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Abstract

In an earlier paper we have shown that the pair-of-pants product on the Floer homology
of the cotangent bundle of an oriented compact manifold @ corresponds to the Chas-Sullivan
loop product on the singular homology of the free loop space of . We now give chain
level constructions of further product structures in Floer homology, corresponding to the
cup product on the homology of any path space, and to the Goresky-Hingston product on
the relative cohomology of the free loop space modulo constant loops. Moreover, we give
a explicit construction for the inverse isomorphism between Floer homology and loop space
homology.

1 Introduction, Main Results

Let @ be a closed, smooth manifold, and let H: [0,1] x T*Q — R be a time-dependent smooth
Hamiltonian on its cotangent bundle. The cotangent bundle is viewed as a symplectic manifold
with the canonical Liouville structure w = d\, where A = pdgq is the Liouville 1-form given in local
coordinates. In the same local coordinates, we have also the global Liouville vector field Y = pa%,
ie. w(Y, )=\

We assume that H is 1-periodic in time and that it is of quadratic type, i.e., it satisfies the
conditions

(H1) dH(t,q,p)[Y] = H(t,q,p) > holp|* — h1,
(H2) |V H(t,q,p)| < ha(1+ [p?), [VoH(t,q,p)] < ha(1+ |p]),

for every (t,q,p) for some constants hg > 0, hy € R, hy > 0. Condition (H1) essentially says
that H grows at least quadratically in p on each fiber of T*Q, and that it is radially convex
for |p| large. Condition (H2) implies that H grows at most quadratically in p on each fiber.
Such Hamiltonians include in particular physical Hamiltonians with magnetic fields, H (t,q,p) =
1pl? + (A(t,q),p) + V(t,q), A(t,-) € Q1(Q) a loop of one-forms.

Generically, the Hamiltonian system

@(t) = Xu(t, x(t)), (1)

for the Hamiltonian vector field X g defined by w(Xg,-) = —dH, has a discrete set P1(H) of
1-periodic orbits. In fact, we assume the generic non-degeneracy condition on H,

(HO) the time-1-map of the flow ®¢; generated by Xy has only non-degenerate fixed points, i.e.
D®1, () has no eigenvalue 1 for any fixed point @1, (z) = x.

The free abelian group F.(H) generated by the elements z € Py (H), which by z — 2(0) correspond
exactly to the fixed points of ®};, graded by their Conley-Zehnder index p..(z), supports a chain
complex, the Floer complex (Fi.(H), ). The boundary operator 9 is defined by an algebraic count
of the maps u from the cylinder R x T to T*@, solving the Cauchy-Riemann type equation

dsu(s,t) + J(t,u(s,t)) (Ou(s, t) — Xu(t,u(s,t)) =0, forall (s,t) e RxT, (2)



in short 07 yu = 0, and converging to two 1-periodic orbits z,y for s — —oo and s — co. Here,
J is an almost-complex structure on 7@ calibrated by the symplectic structure in the sense that
w(J-,-) gives a positive definite and symmetric form. Moreover, we consider for J only small,
generic perturbations of the almost complex structure on 7*Q induced by a Riemannian metric
on @ via the Levi-Civita connection, i.e. mapping vertical subbundle to horizontal and vice-versa.
Then, (2) can be seen as the negative L2-gradient equation for the Hamiltonian action functional

Ap: C2(T,T°Q) > R, Alz) = /T(x*x H(t (1)) db). (3)

This construction is due to A. Floer (see e.g. [Flo88a, Flo88b, Flo89a, Flo89b]) in the case of
a closed symplectic manifold (M, w), in order to prove a conjecture of V. Arnold on the number
of periodic Hamiltonian orbits. The extension to non-compact symplectic manifolds such as the
cotangent bundles we consider here, requires suitable growth conditions on the Hamiltonian, such
as the asymptotic quadratic growth from (H1) and (H2) above. This can also be achieved with
simply super-linear growth, provided that the Hamiltonian is homogeneous in |p| outside of a
compact set and time-independently so. Here, we will stick to the assumption of quadratic type.

The Floer complex obviously depends on the Hamiltonian H, but its homology often does not,
so it makes sense to call this homology the Floer homology of the underlying symplectic manifold
(M,w), and to denote it by HF,(M). The Floer homology of a compact symplectic manifold M
without boundary is isomorphic to the singular homology of M, as proved by A. Floer for special
classes of symplectic manifolds, and later extended to larger and larger classes by several authors
(the general case requiring special coefficient rings, see [HS95, LT98, FO99]).

