FC.(H) — FC.(K), defined by counting Floer cylinders for an s-
dependent Hamiltonian H(s,-) which agrees with K for small s, with H for

large s, and which satisfies 9, H < 0. In this subsection, we will describe the
continuation map

' =c kg :FC.(~K)— FO.(K)
for a smooth Hamiltonian K : T*M — R of the form
K(q,p) = k(|pl) + V(q)

for a convex function k with k(0) = 0 and k(r) = pr for large r, with
# > 0 not in the length spectrum, and a potential V : M — R which has
a unique maximum ¢o and a unique minimum ¢y.x. For 1-periodic orbits z
of —K and y of K, the coefficient (c''z,y) is given by the count of solutions
uw:R x St — T*M of the Floer equation

Osu+ J(u) (Oyu — ¢(s) Xk (u) =0 (10)

converging to z as s — 400 and to y as s — —oo. Here, ¢ : R — [—1,1]
is a nonincreasing smooth function which equals 1 for small s and —1 for
large s. For action reasons the coefficient can only be nonzero if z,y are
constant solutions corresponding to critical points of V' on the zero section
M C T*M, in which case the solutions u are t-independent and the Floer
equation becomes the Morse equation

Osu + ¢(s)VK (u) = 0. (11)
The Fredholm index of this problem is
CZ_k(z) — CZk(y) = —CZgk () — CZk(y) = indy (z) + indy (y) — 2n < 0,

with equality iff x = y = q¢ for the maximum gy € M of V. On the other
hand, solutions « of (11) are in one-to-one correspondence to points u(0) €
W, NW, , where W~ denotes the stable manifold of z with respect to VV.
This shows that the Fredholm problem given by (10) resp. (11) is degenerate.

To perturb it, we denote by Skelg (V') C M the k-skeleton, i.e. the union
of the descending manifolds W~ of critical points of index < k. We pick a
1-form n on M satisfying the following condition:

All zeroes of 1 are nondegenerate and lie in M \ Skel,,_1 (V). (12)
It gives rise to the flow

F:T*M —T*M,  F(q,p):=(q,p+tn(q))
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generated by the vector field 7 on T*M,

(g, (g, p).

p): dt‘

We pick a compactly supported function p : R — [0, 00) with fR p =1 and
perturb Egs. (10) and (11) to

Osu+ J (u) (Opu — d(5) X (u)) = p(s)i(u). (13)

and

Osu + ¢(s) VK (u) = p(s)i(u). (14)
To understand solutions of the perturbed Morse equation, we choose ¢, p such
that ¢ =0 on [—1,1] and supp(p) C [—1, 1]. Then, solutions u of (14) are in
one-to-one correspondence to points

u(l) e W, N F{’(Wy—),

where the intersection is taken in 7% M. By condition (12) this intersection
is empty unless © = y = qp, in which case intersection points correspond
to zeroes of 1 and their signed count equals the Euler characteristic y of

M. This shows that the only nontrivial term in the continuation map cf’
FC.(—K) — FC.(K) is

g0 = xq0

and the corresponding quadratic vector ¢} is given by

cb'(1) = xq0 @ qo.

In particular, ¢} satisfies the closedness condition in Definition 2.1, and it
is also symmetric 7¢} = c¢f’. Note that this holds without any symmetry
assumptions on the data such as ¢(—s) = —¢(s) or p(—s) = p(s). Note also
that, although the definition of ¢§ on the chain level requires the choice of
a pair (V,n) consisting of a Morse function V : M — R and a 1-form 1 on
M subject to condition (12), the result does not depend on this choice. In
contrast, the secondary continuation quadratic vector Q" which we construct

below may depend on this choice. See also Sect. 4.

3.2. The product puf and coproduct AF
The pair-of-pants product pu!' : FO.(K) ® FC.(K) — FC.(2K) (of degree
—n) counts maps from a pair-of-pants satisfying a Floer equation with weights
1 at the two positive punctures and weight 2 at the negative puncture. The
definition is entirely analogous to the one for the coproduct A* given below,
without the additional parameter 7. It is well-known that " is a chain map
which is associative and graded commutative up to chain homotopy (see e.g.
[3]), so condition (2) in Definition 2.1 holds.

The critical point gyax 1S a constant orbit and is a cycle which is a two-
sided unit for pf” up to homotopy. The subcomplex FCT(K) C FC.(K)
generated by small action orbits is stable under ! and we can choose the

auxiliary data such that quax is a strict unit for the restriction of pf" to
FCIOK).
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In [21], a secondary coproduct A is defined in terms of continuation maps
on the reduced symplectic homology of a large class of Weinstein domains
which includes cotangent bundles. See also [16,20]. In this subsection, we
recall its definition for D*M; we will call it the continuation coproduct and
denote it by A

The definition in [16,20] is described in terms of real parameters A1, Ay <
0 < 1, po, p satisfying p < min(A; + po, g1 + A2). For simplicity, we choose
the parameters as Ay = Ao = —p and g3 = p2 = 2p for some p > 0. We
assume that p and 2u do not belong to the action spectrum of S*M.

As before, we denote by r = |p| the radial coordinate on T*M. Let
K = K, be a convex smoothing of the Hamiltonian which is zero on D*M
and equals 7 +— ur outside D*M. Then, 2K = Ky, and —K = K_,, are the
corresponding Hamiltonians of slopes 2u and —p, respectively.

Let ¥ be the 3-punctured Riemann sphere, where we view one punc-
ture as positive (input) and the other two as negative (outputs). We fix
cylindrical coordinates (s,t) € [0,00) x S! near the positive puncture and
(s,t) € (—00,0] x St near the negative punctures. Consider a 1-form 3 on
which equals B dt near the positive puncture and A;dt near the i-th negative
puncture (i = 1,2) for some A;, B € R. We say that 3 has weights B, Ay, As.
We, moreover, require d3 < 0, which is possible iff

AL+ A > B.

We consider maps u : X — T*M satisfying the perturbed Cauchy—Riemann
equation

(du — Xg ® 3)%' =0.

Near the punctures this becomes the Floer equation for the Hamiltonians
BK and A; K, respectively, and the algebraic count of such maps defines a
(primary) coproduct

FC.(BEK) — FC,(A1K) ® FC,(A:K)

which has degree —n and decreases the Hamiltonian action.
To define the secondary coproduct A, we choose a 1-parameter family
of 1-forms (,, 7 € (0,1), with the following properties (see Fig. 2):

e dj3. <0 for all 7;

e 3. equals dt near the positive puncture and 42dt¢ near each negative
puncture, i.e. 3, has weights 1,2, 2;

e as 7 — 0, B; equals —dt on cylinders near the first negative puncture
whose length tends to oo, so that §y consists of a 1-form on ¥ with
weights 1, —1,2 and a 1-form with weights —1,2 on an infinite cylinder
attached at the first negative puncture;

e as 7 — 1, B, equals —dt on cylinders near the second negative puncture
whose length tends to oo, so that (7 consists of a 1-form on ¥ with
weights 1,2, —1 and a 1-form with weights —1,2 on an infinite cylinder
attached at the second negative puncture.
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FIGURE 2. The continuation coproduct A¥

Now, we consider pairs (7,u) where 7 € [0,1] and u : ¥ — T* M satisfies
the perturbed Cauchy-Riemann equation

(du — X @ )" =0.
The algebraic count of such pairs defines a (secondary) coproduct
M FCL(K) — FOL.(2K) @ FC.(2K)

which has degree 1 — n and decreases the Hamiltonian action.
Let us analyse the contributions from 7 = 0,1. The algebraic count of
cylinders with weights —1, 2 defines the continuation map (of degree 0)

' =c_gor : FO.(~K) — FC.(2K).

As explained in the previous subsection, to define ¢, we perturb K by a
Morse function V' : M — R with a unique maximum at gy and a unique
minimum at ¢yax. Moreover, we choose a family of 1-forms 7, on M such
that ny = n; satisfies condition (12) (for all practical purposes one can think
of n; as being constant). Finally, we choose a family of compactly supported
1-forms «, on ¥ which for 7 = 0,1 agree with p(s)ds supported in the split
off cylinder, for a function p : R — [0, 00) satisfying pr = 1. For example,
we can take a; = (1 — 7)) + Ta; where a9 = p(s)ds supported on the first
negative end, and a; = p(s)ds supported on the second negative end (below
the level where the splitting happens at 7 = 0,1). With 7, the vector field
on T*M corresponding to 7., we replace the Cauchy—Riemann equation in
the definition of A" by

(du — Xg @ ;)% = (7, @ a;)%L. (15)
With these choices, it follows from the discussion in the previous subsection
that the only nontrivial terms in the continuation maps at 7 = 0,1 are

c¥qo = xqo, where x is the Euler characteristic of M.

As shown in Fig. 2, the contribution at 7 = 0 consists of a pair-of-pants
with one positive puncture of weight 1 and two negative punctures of weights
—1 and 2, with a cylinder of weights —1 and 2 attached at the first negative
puncture. We reinterpret this as a pair-of-pants with two positive punctures
of weights 1 and one negative puncture of weight 2, with a cylinder with two
negative punctures of weights 2 and 1 attached at the first positive puncture.
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The preceding discussion shows that the count of these configurations corre-
sponds to the composition (1 ® pf)(rc¢f’ ® 1). A similar discussion at 7 = 1
establishes that A\f" satisfies condition (4) in Definition 2.1.

We define the secondary continuation quadratic vector QF by

Qg‘ = _)‘F(qMax)~

Condition (2), i.e. ¢t — ¢t = [0,QF], follows by inserting gay into the

relation for [G,AF | and using that gyax is a strict two-sided unit for p on
FCZ°(K). This is an instance of unital AJ-structure [20]. Note that Q¥ €
FC7%(K) ® FCIO(K) for energy reasons. An inspection of the definition
shows that Q) coincides with the secondary continuation element defined
in Sect. 4.2 by interpolating between the perturbing 1-form 7 and its opposite
—1. See also [21].

It remains to prove condition (5) in Definition 2.1. For n = 1 it holds
because x = 0, so that ¢} = 0. We, therefore, assume w.l.o.g. n > 2 and, as
in the Morse case, we prove condition (5) in two steps.

1. We first prove ¢t = 0. This follows from A (go) = 0, which is seen
as follows. For action reasons, the coefficient (A\'(¢qg), r®y) can only be
nonzero if x,y are critical points of K. Since A\¥" has degree 1 — n, we
must have 1 —n = CZ(x) + CZ(y) — CZ(qo) = n — indy (z) — indy (y) +
indy (go), hence indy () +indy (y) = indy (qo) +2n — 1 = 3n — 1. Since
indy (z) + indy (y) < 2n, this is impossible for n > 2.

2. We are left to show that (1 ® uf ® 1)(a ® b) = 0, where (a,b) =
(rQE b, (b, QF), (rQE , 7ck), (¢, 7QF'). We identify the Floer sub-
complex FOT%(K) generated by orbits of small action with the Morse
cochain complex MC"™~*(V'). The cohomological index of Q¥ is 2n — 1,
so its components must have degrees n — 1 and n. If n > 2 these de-
grees are both positive, and therefore any component of Q) is killed by
multiplication with gy because the latter has cohomological index n.

In summary, we have shown

Proposition 3.1. The operations cb, Q¥ , uf' ) \I' on the Floer chain complezes
FCO.(K) resp. FC.(2K) satisfy the relations of a special A -structure.

The operations ¢}, Q5 uf', \f' are compatible with Floer continuation
maps between different Hamiltonians H < K. We will refer to this structure
as being the special A3 -structure for symplectic homology SH.,(D*M).

Remark 3.2. In the previous construction, we imposed the condition 1y = 1y
at the endpoints of the family of 1-forms 7, for the same reason why we
imposed v! = —v" in the Morse case: this ensures that the product on Rabi-
nowitz Floer homology obtained from the A;r—structure via the cone construc-
tion coincides with the product from [16] and fits into a graded Frobenius
algebra structure on SH, (S*M).

The construction of an AJ -structure would have worked with any choice
of interpolating family 7, such that 79 and 7; satisfy (12). The necessity of
the condition 71 = no for this fine behaviour of the product would become
visible at chain level within a theory of A;'—structures.
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4. Reduced loop homology

This section expands material from [21, §4] in the particular case of cotan-
gent bundles. We assume that M is connected and orientable, and we work
either with constant coefficients on the loop space, or with local coefficients
1 obtained by transgressing the 2nd Stiefel-Whitney class. In each of these
two cases we have a commutative diagram

H*(A) —— H.(A) H*(Asn) —— H.(A;n)
HO(M) —2> Hy(M), HO(M) —% Hy(M),

where the vertical maps are restriction to, resp. inclusion of constant loops,
and g¢ is induced by multiplication with the Euler characteristic x. From
now on, we omit from the notation the local system .

Definition 4.1. We define reduced loop homology, resp. cohomology,
H.(A) = cokere, H'(A) = kere.

In the sequel, we restrict the discussion to reduced homology. Reduced
cohomology features similar properties, with the roles of the product and
coproduct being exchanged (as yet another instantiation of Poincaré duality
for loop spaces [16]).

The behaviour of reduced homology with respect to the product is very
robust. The image of ¢ is an ideal in H,(A) (see for example [38] or [16]), and
therefore the loop product canonically descends to reduced homology H.,(A).

In contrast, the behaviour of reduced homology with respect to the
coproduct is very subtle. To describe it, the following variant of reduced loop
homology arises naturally.

Definition 4.2. We define loop homology relative to x- point as
H. (A, x - point) = H,(C.(A)/xCi(point)).

A straightforward calculation shows that we have a canonical isomor-
phism

H,.(\) ~ H,(A, x - point)

whenever the map xHy(point) — Hy(A) is injective, see Appendix A.8. This
is the case if M is orientable and if we use a local system that is constant on
the component of contractible loops, or if y = 0, or if R is 2-torsion. We place
ourselves from now on in this setup, so that we do not need to distinguish
between H,(A) and H, (A, x - point).

The loop coproduct is canonically defined on H. (A, Ag). We now ex-
plain that it always extends to H, (A, x - point) (and hence to H,(A) under
our assumptions). However, this extension is not canonical. The extension de-
pends on a choice of vector field with nondegenerate zeroes and on the choice
of a Morse function on M. We will completely describe the dependence of
the extension on the choice of vector field, and give sufficient conditions for
independence of the extension on the choice of Morse function.
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4.1. Reduced symplectic homology

We work with symplectic homology of D*M, our favourite model for loop
space homology. Recalling notation from Sect. 3.1, we fix the following con-
tinuation data:

e a Morse function V : M — R with a unique maximum gg.

e a l-form n on M which satisfies condition (12), i.e. the zeroes of n are
nondegenerate and lie outside of Skel,,_1 (V) (this is equivalent to a
vector field v on M whose zeroes have the same property).

We consider Hamiltonians K : T*M — R of the form K(q,p) =
E(lp|) + V(q), where k(0) = 0 and k = k(r) is a linear function of r out-
side a compact set, of positive slope not belonging to the length spectrum.
This data determines via Eq. (13) the Floer continuation map

cf'  FC.(~K) — FC.(K),

which has the property that the only generator on which it may be nonzero
is qo- Moreover, we have computed in Sect. 3.1 that

<" (90) = xq0-
The continuation map can be equivalently interpreted as a quadratic vector
cf (1) = xa0 ® qo € FC.(K) ® FCO,(K).
We emphasise that the chain-level expression of the continuation map is the

same for any choice of continuation data (V7).

Definition 4.3. The reduced Floer complex of K is
FC.(K) = FC.(K)/imc".
Its homology is the reduced Floer homology of K, denoted FH,(K).

The reduced symplectic homology SH.(D*M) is the direct limit of re-
duced Floer homologies F H (K ) over Hamiltonians K which vanish on D* M
and are linear outside a compact set, perturbed to have the form k(|p|)+V (q)
near the zero section as above.?

The relation

0, M =" e)(1ed) - (1eup")(re ®1)

proved in Sect. 3.2, together with 7cf = cf’, shows that A\f" descends to a
chain map FC,(K) — FC.(2K) ® FC,(2K). These maps are compatible
with the continuation maps obtained by increasing the slope of K, giving
rise in the limit (with field coefficients) to a well-defined coproduct of degree
—n + 1, denoted

N SH.(D*M) — SH.(D*M) @ SH,.(D*M).

2This group is strictly speaking the analogue of H,(A; x - point). In [21], we use the more
precise notation FC,(K;imcF) and SH.(D*M;imcF).
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A straightforward enhancement of the Viterbo-Abbondandolo—Schwarz
isomorphism shows that the map ¥ induces an isomorphism between reduced
homologies

U, : SH.(D*M) = H.(A).

In particular, associated to a choice of continuation data (V,7n) is a co-
product on H,(A). The key to understanding the dependence of the coprod-
uct on the choice of continuation data (V,7n) is the secondary continuation
map, which we describe next.

4.2. The secondary continuation map

Homotopies between different choices of pairs (V,7) give rise to secondary
operations which we describe in this subsection.

Consider two pairs (V;,n;), ¢ = 0,1, satisfying the conditions of the
previous subsection, i.e. V; : M — R is a Morse function with a unique
maximum ¢; and n; a 1-form on M such that condition (12) holds. For i = 0,1
let K;: T*M — R be associated Hamiltonians as in the previous subsection.
After shifting Vg, V1 by constants we may assume without loss of generality
that 7K0 g 7K1 < Kl < Ko.

As in the previous subsection, we pick a function ¢ : R — [—1, 1] which
equals 1 for s < —land —1for s > 1. Let H, : RxT*M — R, 0 € [0,00), be
a smooth family of s-dependent Hamiltonians with the following properties:

e 0;H,(s,xz) <0 for all o,s, x;
® Ho(s,x) = ¢(s)Ko();
o H,(s,z) equals Ko(z) for s < —o — 1 and —Ky(z) for s > o + 1;
o H,(s,z) = ¢(s)K1(z) for |s] < o and 0 > 1.
Let 75, 0 € [0,00), be a smooth family of 1-forms with 7, = n; for all o > 1.
We consider pairs (o,u) with o € [0,00) and u : R x ST — T*M solving the
Floer equation
Osu+ J(u)(u— Xp, (s,u)) =0
and converging to 1-periodic orbits of FK( as s — Foo. Their algebraic count
gives rise to a degree 1 map
Q: FC,(—Ky) — FCyy1(Ko)
satisfying
K, Q + QI-k, = c1oc1c01 — Co, (16)
with the Floer continuation maps ¢; : FC,(—K;) — FC.(K;) for i = 0,1,
cor : FC.(—Ky) — FC.(—K}), and ¢10 : FC,(K,) — FC,(Ky). The map Q
factors through the action zero part which we will denote by Q:O. Since the V;
have unique maxima g;, it follows from the previous subsection that the only
nontrivial contribution to ¢y is ¢o(go) = Xqo- Similarly, the only nontrivial
contribution to the composition cigcicgr sends go — g1 — xq1 — Xxqo- This

shows that the right hand side of Eq. (16) vanishes, and therefore Cj descends
to a map on homology

Q: FH.(—K) — FH,.1(Ko)



Vol. 25 (2023) Loop coproduct in Morse and Floer homology Page 23 of 84 59

which factors through the action zero part
Q=0 : FHZ(—Ko) = H, 1. (M) — FHZ, (Ko) = H™*~'(M).