Unlike the compact case, the Floer homology of a cotangent bundle T*@ for Hamiltonians of
quadratic type is a truly infinite-dimensional homology theory, being isomorphic to the singular
homology of the free loop space AQ of Q. This fact was proved by C. Viterbo (see [Vit96]) using
a generating functions approach, later by D. Salamon and J. Weber using the heat flow for curves
on a Riemannian manifold (see [SW06]) and then by the authors in [AS06].

In particular, our proof reduces the general case to the case of a Hamiltonian which is uniformly
convex in the momenta

(H3) VppH(t,q,p) > hsl, for some hg > 0,

and for such a Hamiltonian it constructs an explicit isomorphism between the Floer complex
(F.(H),0) and the Morse complex (M.(Sr),d) of the action functional

5.0) = [ Lt A0 5 e W'(T.Q)
associated to the Lagrangian L: T x T'Q)Q — R which is the Fenchel dual of H,

L(t’ q, 'U) - p?%XQ (<pv U> - H(t’ (Lp)) ’
a Lagrangian of Tonelli type. The latter complex is the standard chain complex associated to
the Lagrangian action functional S;. The domain of such a functional is the infinite dimensional
Hilbert manifold W12(T, Q) consisting of closed loops of Sobolev class W12 on . An important
fact is that the functional Sy is bounded from below, that is has non-degenerate critical points
a € CritSy, with finite Morse index i(a), that is satisfies the Palais-Smale condition, and, although
in general it is not of class C?, that it admits a smooth Morse-Smale pseudogradient flow. The
construction of the Morse complex in this infinite-dimensional setting and the proof that its
homology is isomorphic to the singular homology of the ambient manifold are described in [AMOG6].
The isomorphism between the Floer and the Morse complex is obtained by coupling the Cauchy-
Riemann type equation on half-cylinders with the pseudogradient flow equation for the Lagrangian
action. We call this the hybrid method.
Since the space W2(T, Q) is homotopy equivalent to AQ, we get the asserted isomorphism

o

dr: H,(AQ) — HF,(T*Q).

[\)



This isomorphism result was generalized in [APS08] for more general path spaces than the free
loop space. In fact, given a closed submanifold R C @ X @, we can consider the path space

QrQ = {ce W"2([0,1,Q)| (c(0),c(1) € R}.

In particular, the choice R = A, the diagonal in @ x @, produces the free loop space AQ, while
the based loop space £, @ is given by the choice R = {(¢o, ¢0)}-
Given a submanifold S C @) we have its associated conormal bundle

N*S ={peT;Qlq€ S pr,s =0},

which is a Lagrangian submanifold of (T*Q, d)) with Ajy-g = 0.

Let H: [0,1] x T*Q — R be a time-dependent Hamiltonian of quadratic type, non-degenerate
with respect to N*R C T*(Q x @), which means that the conjugated graph of the associated
time-1-map

Gy = { (a, ngb}i(a)) |a € T*Q}

is a Lagrangian submanifold intersecting N* R transversely in 7% (Q x @), where C: (¢,p) — (¢, —p)
is the anti-symplectic conjugation on 7*Q.

In [APSO08] it was shown that we have an associated Floer homology HF[, with the chain
complex F'(H) generated by the non-degenerate Hamiltonian paths

Pr(H) = {ai: [0,1] = T*Q| (t) = Xy (t, x(t)), (x(O),Cx(l)) € N*R}, (4)
and the boundary operator 9: Ff* — FI | defined by counting the Floer trajectories
u: Rx [0,1] = T*Q, d5nu =0, (u(s,O),Cu(s,l)) € N*Rfa. s€eR,

connecting x,y € Pr(H) as s — —oo and s — co. Note that this is a well-posed Fredholm problem
because of the fact that N*R C T*(Q x Q) is a Lagrangian submanifold. Compactness and energy
estimates hold because (A ® A)|y-r = 0.

1.1 THEOREM. [APS0S8] We have HFE(T*Q) = H,(QrQ) via an explicit chain complex isomor-

phism ®%: M, (St|a,0) = FER(H) where we model H,(QQ) via Morse homology HM, (Stlaro)
for a Tonelli-type Lagrangian action functional on QrQ, Fenchel dual to the quadratic type Hamil-
tonian H.

The first aim of this paper is to give an explicit, chain level construction of a chain complex
homomorphism ¥%: FE(H) — M.(S1]arq) which might not be a chain complex isomorphism,
but which induces an isomorphism

VR HFE(H) =5 HM.(S|am0), such that U = (&F)7".

Although, this chain morphism will not be directly seen to be an isomorphism, it brings methodical
advantages for ring isomorphism proofs for ®,, as we are going to show.

An important structure in Floer homology is its canonical ring structure, the so-called pair-of-
pants product in the case of the free loop space (see [Sch95]), or triangle product in the case of the
path space with endpoints on Lagrangian submanifolds. Already in the case of closed symplectic
manifolds (M, w), the pair-of-pants product

ma: HE,(M)® HF, (M) — HF,_,(M), dim(M,w) = 2n,

encodes a truly symplectic invariant. While HF, (M) as an abelian group is isomorphic to or-
dinary singular homology of M, the pair-of-pants product in general deviates from the expected
intersection product. (Note that the grading of ma becomes consistent with that of the intersec-
tion product by the grading shift in the isomorphism HF,(M) = H..,(M).) In fact, as shown
in [PSS96], Floer homology with the pair-of-pants product is ring isomorphic to the quantum



homology of QH,.(M,w) of (M,w), a deformation of the intersection ring structure due to the
presence of pseudoholomorphic spheres.

In the context of cotangent bundles, such a relation to pseudoholomorphic spheres cannot
occur, since they simply cannot exist for the exact symplectic structure w = dA. But the ques-
tion remains, what the pair-of-pants ring structure corresponds to in view of the isomorphism
HF,(T*Q) = HF2(H) = H,(AQ). In [AS10], we finally give the proof that the same isomor-
phism ®4 intertwines ma with the Chas-Sullivan loop product (see [CS99]), provided that we
consider closed and oriented smooth manifolds Q.

For the definition of the pair-of-pants product on chain level

ma: FA(H) @ FA(H) = P2 (H®),

in [AS10] we use a model of the domain surface as the branched 2:1-covering of the standard
cylinder; a smooth pair-of-pants surface with two cylindrical entrances and one cylindrical exit
and a conformal structure globally given in the cylindrical coordinates as s + it. Note that, for
precise energy estimates, we use the Hamiltonian H®(t,q,p) = 2H(2t,q,p) whose 1-periodic
orbits equal the 2-periodic ones for H. Alternatively, we define ma by counting

U = (U1,u2): R x [071] _>T*(Q X Q)) gJ,Hui = 07 1= 172a

N*(Alg X A34), s < 0, (5)

,O7C 71, 7O7C 71 €
(u1(s,0), Cuy (s, 1), uz(s,0), Cus(s, 1)) {N*(AMXAzg),SZOa

with asymptotics (z,y) € P1(H) x P1(H) for s = —oo and z € Py(H) for s — oo. Here

Nia x Ngy = {(q,4,4'.d) 0.4 €Q},
Ay x Doz = {(q,d.d,9)|a.d €Q}.

Similarly, when R = {(qo,q0)} we have the triangle product
m{(qquo)} . HF,;{(qo’qO)}(H) ® HF,;{(qo’qO)}(H) N HFj(qO’QO)}(H)7

and [AS10] contains the proof of the following:

1.2 THEOREM. The chain complex isomorphisms ®%: M.(Sr|an) — FE(H), for R = A or
R ={(90,9)}, induces ring isomorphisms

(H*(AQ)7O) = (HF*Ava)v (H*(Q%Q),#) = (HFi(qo,qO)}am{(qg,qo)})a

for the Chas-Sullivan product o on free loop space homology and the Pontrjagin product # on based
loop space homology.

If we view the submanifold R C @ x @ as a correspondence, these products have natural
generalizations in terms of composition of correspondences. In fact, given two correspondences
Ry, Ry C @ x @, their composition is defined as Ry o Ry = 7713((R1 x Q)N (Q x Rg)), where
m3: Q X Q X Q — @Q x Q is the projection on the first and third coordinate. We actually have
R o R = R both for the free loop case R = A\, as well as for the based loop case R = {(qo, ¢o)}
When R; x Q and Q x R, intersect cleanly in @3, and the restriction of 713 to such an intersection
is regular, meaning that the kernel of its differential has constant dimension, then R; and Rs
are said to be composable. In this case, Ry o R; is a closed submanifold of @ x @, so the Floer
homology H FF2°R1(H) is still defined.