For degree reasons nontrivial contributions can only occur for * = 0 and
x = —1 and give maps

H,(M)— H" (M) resp. H,_(M)— H"(M).
In particular, we have shown

Proposition 4.4. If H{(M) = 0, then the secondary continuation map Q :
FH.(—Ky) — FH, 1(Ky) associated to any interpolation between pairs
(Vi,mi), i = 0,1, of continuation data vanishes. O

4.3. Dependence of the continuation coproduct on choices

In this subsection, we discuss the dependence of the continuation coproduct
A on the data (V,n) of a Morse function and a 1-form on M.

We consider the setup of the previous subsection and retain the ter-
minology from there. Thus, we are given two pairs (V;,n;), ¢ = 0,1, with
associated Hamiltonians K; : T*M — R satisfying — Ky < —K; < K7 < K.
They give rise to Floer continuation maps ¢; : FC.(—K;) — FC.(K;),
co1 : FC.(—Ky) — FC.(—Ky), and ¢19 : FC.(K,) — FC.(Kp), and to
a degree 1 map Q : FC,(—Ko) — FC,y1(Ky) satisfying Eq. (16).

We denote by \[' : FC,(K;) — FC.(2K;) ® FC,(2K;) the continuation
coproducts (of degree 1 — n) defined with the data (V;, ;) and families 7; -,
7 € [0,1] such that n; 0 = n;,1 = 7; as in Sect. 3.2. Let

be the degree 2 —n map defined by the 2-parametric family of Floer problems
depicted in Fig. 3.

These Floer problems are defined in terms of a 2-parametric family of
Hamiltonian valued 1-forms on the 3-punctured sphere with asymptotics and
degenerations as in the figure, and a 2-parametric family of 1-forms on M
which agree with 7y -, 7 € [0,1] on the top side, with 7; on the two top
slanted sides, and with 79 -, 7 € [0,1] on the bottom side of the hexagon.

On the reduced Floer chain complex the compositions along the top
vertical sides vanish because they factor through the continuation map c¢; :
FC.(—K;) — FC.(K1), so we obtain the relation

[0, P] = A e10 — (10 ® c10) A + (1@ @)Afie10 — (@ @ DAfyero-
Here, A}, : FC.(Ky) — FC.(—Ky) ® FC,(2Kp) and \}} : FC.(Ko) —
FC.(2K() ® FC.(—Ky) are the degree —n operations appearing at the ends
of the continuation coproduct A§" as in Fig. 2.

All the maps appearing on the right hand side of the last displayed

equation are chain maps, so they descend to maps on reduced Floer homology
(denoted by the same letters) satisfying

(c10 ® c10)M = Meio = (1@ Q)Aic10 — (@ @ 1)M\yero.

Passing to the direct limit over Hamiltonians K, K7 as above, we have there-
fore shown
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FicURE 3. The operation P

Proposition 4.5. The continuation coproducts \Y' on SH . (D* M) defined with
continuation data (Vi,m;), i = 0,1, satisfy the relation

M =N =(1@Q)\ — (@ A,

where Q is the secondary continuation map of the previous subsection and
Mo, A& are induced by the maps defined above. O

Remark 4.6. The right hand side of the previous equation can be rephrased
in terms of the secondary continuation map and the product uf". We refer to
[21, §4.3] for further details.

Proposition 4.5 shows that in general the continuation coproduct may
depend on the data (V,n). If Hy(M) = 0, however, the secondary coproduct
Q vanishes by Proposition 4.4 and we obtain

Proposition 4.7. If Hﬂ) = 0, then the continuation coproduct on reduced
symplectic homology SH(D*M) is independent of the choice of continuation
data (V,n). O

Remark 4.8. In Sect. 3.2, we defined the coproduct Ap using a family n,, 7 €
[0,1] with equal endpoints 79 = 1, = 1. The proof of Proposition 4.5 shows
that, under the assumption Hi (M) = 0, the coproduct can be defined using
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families n, with arbitrary endpoints satisfying condition (12) (in particular,
we can take 1 = —nj). This observation simplifies the computations in Sect. 8
for spheres of dimension > 1 by allowing the use of constant families of vector
fields v™ = v for the topological definition of the coproduct.

Corollary 4.9. If Hi(M) = 0 then, denoting 1 € SH,(D*M) the unit and
Ar the canonical coproduct, we have Ap(1) = 0.

A proof of this result in a more general setting is given in [21, §4],
based on the vanishing of the secondary continuation map. We give here a
topological proof, see also Sect. 8.2 for the case of spheres of odd dimension
> 3.

Proof. We work on the topological side H,A and compute, as in Sect. 8.2,
the image of the fundamental class 1 by representing it by constant loops
and using a constant vector field v” = v with isolated nondegenerate zeroes.
If v has no zeroes then its image under the coproduct is zero because it is
represented by the empty chain. In the general case, the image is a degenerate
1-chain, hence vanishes in homology. O

5. Viterbo’s isomorphism revisited

As before, in this section, M is a closed oriented manifold, T* M its cotangent
bundle with the Liouville form A\ = pdgq, and D*M C T*M its unit disc
cotangent bundle viewed as a Liouville domain. The symplectic homology
SH,(D*M;o) is isomorphic to the Floer homology FH,(H;o) of a fibrewise
quadratic Hamiltonian H : S' x T*M — R. On the other hand, FH,(H;0)
is isomorphic to the loop homology H,(A) (Viterbo [39], Abbondandolo—
Schwarz [1,5], Salamon—Weber [35], Abouzaid [7]). Here, we use coefficients
twisted by the local system o defined by transgressing the second Stiefel-
Whitney class, cf. Appendix A. We drop the local system o from the notation
in the rest of this section.
The construction most relevant for our purposes is the chain map

U: FC.(H) — MC,(S)

from the Floer complex of a Hamiltonian H : S' x T*M — R to the Morse
complex of an action functional S : A — R on the loop space defined in [4].
When applied to a fibrewise quadratic Hamiltonian H and the action func-
tional Sy, associated to its Legendre transform L, it induces an isomorphism
on homology

U, : SH,(D*M) =~ FH,(H) — MH,(S) =~ H.A

intertwining the pair-of-pants product with the loop product [4].

One annoying feature of the map ¥ has been that, in contrast to its
chain homotopy inverse ® : MC,(Sr) — FC.(H), it does not preserve the
action filtrations. This would make it unsuitable for some of our applications
in [16] such as those concerned with critical values. Using an estimate inspired
by [17], we show in this section that ¥ does preserve suitable action filtrations
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when applied to fibrewise linear Hamiltonians rather than fibrewise quadratic
ones.

5.1. Floer homology

Consider a smooth time-periodic Hamiltonian H : S* x T*M — R which
outside a compact set is either fibrewise quadratic, or linear with slope not
in the action spectrum. It induces a smooth Hamiltonian action functional

1
Ap : C>®(S", T*M) — R, xr—>/ (z*X— H(t,z)dt).
0

Its critical points are 1-periodic orbits x, which we can assume to be nonde-
generate with Conley—Zehnder index CZ(x). Let J be a compatible almost
complex structure on T*M and denote the Cauchy-Riemann operator with
Hamiltonian perturbation on u : R x S' — T*M by

Opu:=0su+ J(u)(du — Xp(t,u)).
Let FC,.(H) be the free R-module generated by Crit(Agy) and graded by the
Conley—Zehnder index. The Floer differential is given by
OF L FC.(H)— FC.y(H), a5 #M@y)y.
CZ(y)=CZ(z)—1

where #M(x;y) denotes the signed count of points in the oriented
0-dimensional manifold

M(z;y):={u:Rx S* - T*M | dgu=0,

u(+00) =z, u(—o0) = y}/R.
Then, 0% o 9 = 0 and its homology FH,(H) is isomorphic to the sym-
plectic homology SH.(T*M) if H is quadratic. If H is linear, we obtain an
isomorphism to SH,(T*M) in the direct limit as the slope goes to infinity.

5.2. The isomorphism ®

Suppose now that H is fibrewise convex with fibrewise Legendre transform
L:S'xTM — R. As in Sect. 2.2, we consider the Morse complex (MC,, 9)
of the action functional

1
SL A — R, SL(C]) = / L(tquQ)dt
0

Following [1], for a € Crit(SL) and x € Crit(Ay), we consider the space
M(a;x):={u: (—00,0] x S* = T*M | Oy (u) = 0, u(—00) = ,
rou(0,”) € W (a)},
where W~ (a) denotes the stable manifold for the pseudo-gradient flow of Sy,
and 7 : T*M — M is the projection. (It is sometimes useful to view W~ (a)

as the unstable manifold for the negative pseudo-gradient flow of Sp.) For
generic H this is a manifold of dimension

dim M(a; z) = ind(a) — CZ(z).
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xT

FI1GURE 4. Moduli spaces for the map ¥

The signed count of 0-dimensional spaces M (a;x) defines a chain map
O:MC.(Sp) = FC.(H), a— Y #M(@z)z. (17
CZ(x)=ind(a)

It was shown in [1] that the induced map on homology is an isomorphism
&, : MH,(S;) — FH,(H).

For u € M(a;z) consider the loop (q,p) = u(0,-) : S — T*M at s = 0. The
definition of the Legendre transform yields the estimate

1

1
Anla.n) = [ (i)~ Htap)dt < [ L.t =100,
0 0
It follows that

Ap(z) < A (u(0,-)) < Si(q) < Si(a)

whenever M(a; z) is nonempty, so ® decreases action.

5.3. The isomorphism ¥

Consider once again a fibrewise quadratic Hamiltonian H : S x T*M — R
as in Sect. 5.2 with Legendre transform L. Following [4,17], for « € Crit(Apy)
and a € Crit(Sy), we define

M(z):={u:[0,00) x S = T*M | dgu =0,
u(4o00,-) =z, u(0,-) C M}
and
M(z;a):={u € M(z) | u(0,-) € W (a)},

where W™ (a) is the stable manifold of a for the negative pseudo-gradient
flow of Sy, see Fig. 4.
For generic H, these are manifolds of dimensions

dim M(x) = CZ(x), dim M(z; a) = CZ(z) — ind(a).
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The signed count of 0-dimensional spaces M (z;a) defines a chain map

U:FC.(H)— MC,.(Sp), x Z #M(z;a)a.
ind(a)=CZ(z)

The induced map on homology is an isomorphism
U, =®.": FH,(H) — MH,(5) = H,A,

which is the inverse of ®, and intertwines the pair-of-pants product with
the loop product. This was shown by Abbondandolo and Schwarz [4] with
Z/2-coefficients, and by Abouzaid [7] (following work of Kragh [30], see also
Abbondandolo—Schwarz [5]) with general coefficients, twisted on H.A by a
suitable local system, see Appendix A. Moreover, Abouzaid proved that ¥,
is an isomorphism of twisted BV algebras.

Unfortunately, the map ¥ does not preserve the action filtrations. This
already happens for a classical Hamiltonian H(q,p) = 3|p|* + V(¢): For
u € M(x;a) the loop ¢ = u(0,-) : S* — M satisfies

An(@) > An(u0.) = = [ Vigar

1
1.
< [ (3laP - v(@)dt =51 > Su o)
0
so the middle inequality goes in the wrong direction (even if V' = 0).

5.4. An action estimate for Floer half-cylinders

Now, we will replace the quadratic Hamiltonians from the previous subsec-
tions by Hamiltonians of the shape used in the definition of symplectic ho-
mology. For Floer half-cylinders of such Hamiltonians, we will estimate the
length of their boundary loop on the zero section by the Hamiltonian action
at +o0.

We equip M with a Riemannian metric and choose the following data.

The Riemannian metric on M induces a canonical almost complex struc-
ture Jg on T*M compatible with the symplectic form ws, = dp Adg (Nagano
[32], Tachibana—Okumura [37], see also [11, Ch. 9]). In geodesic normal co-
ordinates ¢; at a point ¢ and dual coordinates p; it is given by

0 0 0 0
t - — — 5 — .
0q; Op; Op;  Oqg;

We pick a nondecreasing smooth function p : [0,00) — (0,00) with p(r) =1
near r = 0 and p(r) = r for large . Then,

Js

0 0

0 0
J: o0 —p(lp\)afpi, p(lpl)api ~

(in geodesic normal coordinates) defines a compatible almost complex struc-
ture on T*M which agrees with Jg near the zero section and is cylindrical
outside the unit cotangent bundle.
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We view r(q,p) = |p| as a function on T*M. Then, on T*M\M, we
have
._pdg

pl

Consider a Hamiltonian of the form H = hor : T*M — R for a smooth func-
tion h : [0,00) — [0, 00) vanishing near r = 0. Then, its Hamiltonian vector
field equals Xy = h/(r)R, where R is the Reeb vector field of (S*M, ). The
symplectic and Hamiltonian actions of a nonconstant 1-periodic Hamiltonian
orbit z : St — T*M are given by

/a = n/(r), Ap(x) =rh/(r) — h(r).

Given a slope p > 0 which is not in the action spectrum of (S*M, ) and any
€ > 0, we can pick h with the following properties:

e h(r)=0forr<1and R/ (r)=pforr>1+ 4, with some ¢ > 0;

o 1'(r) > 0and rh'(r)—h(r)—e < A (r) <rh/(r)—h(r) for r € (1,149).

A =ra,

Specifically, we choose 0 < § < &/u, we consider a smooth function 3 :
[0,00) — [0, 1] such that 5 =0o0n [0,1], =1 on [1 + §,00) and 3 is strictly
increasing on (1,1 + 4), and we define h : [0,00) — [0, 00) by

wr) =n [ So)d.

We have rh/ —h —h' = p((r —1)3 — [/ ). This expression differentiates
to pu(r — 1)8" > 0 and vanishes on [0,1], hence it is nonnegative for r > 0.
On the other hand, we have an upper bound p (('r -1)p - flr ﬂ) < ué for
r € (1,146), and indeed for r > 0. Given our choice § < &/pu, this establishes
the inequalities rh/(r) — h(r) —e < h/(r) < rh'(r) — h(r) for all r > 0.

These inequalities imply that for each nonconstant 1-periodic Hamil-
tonian orbit x, we have

Ap(z) —e < /a < Au(z). (18)

x
With this choice of J and H, consider now as in the previous subsection a
map u : [0,00) x St — T*M satisfying

dpgu =0, u(+oo, ) ==z, u(0,-) C M.
Set q(t):=u(0,t) and denote its length by

am:A\ww

The following proposition is a special case of [17, Lemma 7.2]. Since the proof
was only sketched there, we give a detailed proof below.

Proposition 5.1. Let H,J,u be as above with ¢ = u(0,-) and a nonconstant
orbit x = u(+o0,-). Then,

aw</a<Am@.
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The first inequality is an equality if and only if u is contained in the half-
cylinder over a closed geodesic q, in particular x is the lift of the geodesic q.

The idea of the proof is to show that

OS/ u*da:/a—ﬁ(q).
(0,00)x S1 z

Since the image u((0,00) x S') can hit the zero section M where « is un-
defined, the quantity f(O,oo)X g1 u*da has to be interpreted as an improper
integral as follows. Given € > 0, let 7 = 7. : [0,00) — [0,00) be a smooth
function with 7/(r) > 0 for all , 7(r) = O near r = 0, and 7(r) = 1 for r > ¢,
and consider the globally defined 1-form on T*M given by

_7(lpDpdg
o= .
Pl
We now define
/ uw*da = lim lim w*da.. (19)
(0,00)x S1 N0 ENO 15, 00)x S1

The proof of Proposition 5.1 is based on the following lemma.

Lemma 5.2. For any v € T, yT*Q, we have
dac (v, Jv) > 0.

At points where 7'(|p|) > 0, equality only holds for v = 0, whereas at points
where 7' = 0 and T # 0 equality holds if and only if v is a linear combination
of pOy and pdy.

Proof. In geodesic normal coordinates, we compute

T 7.dz
dasd<z (pBop q)

)

)dp; A dg; - ipidp; Ad

_ Z 7(lphdpi Ada; 3 (' (Ipl)lp| T(Iplg)p pjdpi A dg;
lp| > Ip|

For a vector of the form v = >, a;p(|p|)dp,, we obtain J,v = 3. a;0, and

hence by the Cauchy—Schwarz inequality

daz(v, Ju) =37 7(Ipl)p |p|p| +Z ' (IpDlpl = T(p[)e(IpDpirjaia;

p[?

_ 7UpDAPD (22 g 2y o T UPDeCRD
> 0.

At points where 7/ > 0, equality only holds for ¢ = 0, and at points where
7/ = 0 and 7 > 0 equality holds iff a is a multiple of p. Similarly, for a general
vector v =Y. a;p(|p|)0p, — >, bi0q,, we get dae (v, Jv) > 0, with equality iff
either a = b =0 or 7/ = 0 and both a and b are multiples of p. O
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Proof of Proposition 5.1. The proof consists in 3 steps.

Step 1. We prove that f(O,oo)XSl u*da > 0.

In view of Definition (19), it is enough to show that u*da. > 0 on all of
(0,00) x S*. To see this, recall that u satisfies the equation dsu+ J(u)(dyu —
Xp(u)) =0, so that

u*dae = dae(Osu, Opu)ds A dt = da, (8su, J(u)0su + Xg (u))ds A dt.

Now, at points in D*M the Hamiltonian vector field Xz vanishes. At points
outside D*M, we have Xy = W (r)R and a. = « (we can assume w.l.o.g.
e < 1), so that ix, dae. = h'(r)igda = 0. In either case, we have

u*dae = da (Osu, J(u)dsu)ds A dt,

which is nonnegative by Lemma 5.2.
Step 2. Denote u, = u(o,-) for o > 0. We have

lim li fa. = £(q).
Yo T | | ot (q)
To see this, we consider the map
G:[0,00) x ST —=T*M,  q(s,t):=(q(t), s4(t)),
and denote as above ¢, = ¢(o, ) for o > 0. Since J = Jy near the zero section,
the maps u and ¢ agree with their first derivatives along the boundary loop ¢
at s = 0, hence u, and g, are C'-close for o close to 0. On the other hand «.
is C%-bounded near the zero section uniformly with respect to e — 0. These
two facts imply that the integrals [, uboe and [g @ia. are C%-close for o
close to 0, uniformly with respect to € — 0, and therefore
lim i = lim li qr .
We now prove that
li o =4 20
tim | doce (q) (20)
for all o > 0, which implies the desired conclusion. Fix therefore o > 0. Let
I. = {t € S* : |og(t)| < e}, s0 that I. C I for e < &' and [ I. = Iy =
{t : ¢(t) = 0}. On the one hand, we have

/ gy :/ fiia:/ A(q(t),0d(t)) - A(t)
SI\I. S1\I. SI\I.

ol(t)? / .
= - dt = q(t)|dt = £(q|s1\1.)-
/S et = [ e = gl

We can, therefore, estimate
’/ qo—ae

/ Goae —L(qls\1.)
st
m(IE) — 0 fore—0.

ae(q}(t)) o (t)dt

Here, m(I;) is the measure of I, uniformly bounded by the length of the
circle, C' > 0 is a C%-bound on a. near the O-section, uniform with respect
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to e — 0, and ¢/0 is by definition the bound on |§(¢)| on I.. The estimate
follows from ¢, = (¢, o) and the fact that the 1-form . only acts on the
first component of the vector ¢, .