One can show that the pair-of-pants product ma on H F2 and the triangle product m(g,,40)}

on HF;{(qO’qO)} can be unified in terms of a binary operation

RsoR
mp, r,: HEF* @ HFER2 HF2 0 o)



for composable correspondences. In fact, in (5) we have to replace A1y x Azy for s < 0 by
Ry X Ry, and A4 X Aog for s > 0 by (R2 0 R1) X Asz. Depending on the correspondences Ry
and R, there is a degree shift d(R1, R2), which equals the codimension of the clean intersection
(R1 X Roy)N(Q X A x Q) in Ry X Rs.

In general, mpg, g, is isomorphic to a binary operator

H,(Qr,Q) ® Hy (R, Q) = Hu—a(ry,Ra)(Qrs0r, Q)

generalizing the loop product. Such a binary operator is defined as the composition

H;i(Qr, Q) ® Hi(Qr,Q) == Hjsr(Qr, Q x Qr,Q) = Hjs (Qr, xr,Q x Q) —
5 Hii-a(Qrs x ro)n@xax@)@ X Q) — Hjyr—a(Qryor, Q),

where X is the exterior product, 7, is the Umkehr morphism induced by the d-co-dimensional and
co-oriented inclusion

i QR xRo)NQxAxQ) @ X Q = QR xR, Q X Q,

and the last homomorphism is induced by the concatenation map.

In this paper, we want to emphasize the general hypothesis, that Floer homology on cotan-
gent bundles should be able to remodel any known algebro-topological structure in classical (co-
)homology of loop spaces of closed, oriented manifolds. In fact, there should always be an in-
dependent chain level construction which, under the isomorphism @, is then isomorphic to a
corresponding structure on the classical side. This has been carried out successfully with the
loop product and the Pontrjagin product, where in fact, for the loop product, it was the pair-of-
pants product which had been considered first, whereas the loop product had for whatever reason
essentially eluded the topologists attention until [CS99].

In the present paper we want to address in the same light two more product structures on the
classical side. One is the cup-product on cohomology, or equivalently a coproduct on the homology
of QRQ7

U: H (QrQ) — H.(QrQ) @ H.(QrQ) .

We give a Floer theoretical construction of such a product, and we prove the following:

1.3 THEOREM. Given a generic triple of quadratic type Hamiltonians, we have a chain level
operation u: FE(H,) — FI(Hy) ® FE(H3) which induces a coproduct u.: HFE — HFE @ HFE
isomorphic to the cup-coproduct on H,(QrQ) via the isomorphism ®F.

An interesting question is, whether the coalgebra structure u, on HEF can be seen to be an
algebra homomorphism (HFE m#f) — (HFF @ HFE mE@m?®), or equivalently, m¥ a coalgebra
morphism for u,. In other words, this is the question of whether (HFZE m®f, u,) carries a Hopf
algebra structure, which for the based loop space homology (H.(QQ), #,U) is classically known to
hold. Clearly, the isomorphism ® implies that structure also on the Floer side for R = (qo, q,)-
In fact, this Hopf algebra property can be verified directly on chain level on the Floer side for the
based loop space version without using ®. This, however, is a nontrivial proof, which we will not
elaborate in this paper. For general R with R o R = R, this Hopf algebra property cannot hold
already for dimensional reasons, e.g. for the free loop space version R = A.

The other structure we are interested in is a coproduct derived from the obvious pair-of-
pants type coproduct with one entrance and two exits (see [CS09]). This coproduct however, is
essentially trivial, but it gives rise two a secondary coproduct on homology of loop space relative
to the constant loops,

This coproduct had been constructed by M. Goresky and N. Hingston in [GH09], and computed
for interesting examples such as spheres.

Given the special Hamiltonian %|p|2 with generic and small potential perturbations V' (¢, q) we
can consider Floer cohomology filtered by the action levels, FZ (H). On the level of cohomology
we can perform a limit for the perturbation ¥V — 0, and we have the following:



1.4 THEOREM. For levels a,b > 0, Floer cohomology comes equipped with a product operation
w: HF3,(31p1*) @ HFZ,(31p1%) = HFZ M Glpl),

in particular we have a ring (HFZy,w) which under the isomorphism ®* with H*(AQ,Q) is
becomes the Goresky-Hingston product

In fact, it is possible to replace %|p\2 by any superlinear c|p|**?, § > 0. This is not of quadratic
type and requires a somewhat different argument for the C%-estimates of the moduli spaces in-
volved. In this paper, we give an explicit construction of w. The proof of the equivalence with [J
will be given else-where.
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2 The inverse isomorphism

Let us recall at first the construction of an isomorphism between HFF(T*Q) for Hamiltonians
H of quadratic type and path space homology H,(Q2rQ) from [AS06] and [APS08]. When the
Hamiltonian H € C*°([0, 1] x T*Q) satisfies (H1), (H2) and (H3), its Fenchel dual Lagrangian L €
C*([0,1] x TQ) is well-defined and satisfies the analogous quadratic growth and strict convexity
assumptions. We denote by S the restriction of the Lagrangian action functional

S.(7) = / L(t,7,4) dr,

to the path space QrQ. Here QrQ carries a W12-Hilbert manifold structure, S is of class C'!+!
on QrQ and it is twice Gateaux-differentiable. The Hamiltonian H being non-degenerate with
respect to the correspondence R implies also the non-degeneracy of all critical points of SIL%. This
fact allows to construct a smooth negative pseudo-gradient Morse vector field for S¥, see [AS09].
We denote by M, (S%) the chain complex generated by the critical points a € Crit S¥, graded
by the non-negative Morse index i(a), with boundary operator 9: M, (S%) — M,_1(SF) defined
by algebraically counting the unparametrized connecting trajectories for the generically chosen
negative pseudo-gradient vector field for S¥. A result from [AMO6] shows that H, (M. (S%),d) =
H.(QrQ) in a natural way, i.e. compatible with the continuation isomorphism H, (M., (S%),d) =
H.(M,(S%),9) for homotopies of the Lagrangian.

In [AS06] and generalized for the path spaces QrQ in [APS08], a chain complex isomorphism

O (M.(S]),0) = (FF(H),0)

was constructed explicitly building on the Legendre-Fenchel duality of H and L. Given generators
r € Pr(H), a € Crit(S%), we have the moduli space of hybrid type trajectories

Moy = {u: [0,00) x [0,1] — T*Q‘ELHU =0, u(+o0) =z, (u(s,O),Cu(s,l)) € N*R,

(rou)(0,) € WH(Sf:0)}, v
where W*(S%; a) denotes the unstable manifold of a for the negative pseudo-gradient flow of S¥.
For generic choices of J and the pseudo-gradient vector field, M,,, is a manifold of dimension
i(a) — u®(z), where u®(z) is the Maslov-type index of x as a solution of the non-local Lagrangian
boundary value problem (4) (see [APSO08] for the precise definition). Assuming arbitrary orienta-
tions for all unstable manifolds W*(S¥;a) and using the concept of coherent orientation for Floer



homology according to [FH93], we show in [AS06] that all M., are orientable in a coherent way,
that is, compatible with the splitting-off of boundary trajectories on either side. The compactness
proof for this moduli space follows from the energy estimate for u € Mg,

Se(a) > Sp((mou)(0)) > Au(u(0,-)) > Agn(x),

with equality if and only if 7w o x = a and u is constant in s with 7(u(s,-)) = a, in particular
# M (2);2 = 1. The central estimate is an immediate consequence of the Fenchel-Legendre duality
between L and H.

As a consequence from the identification of the generating sets, consistent even with index and
critical value

w: Pr(H) =5 Crit si i(n(x)) = pf(z), Sp(n(z)) = Ag(x),

the chain morphism

(DRGJ = Z (#algMa;:v) 2
zE€PR(H)
Ap(z)<Sr(a)
gives a chain complex isomorphism, as it is representable by a semi-infinite triangular matrix with
+1 on the diagonal.
We now give an equally explicit chain level construction of a chain morphism

Ul FR(H) — M,(SF)

such that at the homology level U2 = (®f)~1. Here, we cannot give an argument why the given
U should already be a chain complex isomorphism, certainly not necessarily equal to (®)~1.
However, the concrete form of U allows for simpler proofs of ring isomorphism properties of ®f,
compared with the construction from [AS10].