Since il{% €(qls\1.) = €(qls1\1,) = £(q), equality (20) follows.

Step 8. We prove

/ uda = /a —4(q).
(0,00)x St T

Indeed, for o,e > 0 Stokes’ theorem gives

/ u*dagz/a—/ .
[o,00)x ST T Ue

(The 1-form c. is equal to « near the orbit x.) The desired equality follows
from the definition of f(o,oo)xsl u*da and Step 2.

Conclusion. Combining Step 3 with Step 1, we obtain the first inequality
{(q) < [, a in Proposition 5.1. Moreover, Lemma 5.2 (in the limit ¢ — 0)
shows that this inequality is an equality if and only if u is contained in the
half-cylinder over a closed geodesic.

The second inequality [ a < Ag(z) follows from (18). O

5.5. The isomorphism ¥ from symplectic to loop homology

Now, we adjust the definition of ¥ to symplectic homology. For J, H as in
the previous subsection and x € Crit(Ag), we define as before

M(z):={u:[0,00) x S = T*M | dgu =0,
u(+o0, ) =z, u(0,-) C M}.

By Proposition 5.1, the loop ¢ = (0, ) satisfies ¢(q) < Ag(z). Moreover,
the loop ¢ is smooth and in particular has Sobolev class H!, hence follow-
ing Anosov [10] it has a unique H'-reparametrisation g : S* — M, with
|g| = const and §(0) = ¢(0) (we say that G is parametrized proportionally to
arclength, or PPAL). We have

Uq) = {(q) = /01 gldt = (/01 |§‘2dt)1/2 — B\

with the energy

1
E:A—R, E(q)::/ || ?dt.
0

The energy defines a smooth Morse-Bott function on the loop space whose
critical points are constant loops and geodesics parametrized proportionally
to arclength. We denote by W= (a) the unstable/stable manifolds of a €
Crit(F) with respect to VE. Now, for « € Crit(Ay) and a € Crit(E), we
define

M(z;a):={u € M(z) | u(0,-) € W (a)}.

An element v in this moduli space still looks as in Fig. 4, where now the loop
q = u(0,-) is reparametrized proportionally to arclength and then flown into
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a using the flow of —VE. By Proposition 5.1, for u € M(z;a), we have the
estimate

An(x) > ta) = E@'? > B(a)'/2. (21)

To define the map ¥, we now perturb H and E by small Morse functions
near the constant loops on M and the closed geodesics, and we generically
perturb the almost complex structure J from the previous subsection. For
generic such perturbations, each M(x;a) is a manifold of dimension

dim M(z;a) = CZ(z) — ind(a).
The signed count of 0-dimensional spaces M (z;a) defines a chain map

U:FC.(H) = MC.(E'?), x> #M(za)a
ind(a)=CZ(x)

Here, MC,(E'/?) denotes the Morse chain complex of E : A — R, graded
by the Morse indices of E, but filtered by the square root E'/? (which is
decreasing under the negative gradient flow of E). The action estimate (21)
continues to hold for the perturbed data up to an arbitrarily small error,
which we can make smaller than the smallest difference between lengths of
geodesics below a given length pu. Thus, U preserves the filtrations

U : FCSY(H) — MCSP(EY?),
The induced maps on filtered Floer homology
U, : FHY(H) — MH"" (EY/?) = H*" A

have upper triangular form with respect to the filtrations with +1 on the
diagonal (given by the half-cylinders over closed geodesics in Proposition 5.1),
so they are isomorphisms. It follows from [4,7] that U, intertwines the pair-
of-pants product with the loop product, as well as the corresponding BV
operators. Passing to the direct limit over Hamiltonians H, we have thus
proved

Theorem 5.3. The map V¥ induces isomorphisms on filtered symplectic ho-
mology

v, : SH,.((a’b)(D*M) i) MHiawb)(El/Q) ) I_‘]-ﬂ(f;,b)A7

where the left hand side is filtered by non-Hamiltonian action and the right
hand side by the square root of the energy. These isomorphisms intertwine
the pair-of-pants product with the Chas—Sullivan loop product, as well as the
corresponding BV operators. O

6. Viterbo’s isomorphism intertwines AJ-structures

We keep the setup from the previous section, so M is a closed oriented Rie-
mannian manifold and D*M C T*M its unit disc cotangent bundle. In this
section, we prove Theorem 1.5, which will be an immediate consequence of
earlier results and the following theorem.
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Theorem 6.1. The chain maps underlying the isomorphism
U, : SH,(D*M) — H,A

rom Theorem 5.3 are morphisms o specml A -algebms. For n 2 these
2
morphisms are special.

Proof of Theorem 1.5. The first assertion follows from Proposition 2.9 and
Proposition 2.2. The second assertion follows from Theorem 6.1 and Propo-
sition 2.4. g

Remark 6.2. (open questions about the various identifications between Morse
and Floer complexes for cotangent bundles) We have already discussed
in Sect. 5.2 the action-preserving chain-level isomorphism ® : M C,(SL) —
FC.(H) of Abbondandolo—Schwarz [1], defined for an asymptotically qua-
dratic Hamiltonian H. It would be interesting to clarify whether ® also de-
fines a morphism of special A7 -algebras.

Abbondandolo-Schwarz constructed in [6] an action-preserving chain-
level isomorphism Wag : FC.(H) — MC,(Sy) which is a chain homotopy
inverse of ®. They also argued that, from the perspective of the Legendre
transform, the moduli spaces that define ¥ 4 g arise naturally from the moduli
spaces for ®. We expect that ¥ 4¢ and our morphism ¥ can be connected by
a suitable chain homotopy (we know that they induce the same map ®;! in
homology). It would also be interesting to clarify whether ¥ 45 is a morphism
of special A -algebras. We expect this to hold or fail for both W5 and ®
simultaneously.

One can further ask whether ¥ 45 and ¥ are homotopic as morphisms
of A;“—structures. This would require in particular to develop the discussion
of AJ-structures from [20] by defining such a notion of homotopy.

To prove Theorem 6.1, we need to verify the conditions in Definition 2.3
for each chain map ¥ : FC,(K) — MC,(FE'/?) associated to a Hamiltonian
K = K,, as in the previous subsection. The first part of condition (i) holds
because ¥qy = qp, which follows directly from the definition of W. More-
over, seen through the canonical identifications FCZ(K) = MCZ0(EY/?) =
MC™*(V), the restriction of ¥ to the energy zero Floer subcomplex acts as
the identity. This shows that the second part of condition (i) is also satisfied.

The map I' : FC,(K) ® FC.(K) — MC,(E'?) in condition (ii) is de-
fined by the count of elements in 0-dimensional moduli spaces of solutions to
a l-parametric mixed Floer—-Morse problem which we describe below. Inspec-
tion of the boundary of the 1-dimensional moduli spaces of solutions shows
that T' satisfies condition (ii). This fact was previously proved in [4], which
contains the description of an essentially equivalent map T.

The 1-parametric Floer—-Morse problem is a count of Floer discs in T% M
with two positive punctures and boundary on the zero section, followed by
a Morse pseudo-gradient line in the loop space of M. It is obtained as a
concatenation of 3 distinct 1-parametric Floer—Morse problems described by
Fig.5. On the first interval of parametrisation the underlying moduli space
of curves is that of discs with 2 interior punctures and one boundary marked
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OO

FiGURE 5. The map I'

point, where the punctures and the marked point are requested to be aligned.
At the negative end of the interval the 2 interior punctures collide and form
a sphere bubble (this gives rise to the term —W ! in the expression of [9,17),
whereas at the positive end of the interval the second puncture collides with
the marked point and gives rise to a disc bubble containing the marked point.
In this configuration the interior punctures, the node and the marked point
are all aligned. On the second interval of parametrisation, we allow the marked
point to move clockwise towards the node. At the positive end of this interval
the marked point collides with the node and forms a disc bubble. However,
this disc bubble is constant because the 0O-section is an exact Lagrangian, so
that we directly replace the configuration by one where the marked point
lies at the node. On the third and last interval of parametrisation, we insert
length T' > 0 pseudo-gradient lines before imposing the incidence condition
at the marked point. The positive end of this interval of parametrisation
corresponds to T' = oo and gives rise to the term u(¥ ® ¥) in the expression
of [0,T].

In Fig. 5, the dashed lines represent pseudo-gradient flow lines for the
energy functional on loop space. We only represent them in the last two con-
figurations depicted in Fig. 5 in order not to burden excessively the drawing.
However, the reader should be aware that such pseudo-gradient lines are also
present in the first five configurations from Fig. 5.

For further reference, it is convenient to write

F'=T1+T5+7T3, (22)

where I';, i = 1, 2, 3 corresponds to the count of elements in the O-dimensional
moduli spaces of solutions to the Floer-Morse problem restricted to the i-th
interval of parametrisation for I.

The remainder of this section is devoted to the proof of condition (iii).
For this, we need to construct a chain homotopy

0 : FC,(K) — MC,(EY?) @ MC,(E'?)
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satisfying ©cf” = 0 and
[0,0] =AW — (W@ W)\ — (T o W) (1ec)+(Pal)(rg ®1). (23)

The map © will be defined by a count of Floer maps to T*M defined over a
2-parametric family of punctured annuli. In the first subsection, we describe
the underlying moduli space of conformal annuli.

6.1. Conformal annuli

A (conformal) annulus is a compact genus zero Riemann surface with two
boundary components. By the uniformisation theorem (see for example [12]),
each annulus is biholomorphic to [0, R] x R/Z with its standard complex
structure for a unique R > 0 called its (conformal) modulus. The exponential
map s + it — €27+ sends the standard annulus onto the annulus

Ap={z€C|1<|z|< ¥R} CC.

It will be useful to consider slightly more general annuli in the Riemann
sphere S? = CU{oo}. A circle in S? is the transverse intersection of $? C R3
with a plane. We will call a disc in S? an open domain D C S? bounded by a
circle, and an annulus in S% a set D\ D' for two discs D, D' C S? satisfying
D’ C D (with the induced complex structure).

Lemma 6.3. Every annulus A in S? of conformal modulus R can be mapped
by a Mébius transformation onto the standard annulus Ar C C C S? above.

Proof. Write A = D\ D' for discs D, D’ C S?. After applying a Mé&bius
transformation, we may assume that D is the disc {z € C | |z| < e*"T}. Let
D, C D be the unit disc. There exists a Mobius transformation ¢ of D sending
a point 2z’ € 9D’ to a point z; € 0D and the positive tangent direction to
0D’ at 2’ to the positive tangent direction to dD; at z;. Thus, ¢ sends 0D’
to a circle tangent to dD; at 21, and since the annuli D\D’ and D\D; both
have modulus R, we must have ¢(0D’) = 0Dy, hence ¢(D’) = D;. O

For each R, the standard annulus [0, R] x R/Z carries two canonical
foliations: one by the line segments [0, R] X pt and one by the circles pt x R/Z.
Moreover, these two foliations are invariant under the automorphism group
of the annulus. Hence, by Lemma 6.3 each annulus in S? also carries two
canonical foliations, one by circle segments connecting the two boundary
components and one by circles, such that the foliations are orthogonal and
the second one contains the two boundary loops. These two foliations can be
intrinsically described as follows: the automorphism group of an annulus A
is Aut(A) ~ S*. The second foliation consists of the orbits of the S'-action.
The first foliation is the unique foliation orthogonal to the first one. Its leaves
connect the two boundary components because this is the case for a standard
annulus.

Figure 6 shows a l-parametric family of annuli in C whose conformal
moduli tend to 0 together with their canonical foliations. The domain at
modulus 0 is the difference of two discs touching at one point, the node.
Putting the node at the origin, the inversion z — 1/z maps this domain onto
a horizontal strip in C (with the node at oo) with its standard foliations by



Vol. 25 (2023) Loop coproduct in Morse and Floer homology Page 37 of 84 59

A

¥

FIGURE 6. Conformal annuli and their canonical foliations

straight line segments and lines. Opening up the node, we can conformally
map it onto the standard disc with two boundary points corresponding to
the node (since the map is not a Mo6bius transformation, the two foliations
will not be by circle segments).

Annuli with aligned marked points. The relevant domains for our pur-
poses are annuli with 3 marked points, one interior and one on each bound-
ary component. We require that the 3 points are aligned, by which we mean
that they lie on the same leaf of the canonical foliation connecting the two
boundary components. (In the next subsection, the interior marked point will
correspond to the input from the Floer complex and the boundary marked
points will be the initial points of the boundary loops on the zero section.)

Figure 7 shows the moduli space of such annuli with fized finite confor-
mal modulus. It is an interval over which the interior marked point moves
from one boundary component to the other. Each end of the interval corre-
sponds to a rigid nodal curve consisting of an annulus with one boundary
marked point and a disc with an interior and a boundary marked point,
where the marked point and the node are aligned in the annulus, and the two
marked points and the node are aligned in the disc (i.e. they lie on a circle
segment perpendicular to the boundary).

Figure 8 shows the moduli space of such annuli with varying conformal
modulus. It is a pentagon in which we will view the two lower sides as being
“horizontal” (although they meet at an actual corner). Then, in the vertical
direction the conformal modulus increases from 0 (on the top side) to oo
(on the two lower sides), while in the horizontal direction the interior marked
point moves from one boundary component to the other. In all configurations
the marked points and nodes are aligned. The interior nodes occurring along
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FIGURE 8. Annuli with aligned marked points and varying
modulus

the bottom sides carry asymptotic markers (depicted as arrows) that are
aligned with the boundary marked points. In particular, each interior node
comes with an orientation reversing isomorphism between the tangent circles
matching the asymptotic markers (this is the “decorated compactification”).

6.2. Floer annuli

Now, we define a moduli space of Floer maps into 7" M over the moduli space
P of annuli in Fig. 8. For this, we choose a family of 1-forms 5,, 7 € P, with
the following properties (see Fig.9):

e dj3. <0 for all 7;
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FIGURE 9. The hexagon of Floer annuli
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e (3, equals dt near the (positive) interior puncture, and 2 d¢ in coordinates
(s,t) € [0,e) x R/Z near each (negative) boundary component, i.e. it
has weights 1, 2, 2;

e on annuli of infinite modulus, 3, has weights at the punctures (positive
or negative) as shown in the figure.

In the figure, the (black) bottom circles are boundary components,
(blue) intermediate circles are interior punctures (viewed as positive or neg-
ative when going upwards or downwards), and (red) numbers denote the
weights. Such a family 3, exists because on each component of each broken
curve the sum of negative weights is greater or equal to the sum of positive
weights.

The annuli carry two marked points on their boundary circles (depicted
as black dashes) which are aligned with the interior puncture. Again, all
interior punctures carry asymptotic markers (not drawn) that are aligned
with the boundary marked points, also over broken curves and are matching
across each pair of positive/negative punctures.

Note that the bottom corner of the pentagon in Fig. 8 has been replaced
by a new side over which the underlying stable domain is fixed, but the
weights at the positive/negative puncture vary as depicted with a € [-1,2].
Thus, the conformal modulus is 0 along the top side, and co along the three
bottom sides.

We fix a nonnegative Hamiltonian K : T*M — R as in Sect. 3.2. For
T € P, we denote by ¥, the corresponding (possibly broken) annulus with
one positive interior puncture z; and two numbered boundary marked points
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z1,29 on the boundary components Cp,C5, equipped with the 1-form f..
Given z € FC,(K), we define the moduli space

P(z)::{(’r? u) | T E Pv u: ZJ‘r‘ — T*M, (du — XK &® 67.)0’1 = O’
u(zy) =, u(C;) C M for i = 1,2},

where the condition u(z;) = =z is understood as being C°°-convergence
u(s,+) — & as s — oo in cylindrical coordinates (s,t) € [0,00) x S near the
positive puncture z;. By Anosov [10], the restriction u|c, can be uniquely
parametrized over [0, 1] as an H!'-curve proportionally to arclength such that
time 0 corresponds to the marked point z;, i = 1,2. Viewing u|¢, with these
parametrisations thus yields a boundary evaluation map

evyg: P(z) — A X A, (T,u) = (uley, uley).

Note that this map is also canonically defined over the boundary of P. In-
deed, this is clear everywhere except possibly over the two vertical sides where
one boundary loop is split into two. There one component of 3, is an an-
nulus without interior puncture, on which the map w is therefore constant
(see the next subsection). Hence, in the split boundary loop, one compo-
nent is constant, and we map it simply to the other component parametrized
proportionally to arclength.
The expected dimension of P(x) is

dimP(z) = nx(Z;) + CZ(x) + dim P = CZ(x) + 2 — n,

where x(X;) = —1 is the Euler characteristic of the punctured annulus.
However, the moduli space P(z) is not transversely cut out over the vertical
sides of P. Indeed, the moduli space of non-punctured annuli appearing there
has Fredholm index nx(A)+1 = 1, where x(A) = 0 is the Euler characteristic
of the annulus A and the +1 corresponds to the varying conformal modulus.
But the actual dimension of this space is n + 1, where n is the dimension of
the space of constant maps A — M. In the following subsections, we explain
how to achieve transversality by perturbing the Floer equation by a section
in the obstruction bundle.

6.3. Moduli problems and obstruction bundles

To facilitate the discussion in the next subsection, we introduce in this sub-
section a general setup for moduli problems and obstruction bundles. Our
notion of a moduli problem will be a slight generalisation of that of a G-
moduli problem in [18] for the case of the trivial group G, which allows us to
work with integer rather than rational coeflicients.

A moduli problem is a quadruple (B,F,S, Z) with the following prop-
erties:

e p: F — B is a Banach fibre bundle over a Banach manifold;
e Z C F is a Banach submanifold transverse to the fibres?;

3In particular, T,Z C T,F is a closed subspace which has a closed complement for all
z€ Z.
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e §: B — F is a smooth section such that the solution set
M:=5"12)cB

is compact and for each b € M the composed operator

DyS : TyB 23 Ty F — Ty F /T 2
is Fredholm with constant index ind(S) = ind(D,S), and its determi-
nant bundle
det(S) = A*Pker(DS) @ A*°Pcoker(DS)* — M
is oriented.
A morphism between moduli problems (B,F,S, Z) and (B',F',8', 2")
is a pair (¢, ¥) with the following properties:
e ¢ : B — B’ is a smooth embedding;
e U : F — F'is asmooth injective bundle map covering v such that
Sop=VoS, M =ypM), Z'=¥(2).