Let us consider the moduli space for « € Pr(H),

M; = {u: (00,0l x [0,1] = T*Q | 8,qu =0, u(—o0) ==z, u(0,-) € Og,

8

(u(s, 0), Cu(s, 1)) € N*R} ) (®)
For generic J, this is a smooth manifold of dimension uf(x), compact modulo splitting-off Floer
trajectories at —oo, in particular C2.-compact. Hence, we find an upper bound ¢ = ¢(z) depending
on zx for the Lagrangian action of the path (7w o u)(0,-) € QrQ,

Sp((mou)(0,-)) < c(z) forall ue M .
Given x € Pr(H), a € CritS¥, we now set
Myq = {u e M, | (mow)(0) € WS(Sf;a) },

where W#(S%;a) denotes the stable manifold of a. Provided that x ¢ 0g or T oz # a if z C 0g,
we find for generic J and pseudo-gradient vector field for S& that M,., is a smooth manifold
of dimension pf(x) — i(a), compact up to splitting-off boundary trajectories, and oriented via
coherent orientation. We set

\I/RZ Ff(H) — M*(SL), \I/Rx = Z (#algMz;a) " @,

a€Crit SF
Sr(a)<e(x)

and we obtain a chain complex morphism.

However, in general c¢(xz) > Apg(z) is possible, in fact necessary if M.,y # 0, so that we
cannot expect U to be of triangular shape similarly to ®F. In fact, U can easily be defined
for any pair (H, L) of a quadratic type Hamiltonian and a Lagrangian which does not need to be
Fenchel dual.



The idea of using half-cylinders with boundary on the zero section of the cotangent bundle in
order to provide cycles in the path space from cycles in the Floer chain complex via the evaluation
at the zero section has been known for a while. In [CL09] this technique is used towards an
isomorphism for linearized contact homology instead of Floer homology.

Let us now give the proof that W o®® is chain homotopy equivalent to id M, (s.), Which already
implies that U2 = (®£)~! since we know ®£ to be an isomorphism.

2.1 PROPOSITION. Given H of quadratic type we have W1 o ®f ~id on M, (SE).

Proof. Via the usual gluing result for Floer theory we clearly have that U o ®% is chain homotopy
equivalent to the chain morphism M, (S%) — M., (S%) defined by counting

MG, = {w:[0,0] x[0,1] = T*Q|dszw =0,
(w(s,0), Cw(s,1)) € N*R, w(o,-) C 0, (9)
(mow)(0,-) € W*(SE:a), (mow)(o,-) € W*(SE;b) }
for a,b € Crit S% with equal Morse index, and for o > 0 fixed. The chain homotopy to id M. (SE)
then follows from letting o shrink to 0.
In order to simplify this argument, let us insert a further cobordism step. Namely, we clearly
obtain a chain homotopy equivalence to the chain morphism on M, (S¥) defined by counting
M = {w:[0,0] x [0,1] = T*Q|s.5w =0,
(w(s,0),Cw(s,1)) € N*R, w(o,") C 0g, (10)
(mow)(0,) € W¥(SFsa), (mow)(X,-) € W(SE;0) }

for 0 > 0 fixed and A € [0, 0] given. For A = ¢ we have exactly M?,, and for A = 0 we obtain

ab?
Mvg,b = { (c,w) |c S W"(Sf;a) N V[/S(Sf;b)7 we M7 }
with
MZ = {w:[0,0] x[0,1] = T*Q|8qw =0,
(w(s,O), Cuw(s, 1)) € N*R, (11)
(mow)(0,t) = c(t), (mow)(o,t) €0gVtel[0,1]}.

If i(a) = i(b) we have for (c,w) € /\7;,, that a = b = ¢, w € MZ. The proof of the Proposition
then follows from the following

2.2 LEMMA. Given ¢ € QrQ there exists a 0, = 0o(c) > 0 such that for each o € (0,0,)] the
solution space MY contains a unique solution, compatible with coherent orientation.

In fact, for o, — 0, the solution sequence w,, converges uniformly with all derivatives to the
path (¢,0) € Qn+rT*Q. Compatibility with coherent orientation implies tat

HagM, = #M =1 for o€ (0,0,], a € CritSy,.

Hence, counting /K/lvg,b for o € (0,0,] defines exactly the identity operator on M, (S%®). This
concludes the proof of Proposition 2.1 O

For the proof of Lemma 2.2 we refer to Proposition 4.10 in [AS10]. It follows from a uniform
convergence analysis of solutions w, € M7 as g, — 0 together with a Newton type method to
prove the unique existence of solutions for ¢ small enough. Note that, for example for H, = %| p|%,
a first order approximation of solutions w € M is given by wg, 0. (s,t) = (c(t), (0 — 5)é(t)),
where we identify T'Q) = T*(Q via the Legendre transformation from H,.