Moreover, the linear operators Tyt : Ty 3 — Ty B' and D, ¥ : T.F/
T.Z — Ty F /Ty Z induce for each b € M isomorphisms

Ty : ker DS — ker DyyyS’, D)V : cokerDyS — cokerD ;S

such that the resulting isomorphism from det(S) to det(S’) is orientation
preserving.

Proposition 6.4. Each moduli problem (B,F,S, Z) has a canonical Euler class

X(B,]‘-,S,Z) € Hind(S)(B; Z)

Moreover, if (¢, V) is a morphism between moduli problems (B, F,S, Z) and
(B',F',8,2"), then ind(S) = ind(S’) and

1/)* (X(B7'7:7S7Z)) = X(Bl,j:l?S/aZ/) € Hind(S)(Bl;Z)'

Proof. This follows directly from the corresponding results in [18]. To con-
struct the Euler class, we compactly perturb S to a section S which is trans-
verse to Z; then M = S~1(Z) is a compact manifold of dimension d = ind(S)
which inherits a canonical orientation and thus represents a class in Hq(B;7Z),
and it is easy to see that this class is independent of the choice of perturba-
tion. The assertion about morphisms is obvious. O

A special case of a moduli problem arises if 7 = & — B is a Banach
vector bundle and Z = Z¢ is the zero section in £. In this case DS is the
vertical differential of S at b € M = S~1(0) and we arrive at the usual notion
of a Fredholm section. This is the setup considered in [18]; the general case
can be reduced to this one (via a morphism of moduli problems) by passing
to the normal bundle of Z.

Consider now a moduli problem (B, F,S, Z) such that

(i) M =8"1(2) C Bis a smooth submanifold, and
(ii) ker(DpS) = Ty M for each b € M.
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Then, the cokernels coker(D,S) fit together into the smooth obstruction bun-
dle

O:=coker(DS) — M
whose rank is related to the Fredholm index of & by
dim M = ind(S) + 1k O.

We thus obtain a finite-dimensional moduli problem (M, 0,0, Z0), where
0: M — O denotes the zero section and Zp» C O its graph.

Lemma 6.5. In the preceding situation, there exists a canonical morphism of
moduli problems

(L7 eXp) : (M7O’ 0’ ZO) - (B7F7 S? Z)?

where v = 1 : M — B is the inclusion and exp : O — F is a fibrewise
exponential map.

Proof. Choose N' — Z a smooth Banach vector bundle such that for each
z€Z,

Nz - Tzfp(z) and T, F=T,Z EBNZ.

Since N represents the normal bundle to Z in F, we can assume that DS
takes values in A and O is a subbundle of N complementary to im DS. Pick
a fibrewise Riemannian metric on F whose exponential map restricts to a
fibre preserving embedding

exp: 0 — F, 0. = Fp)-

Now, it is easy to check that (¢, exp) with the inclusion ¢ : M — B defines a
morphism (M, 0,0, Z0) — (B, F,S, 2). O

In the situation of Lemma 6.5, the Euler class of (B, F,S, Z) is therefore
represented by the zero set n71(0) of a section 1 : M — O in the obstruction
bundle which is transverse to the zero section. Concretely, keeping the nota-
tion from the proof, exp on defines a section of the fibre bundle F|ys — M.
We extend the bundle @ — M to a bundle © — Bon a neighbourhood BcB
of M and 7 to a section 7 of the bundle O—B vanishing near the boundary
of B. Then, the perturbed section S = S + expon of F — B is transverse to
Z and its solution set S~1(Z) represents the Euler class of (B, F,S, Z).

Remark 6.6. (orientations) In the situation of Lemma 6.5, we are given an
orientation of

det(S) = APTM @ APO*. (24)

Let now n : M — O be a section transverse to the zero section. Its zero
set A:=n~1(0) C M is a submanifold and at each b € A the linearisation
Dyn : TyaM — O, is surjective with kernel ker Dyn = Ty A, so we get a
canonical isomorphism of line bundles

AtopTM|A o~ AtopTA® Atopo|A — .A
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Combined with (24) this yields a canonical isomorphism
A*PT A = det(S)| 4,

so an orientation of det(S) induces an orientation of A. In the case ind(S) = 0
this can be made more explicit as follows. Then, tkO = dim M and an
orientation of det(S) induces an isomorphism

APPTM =2 APQ.
For b € n71(0), we define the sign o(b) to be +1 if the isomorphism Dy :

oM =, Oy preserves orientations, and —1 otherwise. Then, the signed
count

ben=1(0)
is the Fuler number of the obstruction bundle © — M.

Finally, consider a moduli problem (B, F,S, £) which splits as follows:
e p=(po,p1): F =FoxpF1— B;
o Z =2y xp Z;
o S =38y x & for sections S; : B — F; such that S is transverse to Z;.

Lemma 6.7. In the situation above, there exists a reduced moduli problem
(57?737?) = (81_1(21)7‘7:0|E7 80‘?? ZO|E)

and a morphism (¢, V) of moduli problems from (B,F,S,Z) to

(B, F,S,Z), with ¢ : B < B the inclusion and ¥(fy) = (f0,51 o po( 0)).

Proof. Since & is transverse to Zq, it follows that B C B is a submanifold

and (B, F,S, Z) defines a moduli problem. Now, it follows directly from the
definitions that (¢, ¥) as in the lemma induces for b € B the canonical
identities
Ty : ker DS = ker DSy N ker DSy = ker Dyw)S,
Dy ¥ coker DS = coker(DySo|ker Dys, ) = coker Dy, ) S,
hence it defines a morphism of moduli problems. O
6.4. Constant Floer annuli

In this subsection, we apply the results of the previous subsection to moduli
spaces of annuli. We begin with a rather general setup. Let (3, j) be a compact
Riemann surface with boundary, and (V,J) be an almost complex manifold
with a half-dimensional totally real submanifold L C V. For m € N and
p € R with mp > 2, we consider the Banach manifold

B =W ((,05),(V, L))
and the Banach space bundle & — B whose fibre over u € B is
Eu = WM L2 (S, Hom"  (TE, u*TV)).

Denote Z¢ the zero section. The Cauchy—Riemann operator

Ou = (du)OJ = %(du + J(u) odu oj)
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defines a Fredholm section @ : B — £. Assuming a setup in which the space of
solutions & | (Z¢) is compact (e.g. if J is tamed by an exact symplectic struc-
ture on V, the totally real submanifold L is exact Lagrangian, and X has a
compact group of automorphisms), we obtain a moduli problem (B, &, 9, Z¢).

Constant annuli of positive modulus. Now, we apply the preceding
discussion to the moduli space of constant annuli appearing in the previ-
ous subsection. Consider a fixed annulus (X, j) of finite conformal modulus
R > 0, equipped with a 1-form (§ as above satisfying d3 < 0 and g = 2d¢
in cylindrical coordinates near the two (negative) boundary loops. Let K
be the nonnegative Hamiltonian from Sect. 3.2. Then, the Floer operator
O u:=(du— Xg ®3)%! defines a Fredholm section in the appropriate bundle
& — B over the Banach manifold

B =W"?((%,0%),(T* M, M)).

We denote its zero set by /\/l::g;{l (0). For u € M the usual energy estimate
(see e.g. [34]) gives

1
E(u) = 5/£ |du — X (u) @ B*voly < —Agk (ulos) =0,

where the Hamiltonian action of u|sy vanishes because both the Liouville
form and the Hamiltonian K vanish on the zero section M. This implies that
du — X (u) ® = 0. Since X vanishes near the zero section, it follows that
du = 0 near 0¥ and therefore, by unique continuation, u is constant equal
to a point in M. Hence, the moduli space

M=M

consists of points in M, viewed as constant maps ¥ — M. Since X vanishes
near the zero section, the Floer operator 0 agrees with the Cauchy-Riemann
operator 0 near M, so we can and will replace dx by 0 in the following
discussion of obstruction bundles.

We identify ¥ with the standard annulus [0, R] x R/Z and its trivial
tangent bundle T = 3 x C. Consider a point u € M, viewed as a constant
map u : X — M. We identify

T, M =R", T, M =iR"™, T, (T*M) =C".

Then, we have
T.B = W"”’p((E, oY), ((C”,iR”)),

Ey = WP (L, Hom™ (C,C")) = W™ hP(2,C™),

where for the last equality, we use the canonical isomorphism
Hom’!(C,C") = cr, 1 — n(0s).
With these identifications, the linearized Cauchy—Riemann operator reads
D,8 : W™P((%,0%),(C",iR")) — W™~ 1P(x,C"), €= 0,6 +i0,E.
An easy computation using Fourier series (see [14]) shows that
ker(D,0) = iR" = T, M, coker(D,0) = R" = T M.
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Therefore, the Cauchy—Riemann operator, and thus the Floer operator, sat-
isfies conditions (i) and (ii) in the previous subsection with the obstruction
bundle

O = coker(DOg) X T*M — M = M,

and Lemma 6.5 implies

Corollary 6.8. In the preceding situation, there exists a canonical morphism
of moduli problems

(e, 1) : (M, T*M,0, Zr-n1) — (B,€,9, Z¢),

where v : M — B 1is the inclusion as constant maps and I converts a cotangent
vector into a constant (0, 1)-form. O

Note in particular that dx has index zero. A section in the obstruction
bundle transverse to the zero section corresponds under the isomorphism
O =2 T*M to a 1-form i on M with nondegenerate zeroes p1, ..., px, and the
zero set of the perturbed Floer operator dx 41 consists of p1, ... px viewed as

constant maps ¥ — M. Having chosen the orientation of det(0) to be induced
by the canonical isomorphism T'M = T* M, we obtain that the signed count

> olp) = x(T"M)

i=1
agrees with the Euler number of T* M. Note that the Euler number of 7% M
equals the Euler characteristic of M (this follows from the canonical isomor-
phism T*M = TM and the Poincaré—Hopf theorem).

Constant annuli of modulus zero. Annuli of conformal modulus zero can

be viewed as moduli problems in two equivalent ways. For the first view, we
take as domain the compact region A C C bounded by two circles touching at

one point, the node. Given (V,J) and L C V as above, we, therefore, obtain
a moduli problem (B4,£4,84, Z¢a) with

B4 =W™P((A,04),(V,L)), &&=Wm"1(A Hom"" (TA u*TV)),
the Cauchy Riemann operator S4 = EA, and the zero section Zga C E4.
For the second view, we take as domain the closed unit disc D C C with

+:¢ viewed as nodal points which are identified. This gives rise to a moduli
problem (BP, FP 8P zP) with

BP =w™?((D,oD),(V, L)),

FP =P x(LxL), &PY=wm"1?(D Hom” (TD,u*TV)),
SP =" xev:BP — £P x (L x L), ev(u) = (u(i),u(—1)),
2P = Z.p x A, A={(¢,q)|ge L} C L x L.

Note that the indices of the two moduli problems agree,

ind(SP) = ind(@") — n = ind(S4).
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Let ¢ : D — A be a continuous map which maps =i onto the nodal point and
is otherwise one-to-one, and which is biholomorphic in the interior.* Then,
composition with ¢ defines a diffeomorphism

BP S>ev i (A)=BA

(where we use as area form on A the pullback under ¢ of an area form on
D). Since ev : BP — L x L is transverse to the diagonal A, we are in the
situation of Lemma 6.7. We conclude that there exists a morphism of moduli
problems

(¥, W) : (B2, 4,84, Z¢a) — (BP,FP,SP, 2P),
where ¢ : B4 = ev™!(A) < BP is the inclusion and ¥(u;n) = (u;n,ev(u)).
Now, we specialise to the case (V,L) = (T*M, M) with its canonical
almost complex structure JJ. Then, both solution spaces M4 = (EA)_l(O)
and MP = (§P)~1(2P) = (5D)_1(0) = M consist of constant maps to M.
Moreover, in view of the preceding discussion and the fact that the Cauchy—

. =D A
Riemann operator 0 : BP — &P over the disc is transverse to the zero
section, they both satisfy the hypotheses (i) and (ii) of Lemma 6.5, so com-
bined with the preceding discussion, we obtain

Corollary 6.9. There exists a commuting diagram of morphisms of moduli
problems

(BAagAaSAazSA) % (BD>~FD38D72D)
(id,exp)

(M, T*M,0p+nr, Zpepg) — (M, M x M, ev, A)

where 1A : M — B2 and P : M — BP are the inclusions as constant maps,
the bundle M x M — M is given by projection onto the first factor, and exp :
T*M — M x M is the composition of the isomorphism T*M = TM induced
by a metric on M with the exponential map TM — M x M. Thus, the Euler
class of each of these moduli problems is represented by the nondegenerate

zeroes pi,...,pk of a l-form n on M (or equivalently, of a vector field v on
M ), with signs that add up (up to a global sign) to the Euler characteristic x
of M. O

6.5. Proof of Theorem 6.1

Now, we can conclude the proof of Theorem 6.1.

For z € FC,.(K) consider the moduli space P(z) of Floer annuli de-
scribed in Sect. 6.2 with its boundary evaluation map evy : P(z) — A x A.
Pick a 1-form n on M with nondegenerate zeroes p1, ..., pg. As in Sect. 6.4,
we view 7 as a section of the obstruction bundle over the vertical sides of the
hexagon in Fig.9. We extend this section by a cutoff function to a section 7

4We may construct ¢ as a composition ¢ = Yolog o) where 1 is the Mébius transformation
sending D onto the upper halfplane H with ¢ (—4i) = 0 and ¢ (¢) = oo, log is the logarithm
sending H onto the strip S = {z € C |0 < Imz < 7}, and ¥ is the M&bius transformation
sending S onto A.
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over the whole hexagon and add it as a right hand side to the Floer equation.
We choose the data such that the moduli space P(z) is transversely cut out,
and thus defines a compact manifold with corners of dimension CZ(z)+2—n.
We may assume without loss of generality that M is connected. We pick
a C%-small Morse function V : M — R with a unique maximum at gy € M
such that pq,...,pr flow to go under the positive gradient flow of V. Let
MC,(S) denote the Morse complex of the perturbed energy functional

S:A— R, S(q)::/0 (ld]> — V(q))dt

(note that there is no factor 1/2 in front of [¢|?). For z € FC.(K) and
a,be MC,(S), we define

P(z;a,b):={(1,u) € P(z) | evo(u) € W (a) x WF(b)},
where W (a) is the stable manifold of a with respect to the negative pseudo-
gradient flow of S. Recall that the boundary evaluation map involves repar-

ametrisation of the boundary loops proportionally to arclength. For generic
choices, these are manifolds of dimension

dim P(x; a,b) = CZ(z) — ind(a) — ind(b) + 2 — n.
If the dimension is 0 these spaces are compact and their signed counts
O1(x):= Z #Pdim=o0(z;a,0)a @b
a,b
define a degree 2 — n map
01 : FC.(K) — MC.(S) ® MC.(S).

Next, we consider a 1-dimensional moduli space Pgim=1(z;a,b) and com-
pute its boundary. Besides splitting off index 1 Floer cylinders and negative
pseudo-gradient flow lines, which give rise to the term [0, ©1], there are con-
tributions from the sides of the hexagon in Fig. 9 which we analyse separately.
Note that the indices now satisfy

CZ(z) —ind(a) —ind(b) =n — 1.

Vertical left side: Here, the broken curves consist of a half-cylinder at-
tached at a boundary node to an annulus without interior puncture, where the
two boundary loops flow into a, b under the negative pseudo-gradient flow of
S. By the discussion in Sect. 6.4 the moduli space of annuli is [0, oo] x 771(0),
where [0, 0o] encodes the conformal modulus and 7~1(0) consists of the points
D1, ..., Pk (with signs o(p;)). In particular, we must have b = ¢ and therefore
ind(b) = ind(gp) = 0. The half-cylinders belong to the moduli space

M(z;a) = {u:[0,00) x S' = T*M | (du — Xx ® B)*' =17,
u(o0,-) =z, u(0,-) € WF(a)}.

They carry a boundary nodal point which is aligned with the boundary
marked point (0,0) and the puncture at co, and is therefore given by (0,1/2).
The evaluation at the nodal point defines an evaluation map

evisy : M(w5a) — M, u— u(0,1/2).
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FIGURE 10. Degenerating the half-cylinders

For the broken curve to exist this evaluation map must meet one of the
constant annuli, i.e. one of the points p1,...,pr € M, which generically does
not happen because

dim M(zx; a) = CZ(x) — ind(a) =n — 1.

Hence, the vertical left side gives no contribution to the boundary.

Vertical right side: Similarly, the vertical right side gives no contribution
to the boundary.

Lower left side: Here, the broken curves consist of a disc with two inte-
rior punctures, one positive and one negative, attached at its negative punc-
ture to the positive puncture of a half-cylinder along an orbit in FC,(—K),
where the two boundary loops flow into a,b under the negative pseudo-
gradient flow of S. By choosing the 1-form 3 equal to d¢ on a long cylin-
drical piece of the half-cylinder, we can achieve that these half-cylinders are
in one-to-one correspondence with broken curves consisting of a cylinder with
weights (—1,1) and a half-cylinder with weights (1, 2), as shown in the middle
of Fig. 10. Reinterpreting these curves as on the right of that figure, we see
that their count corresponds to the composition —(I'y ® ¥)(1 ® cf'), where
we recall that I'y denotes the first term in the expression I' =T'1 +T's + '3
from (22).

Lower right side: Similarly, the contribution from the lower right side
corresponds to the composition (¥ ® I'y)(cf @ 1).

The discussion so far shows that

0,01] = (TR (red @1) = (T1 @ V) (1 ® ) + ©'°P 4 @bottom (25

where ©%P and ©P°"°™ are the degree 1 — n maps arising from the con-
tributions of the top and bottom sides of the hexagon to the boundary of
Paim=1(x; a,b) which we discuss next.

Bottom side: The family of broken curves on the bottom side can be
deformed in an obvious way to the family of broken curves shown in Fig. 11.
Since the half-cylinders with weights (2,2) define the map ¥ and the family
of 3-punctured spheres above them defines the continuation coproduct A¥
from Sect. 3.2, this shows that O™ is equal to —(¥ @ W)AF.

Top side: The family on the top side of the hexagon consists of punc-
tured annuli of modulus 0, i.e. punctured discs with two nodal points on the
boundary that are identified to a node. Moreover, the boundary carries two
marked points that are separated by the nodal points and aligned with the
interior puncture. We wish to relate this family to the loop coproduct, but
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FI1cURE 11. Degenerating the curves on the bottom side

for this we face two problems: First, the boundary loops carry two marked
points whereas the loops for the loop coproduct carry only one (the initial
time ¢ = 0); and second, the self-intersection of the boundary loop occurs at
the nodal points and not at one of the marked points.

Both problems are resolved simultaneously as follows. We enlarge this
1-parametric family to a 2-parametric family in which we keep the two bound-
ary marked points aligned, but drop the condition that the interior puncture
is aligned with them. The 2-parametric family forms the hexagon shown in
Fig. 12. Here, the interior puncture is depicted as a cross, the aligned bound-
ary marked points as endpoints of a dashed line, and the nodal points as
thick dots. The bottom side of the hexagon (drawn in black) corresponds to
the 1-parametric family on the top side of Fig. 9. Note that here we made a
choice by letting the interior puncture move freely above the dashed line con-
necting the two boundary marked points; we could equally well have taken
the mirror hexagon where the interior puncture moves below the dashed line.

The hexagon in Fig. 12 defines a deformation from the bottom (black)
side to the top side (drawn in red). The configurations in this figure are to
be interpreted as follows.

e Each configuration has two boundary loops obtained by going around
in the counterclockwise direction: the first loop from the bottom to the top
nodal point, and the second one from the top to the bottom nodal point.
Each boundary loop carries a marked point. As before, each boundary loop
of the zero section is reparametrized proportionally to arclength and then
flown into a critical point on A under the negative pseudo-gradient flow of
the functional S': A — R.

e In each configuration, the unique component carrying the interior
puncture (which may be nonconstant) is drawn as a large disc, so the small
discs are all constant. In particular, each small disc carrying the two nodal
points is a constant annulus of modulus zero. Under the perturbation of
the Cauchy-Riemann equation described in Corollary 6.9, such a component
lands on the transverse zeroes py, ..., pg of a 1-form n and further flows into
the basepoint ¢y. In particular, since the signs add up to x we have that all
configurations on the upper and lower left sides land in Ryxqo ® MC.(S),
while those on the upper and lower right sides land in M C,(S) ® Rxqo. The



59 Page 50 of 84 K. Cieliebak et al. JFPTA

O
ae
S

FIGURE 12. Floer annuli of modulus zero
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FIGURE 13. Interpreting the curves on the top side

upper and lower left sides therefore compute —(T'y ® ¥)(1® cf'), whereas the
lower and upper right sides compute (¥ ® I'y)(7c] ® 1), with T'y being the
second term in (22).

Thus, the hexagon in Fig. 12 provides a chain homotopy ©s from ©P
(defined by the bottom side) to the operation O'P + (¥ ® Do)(rel @ 1) —
(T2 ® ¥)(1® cl), where ©%°P is defined by the top side, i.c.

[0,05] = 0P + (P @ Ty)(ref @1) = (T2 @ W)(1® cf) — 0P, (26)

e Consider now the top side. Since both marked points and the black
nodal point lie on the same constant component, we can remove this com-
ponent and replace the three points by one nodal/marked point as shown in
Fig. 13.

The boundary of these configurations consists of loops ¢ : [0,1] — M
with one (black) marked/nodal point at time 0 and an additional (red) nodal
point at time s which moves from 0 to 1 as we traverse the side from left to
right. In view of Corollary 6.9 and Remark 6.6, the map otop . FC.(K) —
MC,.(S)®@MC,.(S) is defined by counting isolated configurations consisting of
punctured discs as in the definition of the moduli spaces M(z) from Sect. 5.5,
additionally decorated with two marked points, with an incidence condition



Vol. 25 (2023) Loop coproduct in Morse and Floer homology Page 51 of 84 59

at the marked points, followed by semi-infinite negative pseudo-gradient lines
of S starting at the de-concatenated loops. Now, we deform ©'°P once more
by inserting a negative pseudo-gradient trajectory of S of finite length 7" > 0
between the boundary loop of the disc and the loop on which we impose the
incidence condition at the marked points. As T'— oo this becomes the chain
map U : FC.(K) — MC,(S) followed by the Morse theoretic coproduct
A, whereas on the boundary of the top side we see appear the terms (¥ ®
I3)(rel ®@1)— (T3 @ ¥)(1®cl), with T's being the third term from (22). We
obtain therefore a homotopy ©3 between the operation ©'°P defined by the
top side and AU + (P @ I'3)(tef @ 1) — (T3 @ ¥)(1® ), ie.

[0,035] = AU + (U @ 3)(rch @1) — (3@ U) (1@ k) — 0%, (27)

Summing together Eqs. (25), (26) and (27), and recalling that ' =
I'y + T3 +I's, we obtain the desired relation (23).

For n # 2, the condition ©c” = 0 follows by an index argument analo-
gous to the proof of the relation A¥'c’” = 0 in Proposition 3.1. Together with
the discussion at the beginning of this section, this concludes the proof of
Theorem 6.1. g

Remark 6.10. (Perturbation by 1-form/vector field) Let us analyse how the
perturbation by a 1-form n with transverse zeroes propagates to the diagrams
in the preceding proof. Along the left hand sides of the hexagon in Fig.9,
we perturb the Floer operator by 7 at the second output. This continues
along the left hand sides of the hexagon in Fig.12 as the perturbation of
the constant modulus zero annuli by the vector field v corresponding to 7
at the second output. As a result, the left hand configuration in Fig. 13 is
perturbed by applying the time-one-map f of v as we go counterclockwise
from the black to the red dot. This means for s > 0 close to 0 the evaluations
of the corresponding loops ¢ : [0,1] — M at time 0 (the black dot) and s (the
red dot) are related by ¢(s) = f(¢q(0)).

Along the right hand sides of the hexagon in Fig.9, we perturb the Floer
operator by 7 at the first output. As a result, the right hand configuration in
Fig. 13 is perturbed by applying the time-one-map f of v as we go clockwise
from the black to the red dot. This means that for s < 1 close to 1 the
evaluations of the corresponding loops ¢ : [0,1] — M at time 0 (the black
dot) and s (the red dot) are related by ¢(0) = f(q(s)), or equivalently, ¢(s) =
£ 1(q(0)).

Therefore, the perturbation by the 1-form n on the Floer side translates on
the loop side into the perturbation by an s-dependent vector field which
agrees with v near s = 0 and with —v near s = 1.

7. Relation to other Floer-type coproducts

The continuation coproduct A*" discussed in the previous sections descends to
positive action symplectic homology SH_%(D* M) (since the action inequality
implies that if the input orbit is constant, then so must be the output orbits).
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In this section we relate A" to other coproducts on SH_%(D*M) that have
appeared in the literature, thus proving Theorem 1.1 from the Sect. 1.

In particular, we will prove that A\ agrees with the Abbondandolo—
Schwarz coproduct \*° defined in [4]. Abbondandolo and Schwarz defined in
[4] the ring isomorphism ¥, : SH,(D*M) =, H,A and they asserted [4, The-
orem 1.4] that its reduction modulo constant loops U>° : SH>0(D* M) —
H. (A, Ay) intertwines the coproduct A4S with the loop coproduct A. How-
ever, to our knowledge no proof of this result has appeared. We will actually
give two proofs in this section: the first one uses Theorem 6.1 and the iden-
tification A" = A4S the second one uses a direct argument and suitable
interpolating moduli spaces.

This section is structured as follows. In Sect. 7.1, we recall from [20] the
definition of the varying weights coproduct A", which coincides with A\* by
[20, Lemma 7.2] and which can be more easily related to A*“. In Sect. 7.2,
we recall from [4] the definition of the Abbondandolo-Schwarz coproduct
A9 In Sect. 7.3, we show that A is equal to A”. In Sect. 7.4, we prove
directly that A corresponds to the loop coproduct A under the isomorphism
SHZ°(D*M) = H,(A, Ao).

The situation is summarised in the following diagram.

At yas 2w _BU 3R (28)

Theorem 6.1

The whole discussion concerns the free loop space, but it carries over
verbatim to the based loop space.

For simplicity, we assume throughout this section that M is oriented and
we use untwisted coefficients in a commutative ring R; the necessary adjust-
ments in the nonorientable case and with twisted coefficients are explained
in Appendix A. We denote

Sh=R/Z and A:=W'2(S', M).

7.1. Varying weights coproduct

We recall the definition of the varying weights coproduct A* on SH_%(V)
from [20, §7.1]. Since there we actually describe the algebraically dual product
on SH=°(V,0V), we will recap in some detail the necessary notation and
arguments. The construction goes back to Seidel, see also [26]. We work with
a Liouville domain V' of dimension 2n, the symplectic completion is denoted
V=vu [1,00) x OV and the radial coordinate in the positive symplectisation
[1,00) x OV is denoted r.

Let ¥ be the genus zero Riemann surface with three punctures, one
of them labelled as positive x4 and the other two labelled as negative v_,
¢_, endowed with cylindrical ends [0,00) x S! at the positive puncture and
(—00,0] x St at the negative punctures. Denote (s,t), t € S the induced
cylindrical coordinates at each of the punctures. Consider a smooth family
of 1-forms 3, € Q1 (X), 7 € (0, 1) satisfying the following conditions:

e (NONPOSITIVE) df; < 0;
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e (WEIGHTS) (3, = dt near each of the punctures;

e (INTERPOLATION) we have 3, = 7dt on [—R(7), 0] x S* in the cylindrical
end near v_, and 3, = (1—7)dt on [-R(1—7),0] x St in the cylindrical
end near (_, for some smooth function R : (0,1) — Rxg. In other words,
the family {3} interpolates between a 1-form which varies a lot near
v_ and very little near (_, and a 1-form which varies a lot near (_ and
very little near v_;

e (NECK STRETCHING) we have R(T7) — +o0 as 7 — 0.

We can assume without loss of generality that for 7 close to 0 we have 3, =
fr(s)dt in the cylindrical end at the negative puncture v_, with f/ < 0,
fr =1 near —oo, and f; = 7 on [-R(7),0], and similarly for 7 close to 1 in
the cylindrical end at the negative puncture {_.

Let H : V — R be a convex smoothing localised near 9V of a Hamil-
tonian which is zero on V' and linear with respect to r with positive slope
on [1,00) x V. The Hamiltonian H further includes a small time-dependent
perturbation localised near OV, so that all 1-periodic orbits are nondegen-
erate. Assume the slope is not equal to the period of a closed Reeb orbit.
Denote P(H) the set of 1-periodic orbits of H. The elements of P(H) are
contained in a compact set close to V.

Let J = (J¢), ¢ € %, 7 € (0,1) be a generic family of compatible almost
complex structures, independent of 7 and s near the punctures, cylindrical
and independent of 7 and ¢ in the symplectisation [1,00) x V. For z,y, z €
P(H) denote

M (yy, 2)={(r,u) | 7 €(0,1), u: X =V,
(du— Xy @ 3,)00 =0,
lm  u(C) = (t),

s— 400

C=(st)=x+
B w(Q =y, lm (=0}
(=(s;t)—v- (=(s;t)—=¢-

In the symplectisation [1,00) x 9V, we have H > 0 and therefore d(Hf3) < 0,
so that elements of the above moduli space are contained in a compact set.
The dimension of the moduli space is

dim M (2;y, 2) = CZ(x) — CZ(y) — CZ(z) — n + 1.

When it has dimension zero the moduli space MY, _,(z;y,2) is compact.
When it has dimension 1 the moduli space MY, _,(z;y,2) admits a natural
compactification into a manifold with boundary

8M}iim:1<x;y7'z) = H M(x7$/) X Mtl:lim:O(xl;y7Z)
CZ(z")=CZ(z)—1

[T Moy, 2) x M)
CZ(y")=CZ(y)+1

1 H Mcliimzo(xQ?Jaz/) X M(z’;z)

CZ(2)=CZ(z)+1
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My (z5y,2) Mo (23y, 2).

Here, M!_,(z;y,2) and ML_,(x;y,z) denote the fibres of the first projec-
tion MY, ._;(z;y,2) — (0,1), (1,u) — 7T near 1, respectively near 0. (By
a standard glueing argument the projection is a trivial fibration with finite
fibre near the endpoints of the interval (0,1).)

Consider the degree —n + 1 operation
AV FC.(H)— FC.(H)® FC.(H)
defined on generators by
)\w(x) = Z #McliimZO(x; Y, Z)y ® %,
CZ(y)+CZ(z)=CZ(z)—n+1

where #MY, _(z;y, 2) denotes the signed count of elements in the 0-dime-
nsional moduli space MY, _(x;y,2). Consider also the degree —n opera-
tions

N FCL.(H) — FC.(H)® FC.(H), 1=0,1
defined on generators by
XY () = > #M (w3, 2)y ® 2,
CZ(y)+CZ(2)=CZ(z)—n
where #M!_.(x;y,2) denotes the signed count of elements in the 0-dimen-
sional moduli space MX_.(7;y, 2).
Denote by 0% the Floer differential on the Floer complex of H. The

formula for OMY, _, (x;y, z) translates into the algebraic relation

IFANY + A (0F @id +id®@ 0F) =AY — Ay (29)
We now claim that

Im(\y) C FCT°(H) ® FCL(H), Im(\Y) C FC.(H)® FCT°(H).
To prove the claim for A, note that this map can be expressed as a composi-
tion (c®id)oAg, where \g : FC.(H) — FC.(TH)®FC.(H) is a pair-of-pants
coproduct with 7 > 0 small, and ¢ : FC.(tH) — FC,.(H) is a continuation
map. Taking into account that 7H has no nontrivial 1-periodic orbits for 7
small, and because the action decreases along continuation maps, we obtain
c(FC,(TH)) C FCZ°(H), which proves the claim. The argument for \Y is
similar.
It follows that A\ induces a degree —n + 1 chain map
N FCZO(H) — FC%(H) @ FCZO(H). (30)

Passing to the limit as the slope of H goes to 400, we obtain the degree
—n + 1 varying weights coproduct \* on SHZ (V).

Proposition 7.1. ([20, Lemma 7.2]) The continuation coproduct and the vary-
ing weights coproduct coincide on SHZ°(V):

A= \v,
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FIGURE 14. The moduli spaces M"45(z;y, 2)

7.2. Abbondandolo—Schwarz coproduct

In this subsection, we recall from [4] the definition of a secondary pair-of-
pants product on Floer homology of a cotangent bundle, which we will refer
to as the Abbondandolo-Schwarz coproduct \. We recall the notation and
conventions from Sect. 5.1 regarding the Floer complex. In particular near
the zero section H(q, p) = €|p|?>+V (q) for a small € > 0 and a Morse function
V' : M — R such that all nonconstant critical points of Ay have action larger
than min V.
For z,y,z € Crit(Ag), set (see Fig. 14)

MBS (1y, 2)
::{(T,u,v,w) | 7€[0,1], u:[0,00) x St — T*M
v,w : (—00,0] x S = T*M, dgu = 0pgv =0gw =0,
u(+00,-) =z, v(—00,-) =y, w(—0o0,:) =z,
v(0,t) = u(0,7t), w(0,t) =u(0,7+ (1 —7)t)}.
Note that the matching conditions imply «(0,7) = (0, 0).
Lemma 7.2. ([4, §5]) For generic choices of Hamiltonian and almost com-

plex structure the space MYA%(z;y, 2) is a transversely cut out manifold of
dimension

dim M54 (z;y, 2) = CZ(x) — CZ(y) — CZ(z) — n + 1.
O

The dimension of M“4%(z;y, 2) is calculated in [4] using an equivalent
description of the moduli space as follows. Define ¥, w : (—o0,0] x [0,1] —
T*M by v(s,t) = v(s,t) and w(s,t) = w(s,t), and also g,z : [0,1] — T*M by
y(t) = y(t) and z(t) = z(t). Then, there is a canonical identification between
elements of M"49(z;y, 2) and elements of

M5 (23,2)
::{(T,u,ﬂ,@) | 7€[0,1], u:[0,00) x St — T*M
V,w : (—00,0] x [0,1] — T*M,

gHU = EH:J = 5}[@ = 07
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(+OO) z, v(=00,:) =¥, w(-00, ) =%,
(0(s,0),Cu(s,1)) € N*A, (w(s,0),Cw(s,1)) € N*A,
(Ot) u(0,7t), w(0,t) = w(0,7+ (1 —7)t)}.
Here, C : T*M — T*M is the antisymplectic involution (¢,p) — (¢, —p),
A C M x M is the diagonal, and N*A C T*(M x M) its conormal bun-
dle. The space MBAS (z;9,2) is a moduli space with jumping Lagrangian
boundary conditions as in [3], so for generic H and J it is a transversely cut
out manifold. Its dimension is given by the Fredholm index of the linearised
problem [4, (37)].
If MY49%(z;y, 2) has dimension zero it is compact and defines a map

ML FC, = (FCRFC)ucpsr, w0 Y #ME (viy.2)y @ 2.

Y,z

If it has dimension 1, it can be compactified to a compact 1-dimensional
manifold with boundary

A A
aM}hmsl('T Y,z ) H M(JZ,I‘/) X MithO(x Y,z )
CZ(z')=CZ(z)—1
T MaaZo@y'2) x M'sy)
CZ(y")=CZ(y)+1
T M2y 2) x M(2:2)
CZ(z')=CZ(z)+1
HMEP (3, 2) LM (23, 2).
Here, the first three terms correspond to broken Floer cylinders and the last

two terms to the intersection of M'4%(z;y, z) with the sets {r = 1} and
{7 = 0}, respectively. Therefore, we have

(0F @id + id @ F)AAT 4+ MA9GF = A5 £\, (31)
where for ¢ = 0,1, we set

M5 FC, - (FC® FC)y_y, xHZ#MlA»S:L'y,z)y@Z.

T=1
Y,z

Let us look more closely at the map A{'%. For 7 = 1 the matching conditions in
MBAS (2:9, 2) imply that w(0,t) = u(0,0) is a constant loop. For action rea-
sons z must then be a critical point, so that Im(A\'¥) ¢ FC,(H)® FCZ°(H).
Similarly, we have Im(\;'®) ¢ FC7°(H) ® FC,(H), and therefore A4S de-
scends to a chain map

M FHZ - (FH?° 9 FH?), 11 (32)

with FC7° = FC,(H)/FCI (H). Note that we have FHZ°(H) = SH_°
(D*M) for the quadratic Hamiltonians considered in this section.
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R/7Z, 7€ (0,1) R/Z
(0,0) :
N R/(1—1)Z B

FI1GURE 15. A pair-of-pants ¥ with large cylindrical ends

7.3. The varying weights coproduct equals the Abbondandolo—Schwarz
coproduct

Proposition 7.3. Let M be a closed connected oriented manifold. The sec-
ondary coproducts N\ defined via (30) and A\° defined via (32) agree on
SHZ°(D*M).

Proof. We assume without loss of generality that the Hamiltonian used in the
definition of the coproduct A% is the same as the one used in the definition
of the coproduct A", i.e. a convex smoothing of a Hamiltonian which vanishes
on D*M and is linear with respect to the radial coordinate r = |p| outside
of D*M. The point of the proof is to exhibit the Floer problem defining the
moduli spaces Mb45(x:y, ) for A as a limiting case of the Floer problem
defining the moduli spaces M!(z;y, 2) for A¥.

Note first that for 0-dimensional moduli spaces Mé’ifio(x; Y, 2), we can
restrict 7 to (0,1). Given 7 € (0,1) a triple (u,v,w) as in the definition of
MBAS (2:9, 2) can be interpreted as a single map @ : ¥ — T*M satisfying
(da — Xz ® (3;)%' = 0, where ¥ is a Riemann surface and 3, is a 1-form
explicitly described as follows. The Riemann surface is

S=Rx[-7,0] TR x[0,1—7]/~

with

(s,—7) ~ (5,1 —=7), (5,07)~ (5,07) fors>0,

(s,—7) ~(5,07), (5,07)~(s,1—7) fors<O0.
(We use the notation (s,07) for points in R x {0} € J(R x [—7,0]), and
(s,0%) for points in R x {0} € (R x [0,1 — 7]).) This is a smooth Riemann
surface with canonical cylindrical ends [0, 00) x S! at the positive puncture
and (—00,0] X R/7Z and (—00,0] x R/(1 — 7)Z at the negative punctures.
See Fig. 15.

A conformal parametrisation of ¥ near the point (0,0) is induced from
the map C — C, z — 22.% The Riemann surface ¥ carries a canonical smooth

5Consider the half-pair-of-pants £1 = Rx[—7,0] IIRx[0, 1—7] / ~, where (5,07) ~ (s,0T)
2

for s > 0. A conformal parametrisation near (0,0) is given by the map z — 22 defined
in a neighbourhood of 0 € {Rez > 0}. This map actually establishes a global conformal
equivalence between H = {z € C : Rez > 0,2(Rez)(Imz) € [-7,1 — 7]} and X1.

2
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closed 1-form dt.% Upon identifying the cylindrical ends at the negative punc-
tures with (—oo, 0] x S1, this canonical 1-form becomes equal to 7dt, respec-
tively (1 —7)dt at those punctures. The 1-form [, is defined to be the discon-
tinuous 1-form equal to dt on the cylindrical end [0,00) x S! at the positive
puncture, equal to Ld¢ on the cylindrical end (—oo, 0] x R/7Z at the first nega-
tive puncture, and equal to -1-dt on the cylindrical end (—o0, 0] xR/(1—7)Z
at the second negative puncture. Equivalently, upon normalising the cylindri-
cal ends at the negative punctures into (—oo, 0] x S*, the 1-form (3, is simply
dt. This discontinuous 1-form [, can be interpreted as a limit of 1-forms
which are obtained by interpolating from 7dt and (1 —7)d¢ (near 0) towards
dt (near —o0) in the normalised cylindrical ends at the negative punctures,
where the interpolation region shrinks and approaches s = 0. It was noted
in Sect. 7.2 that the limit case defines a Fredholm problem M45(z;7, %)
with jumping Lagrangian boundary conditions. The Fredholm problem be-
fore the limit is naturally phrased in terms of the Riemann surface ¥ without
boundary, but it can be reinterpreted as a problem with Lagrangian bound-
ary conditions by cutting ¥ open along {s = 0}. As such, it converges in the
limit to the Fredholm problem with jumping Lagrangian boundary conditions
described above. By regularity and compactness, the two Fredholm problems
are equivalent near the limit, and the corresponding counts of elements in
0-dimensional moduli spaces are the same. O

7.4. Abbondandolo—Schwarz coproduct equals loop coproduct

Recall the Hamiltonian H : S'xT*M — R from Sect. 7.2 and its fibrewise Le-
gendre transform L : S' x TM — R from Sect. 2.2. Also recall from Sect. 2.2
the notations concerning the Morse complex M, of the action functional
S, which we will use freely. In particular, 0 denotes the Morse boundary
operator and A the coproduct from Remark 2.12.

We assume that M is oriented and we use the Morse complex twisted
by the local system ¢ obtained by transgressing the second Stiefel-Whitney
class.

Following [4], for « € Crit(Ay) and a € Crit(SL), we define

M(z):={u:[0,00) x S = T*M | dgu =0,
U(-I-OO, ) =7, u(07 ) c M}
and
M(z;a):={u € M(x) | u(0,-) € W (a)}, (33)

where W™ (a) is the stable manifold of a for the negative pseudo-gradient
flow of Sp. See Fig. 4.

Footnote 5 continued

The Riemann surface ¥ admits a natural presentation as the glueing of two copies of

331. Accordingly, it can be identified to H U —H/ ~ where the equivalence relation ~
2

stands for suitable identifications of boundary components. The map z — 22 defined in
a neighbourhood of 0 € H U —H/ ~ provides a conformal parametrisation of ¥ near the
point (0,0).

SRead through the identification of ¥ with H U —H/ ~, this is 2d(zy) in a neighbourhood
of 0.
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For generic H these are manifolds of dimensions
dim M(x) = CZ(x), dim M(z;a) = CZ(x) — ind(a).
The signed count of 0-dimensional spaces M (z;a) defines a chain map
v:FC, — MC,, a— Z #M(x;a)a.
ind(a)=CZ(a)
The induced map on homology is an isomorphism
U, : FH, — MH, = H,(A; 0)
intertwining the pair-of-pants product with the loop product.

Proposition 7.4. The map ¥ descends to an isomorphism on homology mod-
ulo the constant loops

U, : FH>° = MH>° = H, (A, Ag;0)

which intertwines the Abbondandolo—Schwarz coproduct NS with the loop
coproduct .

Proof. For x € Crit(Ag) and b, ¢ € Crit(Sy) define
MF(z):={(o,7,u,v,w) | 0 € [0,00), 7 €[0,1],
u:[o,00) x St — T*M,v,w : [0,0] x S* — T*M,
dpgu=0gv=0gw = 0,
u(+o00,:) =z, v(0,t) € M, w(0,t) € M,
v(o,t) = u(o,7t), wlo,t) =u(o, 7+ (1 —7)t)},
MT(x;b,¢):={(0, 7, u,v,w) € MT(x) |
v(0,-) € WH(b), w(0,-) € Wt (c)},
M~ (z;b,¢):={(0,7,u,,3,7) | 0 € (—00,0], 7€ [0,1], u € M(x),
a=¢_o(u0,"), B €W (D), veWT(e),
B(t) = a(rt), v(t) = a(r + (L= 1)t)},

where M (x) was defined above and ¢5 : A — A for s > 0 denotes the flow
of the negative pseudo-gradient of Sy. Note that «, 3,7 in the definition of
M~ (x;b,¢) are actually redundant and just included to make the definition
more transparent. As above it follows that for generic H these spaces are
transversely cut out manifolds of dimensions dim M™*(z) = CZ(z) —n + 2
and

dim M (z;b,¢) = dim M~ (z;b, ¢) = CZ(x) — ind(b) — ind(c) — n + 2.
We set

M (250, ¢):=MT(z;b,¢) ITT M~ (z;b, ¢).
If this space has dimension zero it is compact and defines a map

©:FC., - (MC®MC)._pia, T = Z#M(Qiirnzo(x;b’ c)b®c.
b,c
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If it has dimension 1 it can be compactified to a compact 1-dimensional
manifold with boundary

3M(211m=1(56; b, C) = H M(x; :z:’) % M(thzo(x/; b, c)
CZ(z')=CZ(z)—1
I H MBGimeo(3 6/, ¢) x M(';b)
ind(b’)=ind(b)+1
o H MBim—o (x50, ¢") x M(c';¢)
ind(¢’)=ind(c)+1
il HM}iim:O(x§y,Z) x M(y;b) x M(z;¢)

Y,z

I []M(@:a) x Mio(asb, o)

T M2_, (w;b,¢) TTM?_o (250, ¢),

where M1 (a; b, c) are the moduli spaces in Remark 2.12 defining the coprod-
uct A with ft = id. Here, the first term corresponds to splitting off of Floer
cylinders, the second and third ones to splitting off of Morse pseudo-gradient
lines, the fourth one to 0 = +00, the fifth one to 0 = —o0, and the last two
terms to the intersection of M?(z;b,c) with the sets {r = 1} and {r = 0},
respectively. The intersections of M (z;b, c) with the set {o = 0} are equal
with opposite orientations and thus cancel out. Therefore, we have

(0 ®id +id ® 9)O + 00" = (¥ @ V)AYS — AU + 0, — O, (34)
where for ¢ = 0,1, we set
©;: FC, » (MC®MC)s_ny1, x> Y #M2_(m;b0)bec.
b,c
Arguing as in the previous subsection, we see that the ©( has image in

MCI° ® MC,, and ©; has image in MC, ® MC;°. Together with Eq. (34)
this shows that © descends to a map

O:FC7% - (MC”° @ MC>Y),_ 42

between the positive chain complexes which is a chain homotopy between
(U ® ¥)A4% and A\, which concludes the proof. O

8. Loop coproduct for odd-dimensional spheres

In this section, we compute the loop coproduct on reduced loop homology
H,(AS™) = H,(AS™) of odd-dimensional spheres S™. For its definition, we
use a Morse function S” — R with only two critical points, the minimum
and the maximum, and a vector field v (or equivalently a 1-form 7) which
is nowhere vanishing. By Proposition 4.7, the coproduct does not depend on
these choices if n > 2. For the same reason, in the definition of the loop
coproduct, we can use a constant family v” = v instead of the family v”
interpolating between v° = v and v! = —v from Sect. 2.2 (see Remark 4.8).
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In the case n = 1, we will see that the loop coproduct actually depends on
the choice of v.

For our computation, we first give a third definition of the loop coprod-
uct on reduced loop homology in terms of singular homology.

8.1. Topological description of the loop coproduct

We define the loop coproduct on singular loop homology relative to x-point.
It is induced by a densely defined operation

A:Cu(A) = Cp1_n(A X A)

on singular chains constructed as follows. The beginning of the construction is
like in Sect. 2.2. We fix a small vector field v on M with nondegenerate zeroes
such that the only periodic orbits of v with period < 1 are its zeroes, and
we consider a generic family of vector fields v7, 7 € [0, 1] which interpolates

between 1° = v and v! = —v. We denote f7 : M — M, t € R the flow of
v7, and f7 = f{. For each ¢ € M, we denote as in Sect. 2.2 the induced path
from ¢ to f7(q) by m : [0,1] — M, m(t):=f] (¢q), and the inverse path by
(7)1,

In the spirit of [13], let a : K, — A be a chain such that the map

eva i Ko x [0,1] = M x M, (a,7) = (7 (a(2)(0)), alz)(r))
is transverse to the diagonal A C M x M. Then,
Kx@i=evi  (A) = {(2,7) € Ka x [0,1] | a(2)(r) = /7 (a(@)(0))}
is a compact manifold with corners and we define
Aa) : K@) — A x A
by

A@) (@, 7)i= (0@l o, # (T y0) ™" ooy o #a(@)] )
See Fig. 1 where o = a(x). At 7 = 0 and 7 = 1 the condition in K, becomes
a(z)(0) = q € Fix(f), respectively a(z)(1) = ¢ € Fix(f!), and denoting the
constant loop at g by the same letter we find
Aa)(z,1) = (a(z)#q.9),  Ma)(z,0) = (¢, q#a(x)).
It follows that
OX(a) £ A(0a) = Z ind_,(q)(aeq) x q— Z ind,(¢)g x (g e a),
qE€Fix(f1) q€Fix(f0)

where ¢ is viewed as a 0-chain and the loop products with the constant loop
q are given by

aeq:Koeg={ve€Kala(x)(0)=q} = A, z—a(x)#q,

goa: Ky ={re K, |qg=0a(z)(0)} — A, x — q#a(z).
Here, the signs indy,(q) arise from the discussion before Remark 2.8, noting

that the restriction of ev, to 7 = 0 or 7 = 1 is the composition of the
evaluation K, — M,  +— a(z)(0) and the map M — M x M, q — (f%(q),q),

respectively ¢ — (fl(Q)7 Q)-
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Let us now fix a basepoint gy € M and consider a such that the map
evgo: Kq — M, x — a(x)(0)

is transverse to go. We choose all zeroes of v (i.e. fixed points of fO and f1)
so close to go that ev, o is transverse to each of them. Then, after identifying
the domains Kgeq With Ky e, and transferring loops at g to loops at go, we
have

OM(a) % A(9a) = x((a ® 40) x @0 — a0 % (a0 % ) ), (35)

where X =} cpig(p1) Ind—u(q) = X epix(po) Indu(q) is the Euler character-
istic of M. Recalling the notation C,(A, xpt):=C,(A)/xRqo for the chains
relative to x-point, we see that A induces a chain map C,A — (C(A, xpt) ®
C(A, xpt))s+1—n- Moreover, this factors through C.(A,xpt): if n > 2 this
holds for degree reasons, and if n = 1 this holds tautologically because
the Euler characteristic is zero. The outcome is a coproduct H, (A, xpt) —
(H (A, xpt)@H (A, xpt))sr1—n on the homology relative to x-point. Under our
standing assumption of orientability on M, this is the same as a coproduct
on reduced loop homology H.A — (HA ® HA). i1 p.

8.2. Loop coproduct for spheres of odd dimension n > 3
>

In this subsection, we use Z-coefficients and assume n > 3 is odd. Recall from
[23] that the degree shifted homology of the free loop space of S™ is the free
graded commutative algebra

H*(Asn) = H*—HL(ASn) = A[A7U]7 ‘A| =N, |U‘ =n- 15

where the shifted degree |a] is related to the geometric degree by |a| = dega—
n. Here, A is the class of a point (of geometric degree 0) and U is represented
by the descending manifold of the Bott family of simple great circles tangent
at their basepoint to a given non-vanishing vector field on the sphere (of
geometric degree 2n — 1). Since x(S™) = 0, the coproduct A is defined on
H,.(AS™) and has shifted degree 1—2n (and geometric degree 1 —n). The unit
1 is represented by the fundamental chain of all constant loops (of geometric
degree n).

We begin with some explicit computations of coproducts, to be com-
pared to [29].

Lemma 8.1. For n > 3 odd, the loop coproduct on H,(AS™) satisfies
(a) A(4) = A(1) = 0,
(b) MAU) =A® A,
(c) MAU?)=A® AU + AU ® A,
(d) MU)=A1-1® A.

Proof. We will actually prove these relations in H,(AS™), in which case (a-c)
remain unchanged, but (d) becomes \(U) = A® 1+ 1® A (the sign change
comes from the odd degree shift by n).

We recall the observation made at the beginning of this section that in
the definition of the loop coproduct, we can use a constant family of vector
fields v™ = v. We fix such a choice in the sequel, with v small and nowhere
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vanishing. We denote f; = f; the flow of v = v, and we denote f™ = f the
time-one flow.

(a) To prove A(A) = 0, we represent A by the constant loop at go. Then,
f7(q0) # qo for all values of 7 € [0, 1] and therefore A(A) is supported by the
empty set. To prove A(1) = 0, we represent 1 by the S™-family of constant
loops and note that f7(q) # ¢ for all ¢ € S™. Thus, A(1) is supported by the
empty set.

(b) We fix a unit tangent vector vy at ¢y and we represent AU by
the (n — 1)-chain a : K"1 — AS™ of all circles with fixed initial point
go and initial direction vg. (K™~ ! is the (n — 1)-disc of all 2-planes in R"*!
through ¢y containing the vector vg, whose boundary is mapped to ¢g.) Then,
a(k)(0) = qo for all k € K"~ 1. Since the evaluation map (k,7) — a(k)(7)
covers S™ once, there exists a unique (k,7) for which a(k)(t) = f7(q) =
f(qo). Therefore, A(a) is homologous to the 0-cycle A ® A.

(c) We represent AU? by the (2n — 2)-chain a : K*"=2 — AS™ of all
circles with fixed initial point go. (K?"~2 is a fibre bundle K"~ — K?2"~2 —
S"=1 where S"~!is the (n—1)-sphere of all initial directions at gg and K™~!
is the (n—1)-disc from (b) of all circles through ¢ in a given initial direction.)
Then, a(k)(0) = qo for all k € K*"~2. Recall that f(go) # qo is a point close
to qo. Let us fix some initial direction vy at qo. For every sufficiently large
circle (whose diameter is bigger than the distance from ¢ to f(qg)) with
initial point ¢y and initial direction vy there exist precisely two rotations of
the initial direction such that the rotated circles pass through f(go). One
of these rotated circles passes though f(go) near 7 = 0 and the other one
near 7 = 1. As the circle varies over the (n — 1)-chain K"~1 of all circles
with initial point gy and initial direction vy (and we let f(go) move to go),
these two families of rotated circles give rise to cycles representing the classes
A® AU and AU ® A, respectively.

(d) We represent U by the (2n —1)-chain a : K?"~! — AS™ of all circles
starting at their basepoint ¢ € S™ in direction v(g). (K?"~! is a fibre bundle
K=t — K2n=1 87 where S™ corresponds to the initial points and K?~!
is the (n — 1)-disc from (b).) For every g, there exists a unique circle a(z4)
starting at ¢ in direction v(q) and passing through f(g). Since all the circles
constituting the chain a are simple, there is a unique 7, such that a(z,)(7,) =
f(q) = fma(a(z4)(0)). By splitting each a(x,) at the parameter value 7, using
the path m,(t) = fi(g), we obtain a cycle s : S™ — A x A that represents A(a).
This cycle has degree n, it sits over the diagonal A C S™ x S™ as an element
of the fibration (ev,ev) : A x A — S™ x 8™ and denoting 7 : A xgn A — S™
the restriction of this fibration to the diagonal, we have mos = Idgn. On the
other hand, H, (A xgn A) has rank 1, generated by the class of the diagonal:
that the rank is at most 1 follows by inspection of the spectral sequence of
the fibration Q5™ x QS™ < A xgn A — S™, using the fact that H,(Q2S™) is
a polynomial ring on one generator in degree n — 1, and that it is at least
one follows from the fact that the diagonal is a section. This implies that the
cycle s is homologous to the diagonal A C S™ x S™ in A X gn» A, hence also in
A x A, and we conclude A\(U) = [A] = pt] @ [S"]+[S"]@[pt] = A®1+1® A
in H,(A) @ H.(A).
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The previous proof uses an algebraic argument related to the diagonal.

An alternative, entirely geometric proof can be given in case the sphere S™
admits two orthogonal non-vanishing vector fields. (By Adams’ theorem [8],
this is the case if and only n+1 is divisible by 4.) We pick v to be one of these
and denote w the other one. We represent U by the (2n—1)-chaina : K2~ ! —
AS™ of all circles starting at their basepoint ¢ € S™ in direction w(q). Thus,
for every g € S™, there exists a unique circle a(z4) starting at ¢ in direction
w(q) and passing through f(g), and since all the circles constituting the chain
a are simple there is a unique 7, such that a(z,)(74) = f(q) = f™(a(z4)(0)).
Since v is orthogonal to w, each circle a(z,) is small and the resulting cycle
A(a) can be deformed in A x A to the diagonal A C Ag x Ag. In turn, this is
represented in H,(Ag) ® H.(Ag) by [go] ® [Ao] + [Ao] @ [qo], ie. AR1+1® A.
O

Note that Lemma 8.1 is compatible with graded cocommutativity of A
on H,A, i.e. 7TA = —\. To compute the full expression of the coproduct, we
use the following structural result from [21].

Theorem 8.2. ([21, Theorem 6.4]) Let M be a closed manifold of dimension
n > 2. Then, the loop homology H.(AM) endowed with the loop product p and
the loop coproduct X is a commutative and cocommutative unital infinitesimal
anti-symmetric bialgebra. In particular, the following “unital infinitesimal
relation” holds:

A=A N) +(1eou)A 1) — (ke ) (1o Al 1),
where we denote 1 the identity map and 1 the unit for the product. O
For M = S™ with n > 3 odd, we proved in Lemma 8.1 that A1 = 0, so the

unital infinitesimal relation reduces to the so-called “infinitesimal relation”,
or “Sullivan relation”

M= (po DA N+ (1o p)(\e1).

Such a relation was conjectured in [36]. Note that Sullivan’s relation is not
satisfied by the “extension by 0” loop coproduct from [29].

Proposition 8.3. Forn > 3 odd, the loop coproduct on H,(AS™) satisfies for
allk >0

ANUF) = Y (AUTRU -U' e AUY),
1,720, i+j=k—1
MAUF) = > AU @ AUY.

i,§20, itj=k—1

Proof. The proof is a straightforward induction on k using knowledge of u,
Sullivan’s relation, and the values A(A) = 0 and A\(U) = A1 -1® A
from Lemma 8.1. As an example, the values of A(AU) and A(AU?) from
Lemma 8.1 can be recovered as follows. For the computation, recall that the
shifted degrees of A, AU, \ are odd, the shifted degree of U is even, and
A? =0.
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AMAU) = MA@ U)
=pel)(IeoN)(AxU)+ (1A l)(AxU)
= —(pe DA MU)) + (L& p)(A(A) 2 U)
=—(pe (A2 (A1-18 A))
=A® A
MAU?) = \u(AU @ U)
(LeDARNATU@U)+ (1@ pn)(Ae 1)(AU @ U)
= —(p@ ) (AU @ \U)) + (1® p)(A(AU) @ U)
=—(paDAU®R(A®1-10A4)+ (1o u) (A AxU)
=AU A+ A® AU.

O

Remark 8.4. We note in particular that this extended coproduct on reduced
homology has contributions from the constant loops, unlike the one from
[29]. These contributions from the constant loops play an essential role for
the unital infinitesimal algebra structure.

The previous computation allows us to recover the Sullivan—Goresky—
Hingston coproduct on H, (AS™, Ag) = H.qn(AS™, Ag) [27,29]. Our method
ultimately relies on the infinitesimal relation and involves a minimal geomet-
ric input in the form of Lemma 8.1 (a) and (d). In comparison, the compu-
tation from [29] of the coproduct on H.(AS™,Ag) relies on geometric input
which is quite involved. In a sense, the “algebra” of the infinitesimal relation
replaces the “geometry” of spaces of circles from [29].

Corollary 8.5. For n > 3 odd, the Sullivan—Goresky—Hingston coproduct on
HL.(AS™, Ao) is given by

AU =Y (AU U - U e AUY),
i,j>1, itj=k—1
MAUF) = > AU @ AUY.

i,j21, itj=k—1

Proof. 1t is enough to discard the terms involving constant loops from the
formulas of Proposition 8.3. 0

8.3. Loop coproduct for S*

In this section, we study the loop coproduct on the loop space of S* = R/Z.
The degree shifted loop homology with R-coefficients is as a ring with respect
to the loop product given by

H*(Asl) :H*+1(A51) :A[A7 Ua U_1]7 |U| :Oa |A| = _17
where the classes AU* and U* are represented by the cycles

AU*(t) = kt, UF(r,t) = r + kt, rteS!, keZ.
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To define the loop coproduct A (of shifted degree —1), we need to pick a
nowhere vanishing vector field on S'. Up to homotopy there are two choices
of non-vanishing vector fields on S*,

vy (x) = *e,
for some fixed small € > 0. We associate to v4+ the 7-dependent vector fields
v (z) = £(1 —27)e, T€[0,1]

which agree with vy at 7 = 0 and with —vy at 7 = 1. Their time-one maps
are

fi(zr) =2+ (1—27)e.
In the next Proposition, we compute the coproducts A+ associated to this

choice of 7-dependent vector fields.

Proposition 8.6. The loop coproducts A\ on H,(AS') defined with the -
dependent vector fields vl are given for k € Z by
k i k=i
A A k>0,
LAty = Zipp AT E AT 0
Y AU AUR k<0,
AUty = | TinoAU @ U - Ut @ AU, k>0,
T - S (AU e UM — Ui AURY, k<0,
k—1 ; i
~ AU @ AUk k
(AU = 28:1 U. ® Uk;, >0,
— > AU @ AU, k<0,
AUy = { TEAUTS U Ule AURT, k>0,
B - AUT R UR - Ul AURY), k<.
Proof. Let us compute Ay (AUF). By definition, we need to determine the
times 7 € (0, 1) such that
AU*(r) = kr = fL(AU*(0)) = £(1 — 2r)e mod Z,

ie. kt =i+ (1—27)e with i € Z. In other words, we are looking for the i € Z
such that

= 1).
4 ki2€€(0’)
For A\, we obtain
; i =0,...,k k>0,
_ 1+¢ € (0,1) z , kK,
k+ 2e i=k+1,...,—-1, k<0,

while for A_, we get

i—e i=1,... k-1, k>0
0,1) < Y ’ ’
=52 €O &:h”qm k<0.

This yields the expressions for A\ (AU¥), and A+ (U*) is computed similarly.
0
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Proposition 8.6 shows that for M = S the coproduct on reduced loop
homology does depend on the choice of a nowhere vanishing vector field. One
can verify that both coproducts A1 define together with the loop product
a commutative cocommutative infinitesimal anti-symmetric bialgebra in the
sense of [21] with

M) =x(A®1-1® A).
The unital infinitesimal relation reads now

Arp=(p@DA@AL) + (1@ p)A: @ 1) = (ke p)(A1e Ax(1) @ 1).

Remark 8.7. Just like in the case of higher dimensional spheres, the expres-
sions of the coproducts A+ on H,(AS') can be derived from the unital in-
finitesimal relation combined with knowledge of the product p and of the
values

=0.

For example, to compute A (U~!) one applies the unital infinitesimal relation
to U®U !, to compute A (AU 1) one applies the unital infinitesimal relation
to Aw UL (or to AUt ®@U) ete.

Remark 8.8. The example of the circle is very rich in that it also shows that
the condition v* = —v° for the family of vector fields v™ is necessary in order
for the coproducts to have a good algebraic behaviour. For example, with a
constant family v” = v, we find an operation A,, ,, given by

SV AU @ AU k>0,

Aoy, (AUF) = - , :
eos (AU7) {_zijkAUleaAUk—l, k<0,

My o ) = ] Do (AT@UM - UT® AU, k20,
e T oL (AU @ UR - U @ AURY), k<.

A direct check shows that this operation is neither coassociative, nor cocom-
mutative, though it satisfies the unital infinitesimal relation with A, ,, (1) =
0, i.e. Sullivan’s relation. Similarly, with the constant family v™ = v_, we find
an operation A, _,_ given by

k i k—i
AU @ AU, k>0,
Xo_ o (AU") = 23_1 i k—i
=ik AU ® AU, k<0,
SF (AU @ UF— — U @ AU*), k>0,

Moo (UF) = {

Again, this is neither coassociative, nor cocommutative, though it satisfies
Sullivan’s relation.

0 (AU QUM — Ui @ AU, k<0,
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Appendix A: Local systems

We describe in this section the loop product and the loop coproduct with
general twisted coefficients. This allows us in particular to dispose of the
usual orientability assumption for the underlying manifold. To the best of
our knowledge, the Chas—Sullivan product on loop space homology was con-
structed for the first time on nonorientable manifolds by Laudenbach [31],
and the BV algebra structure by Abouzaid [7]. In this appendix, we extend
the definitions to more general local systems, we take into account the coprod-
uct, and we discuss the adaptations to reduced homology and cohomology
groups H, A and H A. We also discuss the formulation and properties of the
isomorphism between symplectic homology and loop homology with twisted
coefficients.
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A.1. Conventions

We use the following conventions from [7, §9.7]. Given a finite-dimensional
real vector space V, its determinant line is the 1-dimensional real vector
space det V. = A™a*V. We view it as being a Z-graded real vector space
supported in degree dimg V. To any 1-dimensional graded real vector space
L, we associate an orientation line |L|, which is the rank 1 graded free abelian
group generated by the two possible orientations of L, modulo the relation
that their sum vanishes. The orientation line |L| is by definition supported
in the same degree as L. When L = det V', we denote its orientation line |V|.

Given a Z-graded line ¢ (rank 1 free abelian group), its dual line {~! =
Homy(¢,Z) is by definition supported in opposite degree as £. There is a
canonical isomorphism ¢~! ® ¢ = Z induced by evaluation.

Given a Z-graded object F', we denote F'[k] the Z-graded object obtained
by shifting the degree down by k € Z, i.e. Flk], = F,1,. For example, the
shifted orientation line |V|[dim V] is supported in degree 0. A linear map
f: E — F between Z-graded vector spaces or free abelian groups has degree
d if f(E,) C Fy4q for all n. In an equivalent formulation, the induced map
fld] :+ E — F[d] has degree 0. For example, the dual of a vector space or
free abelian group supported in degree k is supported in degree —k. This
is compatible with the grading convention for duals of Z-graded orientation
lines. Given a Z-graded rank 1 free abelian group ¢, we denote £ the same
abelian group with degree set to 0. For example |V| = |[V|[dim V].

Given two oriented real vector spaces U and W, we induce an orien-
tation on their direct sum U & W by defining a positive basis to consist
of a positive basis for U followed by a positive basis for W. This defines a
canonical isomorphism at the level of orientation lines

U@ |W||U o W|.
Given an exact sequence of vector spaces
0—-U—-V—-W =0,

we induce an orientation on V' out of orientations of U and W by defining
a positive basis to consist of a positive basis for U followed by the lift of a
positive basis for W. This defines a canonical isomorphism

Ul W] =|V].
The following example will play a key role in the sequel.

Ezample A.1. (normal bundle to the diagonal) Let M be a manifold of di-
mension n. Consider the diagonal A C M x M and denote vA its normal
bundle. Let p1 2 : M x M — M be the projections on the two factors, so
that we have a canonical isomorphism T(M x M) = piTM @ p5TM. When
restricted to A the projections coincide with the canonical diffeomorphism
p: A — M. We obtain an exact sequence of bundles

0—->TA —-p"TM & p*TM — vA — 0.

This gives rise to a canonical isomorphism |A| ® [VA| & p*|M| @ p*|M]|
and, because p*|M| ® p*|M| is canonically trivial, we obtain a canonical
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isomorphism
|A] 22 |vA|.

Explicitly, this isomorphism associates to the equivalence class of a basis
((v1,v1)s .-+, (Un,vn)), v € TyM of T(g o)A the equivalence class of the basis

([(0,v1)], ..., [(0,v,)]) of v(g,qA.

A.2. Homology with local systems

By local system, we mean a local system of Z-graded rank 1 free Z-modules.
On each path-connected component of the underlying space, we think of such
a local system in one of the following three equivalent ways: either as the data
of the parallel transport representation of the fundamental groupoid, or as
the data of the monodromy representation from the fundamental group
to the multiplicative group {£1} together with the data of an integer (the
degree), or as the data of a Z-graded Z[r]-module which is free and of rank
1 as a Z-module. Isomorphism classes of local systems on a path-connected
space X are thus in bijective correspondence with H'(X;Z/2) x Z, where
the first factor corresponds to the monodromy representation and the second
factor to the grading. Here, and in the sequel, we identify the multiplicative
group {£1} with the additive group Z/2. We refer to [9] for a comprehensive
discussion with emphasis on local systems on free loop spaces. One other
point of view on local systems describes these as locally constant sheaves,
but we will only marginally touch upon it in §A.3.

Given a local system v, we can change the coefficients to any commu-
tative ring R by considering vp = v ®z R. The monodromy of such a local
system still takes values in {£1}, and this property characterises local sys-
tems of rank 1 free R-modules which are obtained from local systems of rank
1 free Z-modules by tensoring with R.

Let X be a path-connected space admitting a universal cover X. Denote
its fundamental group at some fixed basepoint 7 = 1 (X). Interpreting a local
system v on X as a Z[r]-module, one defines singular homology/cohomology
with coefficients in v in terms of singular chains on X as

H (X;v) = H,(Cu(X; Z) Qi) v),
H*(X;v) = H.(Homg)(C4(X;Z),v)).

The homology /cohomology with local coefficients extended to a commutative
ring R are the R-modules

H*(X;Z/R) = H*(C*(X,Z) ®Z[7r] Z/R),
H*(X;vR) = H, (Homg (C.(X;Z), vR)).

In our grading convention, the cohomology with constant coefficients is sup-
ported in nonpositive degrees and equals the usual cohomology in the opposite
degree. The induced differential on the dual group Homg (C. (f( ;Z),vR) has
degree —1.

The tensor product v1 ® vy of two local systems is again a local system.
Its Z[r]-module structure is the diagonal one and its degree is the sum of the
degrees of the factors. Note that viewing vy, vs as elements in H*(X;Z/2) x Z,
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their tensor product is given by their sum 1y + v5. Operations like cap or
cup product naturally land in homology/cohomology with coefficients in the
tensor product of the coefficients of the factors.

Homology /cohomology with local coefficients behave functorially in the
following sense. Given a continuous map f : X — Y and a local system v
on Y described as a Z[m (Y)]-module, the pullback local system f*v on X
is defined by inducing a Z[m(X)]-module structure via f.. We then have
canonical maps

foi Ho(X; f*v) — Ho (Y ;v), ffH(Y;v) — H(X; f*v).

The algebraic duality isomorphism with coefficients in a field K takes
the form

H™MXugh) = Ho(Xm)Y, k€L

The map is induced by the canonical evaluation of cochains on chains. We
check that degrees fit in the case of graded local systems: given a local system
vk of degree d, and recalling our notation vg = vg[d] and vg ' = vy '[—d], we
have

Hy(Xsvg) = H—a(Xsvg),  H™"(Xoge') = H5H (XY,
so Hy(X;vg)Y and H=*(X; v ") both live in degree d — k.

A.3. Poincaré duality

Consider a manifold M of dimension n. We denote by |M| the local system
on M whose fibre at any point ¢ € M is the orientation line [T, M|, supported
by definition in degree n. We refer to |M| as the orientation local system of
M. The monodromy along a loop y is +1 if the loop preserves the orientation
(i.e. the pullback bundle v*T M is orientable), and —1 if the loop reverses it.
The local system |M| is trivial if and only if the manifold M is orientable.
A choice of orientation is equivalent to the choice of one of the two possible
isomorphisms | M| ~ Z. The local system | M|®Z/2 is trivial, and this reflects
the fact that any manifold is Z/2-orientable.

Suppose now that M is closed. Then, it carries a fundamental class
[M] € Hy(M; [M]) = Ho(M;|M|).

For any local system v on M, the cap product with a fundamental class
defines a Poincaré duality isomorphism

H*(M;v) — H,(M;v® |M|™"),  a— [M]Na

Remark A.2. Here is a description of the fundamental class using the inter-
pretation of local systems as locally constant sheaves (see for example [28],
Lemma 3.27 and Example 3H.3). Let M’ % M be the orientation double
cover. Given the constant local system Z on M’, the pushforward p.Z to M
has rank 2 and can be decomposed as |M| & Z (the map Z&Z — Z P Z,
(x,y) — (y,x) fixes the diagonal and ‘acts by —Id on the anti-diagonal).
The composition H,(M";Z) %5 H.(M;p.Z) = H.(M;|M|) © H.(M;Z) is
an isomorphism because p, is an isomorphism. Since H,(M;Z) = 0 if M
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is nonorientable, we obtain that H, (M;|M]|) has rank 1. A generator is the
image of a generator in H,,(M’;Z) via the above composition.

A.4. Thom isomorphism and Gysin sequence

Let E 25 X be a real vector bundle of rank r, and denote E the complement
of the zero section. Let |E| be the local system on X whose fibre at a point
x € X is the orientation line |E,| of the fibre of E at x. The local system |E|
is called the orientation local system of E and is supported in degree r. The
Thom class is a generator

T € H "(E,E;p*|E|) = H'(E, E;p*|E|).
The Thom isomorphism takes the form
Hy(E, E) = Hy_r(X;|E]) = Hy(X; |E]), k€
(cap product with 7), respectively
HY (X |B|™Y) = H (X5 B[ = HYEB.E),  keZ

(cup product with 7). More generally, for any local system v on X, we have
isomorphisms

Hy(E, E;p*v) = Hp—o(X;v @ |E|) = Hy(X;v @ |E]),
H¥X;v@|E|™Y) = HM"(X;v @ |E|™Y) = HY(E, E;pv).

Pulling back the Thom class under the inclusion ¢ : X — E of the zero section
yields the Fuler class

e=i't € H"(X;|E|) = H(X;|E]).

Denote by S C E the sphere bundle with projection 7 = pls : S — X. Then,
the long exact sequence of the pair (E, F) fits into the commuting diagram

.--H¥(E,E) —— H*(E) — H*(E) —— H*Y(E;E) - --

UTTE i*lu UTTM

o HE(XG|E|Y) = HR(X) s HR(S) — > HEY(XG B[ -

where the lower sequence is the Gysin sequence. More generally, for each local
system v on X, we get a Gysin sequence

- HMXv @ BTN 25 HRY (X w)
A HY(S;m*v) I HF Y (X v @ |E|7Y) -

A.5. Spaces of loops with self-intersection

Let M be a manifold of dimension n, A = AM its space of free loops of
Sobolev class W12, and ev, : A — M the evaluation of loops at time s. We
define

F={(7,0) e AxA|7(0)=4(0)} CAxA
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(pairs of loops with the same basepoint), and
Fs={rveAly(s)=70)}cA,  se(01)

(loops with a self-intersection at time s). Denoting f : A x A — M x M,
f=evgxevgand fo : A - M x M, fs = (evg,evs), we can equivalently
write

f:fil(A)a fs:fgl(A)

The maps f and f; are smooth and transverse to the diagonal A, so that
F and F, are Hilbert submanifolds of codimension n. Denoting vF and v.F;
their normal bundles, we obtain canonical isomorphisms

vF = f*UA, vFs = frvA.
In view of Example A.1, we infer canonical isomorphisms
F|l= frAl =evg M|, [vF| = fI|A] = evp|M], (36)
where, in the first formula, evy : F — M is the evaluation of pairs of loops
at their common origin.
Denote i : F «— A x A and i, : F; — A the inclusions. Recall the
restriction maps (7). Define the cutting map at time s
cs 1 Fs — F, 05(7) = (’Vl[O,s]a'ﬂ[s,l])
and the concatenation map at time s
71(§)7 te [O,S],

The maps ¢s and g5 are smooth diffeomorphisms inverse to each other. The
situation is summarised in the diagram

gs: F — Fs, 9s(71,72)(t) = {

AxA<— F 2= F ——> A

Cs

Lemma A.3. Let v be a local system (of rank 1 free abelian groups) on A
supported in degree 0. Denote p1o : A x A — A the projections on the two
factors. The following two conditions are equivalent:

ci(piv @pav)lF = vz, (37)

and

F.): (38)

Proof. The first condition is ¢ii*(piv ® piv) ~ i*v. Since g, is a homeomor-
phism, this is equivalent to

(piv @psv)|F ~ g5 (v

k ok xk

grciit(piv @ piv) ~ giiiv.

In view of csg5 = Id£,, this is the same as the second condition. O

Definition A.4. A degree 0 local system v on A is compatible with products if
it satisfies the equivalent conditions of Lemma A.3.
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A local system v which is compatible with products must necessarily
have degree 0 (and rank 1). Also, v|p must be trivial: restricting both sides
of (37) or (38) to the constant loops yields v|y @ v|p =~ V|-

Remark A.5. Local systems which are compatible with products play a key
role in the sequel definition of the loop product and loop coproduct with local
coefficients. Condition (37) is the one that ensures the coproduct is defined
with coefficients twisted by v, whereas condition (38) is the one that ensures
the product is defined with coefficients twisted by v. That the two conditions
are equivalent can be seen as yet another instance of Poincaré duality for free
loops.

We refer to Remark A.11 for an additional condition on the isomor-
phisms (38) which is needed for the associativity of the product and coasso-
ciativity of the coproduct.

Ezample A.6. (Transgressive local systems) Let A = U,A,M be the de-
composition of the free loop space into connected components, indexed by
conjugacy classes « in the fundamental group. We view loops v : S! — A
as maps v x St : St x S* — M, (u,t) — ~(u)(t). This induces a map
T (AaM) — Hi(AyM;Z) — Ho(M;Z), [y] — [y x S]. Dually, and special-
ising to Z/2-coefficients, any cohomology class ¢ € H?(M;Z/2) determines a
cohomology class 7. € H'(A;Z/2) =[], Hom(m (Ao M); Z/2) via

(e, ) = (e [y x S™]).

We denote the corresponding local system on A also by 7.. Degree 0 local
systems obtained in this way are called transgressive [7].

Transgressive local systems are compatible with products. Indeed, the
identity (38) is a direct consequence of the equality [gs(71,72) X St = [y1 x
St + [y2 x S, which holds in Hy(M;Z) for all (y1,72) : St — F.

The transgressive local system

O = Tu, (39)

defined by the second Stiefel-Whitney class wy € H?(M;Z/2) will play a
special role in the sequel.

Ezample A.7. Following Abouzaid [7], define for each loop v € A the shift

0, if v preserves the orientation,
—1, if v reverses the orientation.

Define the local system

6= evg M| (40)

to be trivial on the components where + preserves the orientation, and equal
to evj| M| on components where 7 reverses the orientation.

The local system 6 is compatible with products: the equality w(y;) +
w(v2) = w(gs(y1,72)) holds in Z/2 for all (y1,72) € F. Note that the local
system o0 is not transgressive and, in case M is nonorientable, it is nontrivial
on all connected components A, M whose elements reverse orientation.
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Question A.8. Characterise in cohomological terms the local systems on A
which are compatible with products. For example, it follows from [9, Lemma 1]
that, on a simply connected manifold, a local system v is compatible with
products if and only if v|pr 4s trivial. A mild generalisation is given by |9,
Proposition 10].

A.6. Loop product with local coefficients

Following [27], we view the loop product as being defined by going from left
to right in the diagram

AxAe—F-LA,

where g = i,g5 for some fixed s € (0,1). More precisely, the loop product with
integer coefficients is defined as the composition

H;(A;Z) @ Hy(A;Z) < Hig (A x A;Z)
i+j(1/‘7:a Vf,Z)
i+q(Frevg|M])
I iy (A evy M]).
The first map is the homology cross-product corrected by a sign e = (— 1)”(”")
([29, Appendix B]), the second map is the composition of the map induced
by inclusion A X A — (A x A, A x A\F) with excision and the tubular neigh-
bourhood isomorphism, and the third map is the Thom isomorphism. In case
M is not orientable the loop product does not land in homology with integer
coefficients and thus fails to define an algebra structure on H,(A;Z). This
can be corrected by using at the source homology with local coefficients.
Definition A.9. Define on A the local system
pw=evy| M|t
The archetypal loop product is the bilinear map
ot Hy(Ayp) © Hy(Asp) — Hisj(Asp)
defined as the composition
Hi(A; p) ® Hj(A; u) <5 Hiyj (A x Aspip @ php)
i+ (WF, 0T pip @ paplur)
+i(F
i+ (

s (i @ pap)|F @ eve| M)

1)-

The description of the maps is the same as above, with € = (—1)" be-
cause of the shift H;(A;pu) = Hiyn(A; u). However, one still needs to check
that the local systems of coefficients are indeed as written. For the first, sec-
ond and third map the behaviour of the coefficients follows general patterns.
For the last map, we use that

(Pin @ psp)| 7 @ evg| M| ~ g*p,
which is true for our specific u = evj|M|~1.

+3j

J
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The archetypal loop product is associative, graded commutative, and it
has a unit represented by the fundamental class

[M] € Ho(M;|M|™") = Hn(M;|M])

from §A.3. With our grading conventions, the archetypal loop product has
degree 0 and the local system p is supported in degree —n. In the case where
M is oriented, we recover the usual loop product.

More generally, the loop product can be defined with further twisted
coefficients.

Definition A.10. Let v be a degree 0 local system (of rank 1 free Z-modules)
on A which is compatible with products. The loop product with coefficients
twisted by v is the bilinear map

o: Hi(Asv@p)@ Hi(Ajv @ p) — Hip (A v @ )
(with = ev§|M|~! as above) defined as the composition
Hi(Av @ p) @ Hi(Asv @ p)

s Hiyj(A X A; (plv @ phv) @ (pipn @ pi)
i+j (WF 0F; (Div @ pyv) @ (pip @ pip)|ur)

(
i3 (F; (0Tv @ pav) @ (pTp @ pap)|F @ evy| M)
Z+](A V®/~L)

As before, we have ¢ = ni. For the last map, we use the isomorphism
(pin @ p3p)|F @ evg|M| ~ g*p, and the isomorphism (pjv @ psv)|F ~ g*v
which expresses the compatibility with products for v.

The loop product with twisted coefficients is graded commutative and
unital. Recalling that the compatibility with products for v forces its restric-
tion to M to be trivial, the unit is again represented by the fundamental
class

[M] € Ho(M;v|y @ |M|™Y) = Ho(M; |M|™") = Ha(M;|M]).

Remark A.11. Associativity of the loop product with twisted coefficients
depends on the following associativity condition on the isomorphisms (37)
and (38). Given s,s' € (0,1) denote s” = (s — ss’)/(1 — ss), so that
gsr 0 (gs X id) = gss © (id X ggv). Denoting @, : (piv @ p5v)|z — giv|s
the isomorphism from (38), we require the associativity condition

CI)SS/ e} (Id® (PS//) = <I>S/ [e] (q)s ® Id)

This holds for the transgressive local systems from Example A.6 and for the
local system in Example A.7.

Also, because (37) and (38) are equivalent, this condition on (38) will
guarantee coassociativity of the coproduct, see below.
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A.7. Loop coproduct with coefficients

Again following [27], we view the primary coproduct on loop homology as
being defined by going from left to right in the diagram

Ae—F, =5 AxA

for some fixed s € (0,1), where ¢s stands for ics in the notation of §A.5.
We restrict in this section to coefficients in a field K and all local systems
are accordingly understood in this category. The reason for this restriction is
explained below. The primary coproduct with constant coefficients is defined
as the composition

Hk(A,K) —_— Hk(l/fsa l)fs§K) -~ Hk(]:s§6V3|M|)
e Hy(A % Aspiev| M) 25 @, Hi(As evg| M) @ Hy (A K).

The first map is the composition of the map induced by inclusion A — (A, A\
Fs) with the excision isomorphism towards the homology rel boundary of a
tubular neighbourhood of Fs. The second map is the Thom isomorphism. For
the third map, we use that cipjev{ = ev{. The fourth map is the Alexander—
Whitney diagonal map followed by the Kiinneth isomorphism.” Just like for
the loop product, we see that if M is nonorientable the primary coproduct
fails to define a coalgebra structure on H,(A;K). This is corrected using
homology with local coefficients as follows.

Definition A.12. Define on A the local system

or=evy|M|=pt.

The archetypal primary coproduct is the bilinear map
Vst Hp(A;0) — @ H;(A;0) ® Hj(A;0)
i+j=k
(for some fixed s € [0, 1]) defined as the composition
Hy(A;0) — Hi(vFs, 0 Fs;0lur.)

= Hy(Fs;0@ evy|M])

Csx

—5 Hy (A x A;pio ® p3o)

AW H;(A;0) ® Hj(A;0).

i+j=k
With our grading conventions, this coproduct has degree 0. Taking into
account that o = ev{| M| is supported in degree n, this results in the coprod-
uct having the usual degree —n in ungraded notation. In the orientable case
it recovers the usual primary coproduct.
Just like the product, the primary coproduct can be defined with further
twisted coefficients.

"The Alexander-Whitney diagonal map [25, V1.12.26] takes values in H, (Cx(A;evi|M|) ®
C«(A)) with arbitrary coefficients. In order to further land in Hy(A;evy|M|) ® Hy(A), we
need to restrict to field coefficients so the Kiinneth isomorphism holds. Alternatively, one
needs to modify the target of the coproduct to be Hx«(A x A;pievi|M|), see [29].
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Definition A.13. Let v be a degree 0 local system (of rank one K-vector
spaces) on A which is compatible with products. The primary coproduct with
twisted coefficients is the bilinear map

Vs Hy(Ajv @ 0) — @ Hi(Ajv®o)® Hi(Ajv ® o)
itj=k
(with o = ev§| M| as above and some fixed s € [0,1]) defined as the compo-
sition
Hi(A;v @ 0) — Hyp(vFs, vFs;v ®@olur,)
— Hyp(Fa;v @ 0%%)

Cox

=5 Hip(A X A;pi(r ® 0) @ p5 (v ® 0))

A Hi(Av®o0) @ Hj(Asv ® o).

i+j=k

In the definition, we use ¢&(pjo®p50) ~ o®o, and the condition % (pjr®
psv) =~ v|z, which is part of the condition of being compatible with products
for v.

The arguments of Goresky—Hingston [27, §8] which show that, in the
orientable case, there is a secondary coproduct of degree —n + 1 defined on
relative homology H. (A, Ag; K), apply verbatim in the current setup involving
local coefficients. As an outcome, we obtain the following.

Definition-Proposition A.14. For any degree 0 local system v of rank one K-
vector spaces on A which is compatible with products, there is a well-defined
(secondary) loop coproduct with twisted coefficients (abbreviate o = ev{|M])

Vi Hiy(A,Agsv ®0) — @ H;(A, Aosv @ 0) @ Hj (A, Ao; v @ o).
i+j=k+1
O

As explained in [29], in order for this secondary coproduct to be coas-
sociative in the case of a constant local system v, we need to correct the
ij-component of the secondary product induced by the previously defined
primary product by a sign € = (=1)»=DU=") (see [29, Definition 1.7] and
note the shift in grading H;(A, Ag;v ® 0) = Hj_,(A, Ag; v ® 0)). With this
correction, the coproduct with constant local system v is also graded cocom-
mutative if gradings are shifted so that it has degree 0. However, it has no
counit (this would contradict the infinite dimensionality of the homology of
A).

In the case of coeflicients twisted by a local system v which is noncon-
stant, coassociativity further requires that the isomorphisms ®, expressing
compatibility with products for v satisfy the condition from Remark A.11.
The coproduct is then also cocommutative.

One obtains dually a cohomology product [27,29]. Note that, in contrast
to the loop coproduct, the dual loop cohomology product is defined with
arbitrary coefficients because its definition does not require the Kiinneth
isomorphism.
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Definition-Proposition A.15. For any degree 0 local system v of rank 1 free
abelian groups on A which is compatible with products, there is a well-defined
cohomology product with twisted coefficients (abbreviate u = evy|M|~1)

®: H' (A, Aosv @ p) @ HY (A, Ao;v @ pu) — H I 7H(A, Ag; v @ ).
U

The cohomology product with twisted coefficients is associative. It is
also graded commutative when viewing it as a degree 0 product on H*~!
(Aa AO; v N)

A.8. Reduced- vs. loop homology relative to x-point

We explain in this section the interplay between reduced loop homology and
loop homology relative to x-point in the presence of local coefficients.

Recall the previous notation o = evi|M| = p~1, and let v be a local
system compatible with products. The arguments of Sect. 2.2 carry over
verbatim to give a description of the loop product and coproduct in Morse
homology with local coefficients in v ® u, respectively v ® o. For a definition
of Morse homology with local coefficients, we refer to [7, §11.3] or [33, §7.2].

The reduced loop (co)homology groups M H, and MH" are defined with
local coefficients as follows. Recall that v|ps is trivial. We consider the map
€ given as the composition

H*(Ajv @ p) —— H.(Ajv @ p)

l |

HO(M; p) ——— Ho(M; 1)

where the vertical maps are restriction to, respectively inclusion of constant
loops, and ¢q is induced by multiplication with the Euler characteristic. We
then define

MH*(A;I/®H):ker5, MH.(A;v® p) = cokere.

Thus, MH . (A;v@u) = MH,_,(A;vep) and MH,(A;v@0) = M H .y n(A;v®
). Similarly to Sect. 2.2, the loop product descends to M H.(A;v ® i) be-
cause ime C H,(A;v ® ) is an ideal. -

The loop (co )homojogy groups relative to x-point are defined with local
coefficients as follows. Recall again that v is trivial. Consider the embed-
ding xRqo — MC.(A;v ® o) given by the inclusion yR < R and define the
Morse chains relative to x-point as M C\ (A, xpt; v®@0) = MC.(A; v®0)/xRqo.
Similarly consider the projection m : MC*(A;v ® ) — Rqo and define the
Morse cochains relative to x-point to be MC* (A, xpt;v@pu) = 7~ ker(R =X
R). The loop (co)homology groups relative to x-point are

MH. (A, xpt;v ® 0) = Hi(MCL (A, xpt; v ® 0)),
MH*(A, xpt;v @ p) = H* (MC*(A, xpt;v @ ).

The arguments of Sect. 2.2 carry over verbatim in order to show that the loop
coproduct extends to M H, (A, xpt; v®o) (for algebraic reasons, we need to use
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field coefficients as in §A.7). Interpreted dually as a product on cohomology,
this is defined with arbitrary coefficients on M H*(A, xpt; v ® u).

The comparison between reduced loop homology and loop homology rel-
ative to a point goes as follows. Recalling that i = o0, we have a commutative
diagram B

RQOHMC (Asv @ p)

.

0 —— xRqo —— MC.(A;v ® 0) —— MC, (A, xpt;v @ p) —=0
which induces

R—>~ MH,(A; v@p) —— MH.(A;v @ p)

| i

..——>xR——= MH,(A;v®0) —— MH, (A, xpt;v ® 0) ——
We thus get a canonical map
MH.(Av @ p) — MHL (A, xpt;v @ o) (41)

which is an isomorphism if and only if the map yR — MHy(A;v ® o) is
injective. To study its injectivity, we can restrict without loss of generality to
the component of contractible loops, in which case the target of this map is
R if v ® o is trivial and R/2R if v ® o is nontrivial on that component. We
thus obtain injectivity of this map, and an isomorphism in (41), under any
of the following conditions:

(i) v ® o is trivial on the component of contractible loops.
(i) x = 0.

(iii) R is 2-torsion.

A.9. Isomorphism between symplectic homology and loop homology

We spell out in this section the isomorphism between the symplectic homol-
ogy of the cotangent bundle and the homology of the free loop space with
twisted coefficients.

For the next definition, recall the local systems

T = Ty, o=-evy|M|™"
from (39) and (40), as well as the orientation local systems
ot

p=evp| M|~ =

Definition A.16. (Abouzaid [7]) The fundamental local system for symplectic
homology of the cotangent bundle is the local system on A given by

nN=0Q uRo.
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The fundamental local system 7 is supported in degree —n. Our previ-
ous discussion shows that the loop product is defined and has degree 0 on
H.(A;n), and the loop coproduct is defined and has degree +1 on H, (A,
Ag;n~1). We can view the loop product as being defined on H,(A;n), where
it has degree —n, and the loop coproduct as being defined (with field coeffi-
cients) on H. (A, Ag;n), where it has degree 1 —n. This point of view is useful
when considering H, (A;7), which is a common space of definition (to which
the product descends and the coproduct extends).

As proved in [5,7], the chain map ¥ = Pauadratic discyssed in Sect. 5.3
associated to a quadratic Hamiltonian acts as

W FCO,(H) — MC,(Sp;n)

and induces an isomorphism SH,(D*M) — H,(A; 7). Given any local sys-
tem v, the same map acts as ¥ : FC,(H;v) — MC.(Sr;v ®n) and induces
an isomorphism SH.,(D*M;v) = H.(A\sv®@n).

Our filtered chain map ¥ = Wlinear from Sect. 5.5 associated to a linear
Hamiltonian is a chain isomorphism FC,(H) — MC="(E'Y/2;7), with p
the slope of the Hamiltonian. Given any local system v, we obtain a filtered
chain isomorphism FC,(H;v) — MCSM(EY2;0 @ 1).

In case the local system v is compatible with products, the arguments
of [1,3,7] adapt in order to show that the map ¥ intertwines the pair-of-
pants product on the symplectic homology side with the homology product
on the Morse side. The arguments of Theorem 6.1 adapt in order to show
that the map ¥ descends on homology relative to the constant loops, where
it intertwines the continuation coproduct with the loop coproduct (with field
coefficients).

Theorem A.17. ([1,3,5,7], Theorem 5.3, Theorem 6.1) Given any local system
v compatible with products, the filtered chain level map ¥ induces filtered
isomorphisms

W, : SH,(D*M;v) — H.(Av @),
W20 SHZ(D*M;v) =5 H,(A, Ag; v ®n).
Moreover,

— WU, intertwines the pair-of-pants product with the Chas—Sullivan loop
product,

— W20 intertwines the continuation coproduct with the loop coproduct (with
field coefficients).

O

There are also reduced versions of the map ¥ which intertwine the
product, and which also intertwine the coproducts provided both are defined
using the same continuation data at the endpoints. The statements for the
coproducts can, moreover, be interpreted as dual statements about products
in cohomology.
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