Moreover, there is also a parametric version of Lemma 2.2, where we allow ¢ to vary in a
relatively compact family K C QrQ, for example an unstable manifold W*(Sy;a). This would
be the version in order to show ¥# o ® ~ id directly by considering Mg, above for o running
from oo to 0.



3 Cup-Product
We now show that also the cup-coproduct structure on path space homology
U: H,(QrQ) — H.(QrQ) ® H.(QrQ)

has a Floer theoretic counterpart given by a chain level construction, isomorphic to U via ®%.
Given three R-nondegenerate Hamiltonians H;, ¢ = 1,2, 3, we define a chain operation

u: FR(H,) — FF(Hy) ® FI(Hs)

as follows. Given generators z; € Pr(H;), i = 1,2,3, we consider three-fold Floer half-strips
coupled by a conormal boundary condition

Mfllizm = {u = (uq,Tg,u3): (—00,0] x [0,1] — T Q3 |
Oymui =0,i=1,2,3,
u;(—00, ) = x4, (ui(s70), Cu, (s, 1)) e N*R, —00 < s <0,
u(0,t) € N*A® },

(12)

where @;(s,t) = Cu;(—s,t) and A®) ={(q,q,q)| ¢ € Q} C Q>. Note that the conormal condition
u(0,-) € N*AB) means that
mouy(0,-) = moug(0,:) = mous(0,:) =:¢(-) and

0 (0,) = us(0,) +us(0,) in T/0\Q. (13)

Hence, we have a well-posed Fredholm problem for M%{g%wg with

dim M = (@) — pf () — pf(a3) .

For the index formula for half-strips with piecewise conormal boundary condition see [AS10],
Theorem 5.24 and 5.25. It remains to provide an energy estimate in order to obtain the usual
compactness result. We compute with u;(0,-) = (¢(-), pi(-)) and (13)

A, (1) > Ag, (12(0,)) = / ((p1,d) — Hi(q,pr))dt
(2)/0 ((p2 + p3,4) — Hi(q,p1))dt (14)

1
= Ap, (u2(0,-)) + Apy (us(0,-)) + / (Ha(q,p2) + Hs(q, ps) — Hi(q,p1))dt .
0
Thus, we obtain the required action monotonicity provided that the Hamiltonians satisfy

Hi(q,p+p') < Ha(q,p) + Hs(q,p') forall g€ @, p,p' €T,Q.

For example, this is satisfied for geodesic type Hamiltonians with time-dependent potential per-
turbation,

1 1
1, 4,p) = 1P yq)s 2(l,4,p) = H13(1l,4,p) = |P a5 yq) -
Hi(t,q,p) = 5lpP* + V(t,0),  Ha(t,q,p) = Ha(t,q,p) = [p|* + 5V (t,q)

Note that we have canonical isomorphisms HFF(H,) = HFF(H;), i = 2,3 from the standard

continuation argument. Defining u by counting M;’;ﬁzxs with orientation as usual,
u: Fu(Hy) — Fo(Hp) @ Fu(Hs), u(z) = > (HaeMy)ye 2,

(y,2) € Pr(Hg) XP%(H3) (15)
pB@) + pfiz) = nfi()

gives rise to



3.1 THEOREM. The chain level operation u: FR(H,) — FF(H,) ® FI(H3) induces a coprod-
uct u,: HF — HFFE @ HFE which is isomorphic to the cup-coproduct on H.(QrQ) via the
isomorphism ®L.

Before proving the ring isomorphism property, let us remark that we have a variety of homotopi-
cally equivalent definitions for the cup-coproduct in Floer homology. In fact, given x; € Pr(H;),
1 =1,2,3, we can consider the problem for A € [0, 1],

up: (—00,0] X [0,1] = T7Q, u;: [0,00) x [0,1] = T7Q, i = 2,3,

0,10 = 0; up(—00) = z1, wi(+00) = x4, i = 2,3,

(ui(s,0),Cui(s,1)) € N*R, fa. 0<|s| <oo,i=1,2,3, (16)
(mrowuy)(0,:) = (mouz)(0,-) = (rouz)(0,) =:q, ie. u;(0,) = (¢,p:), 1 =1,2,3,
p1=Ap2 + (1= A)ps.

This is a well-posed Fredholm problem for all A € [0,1], and for A = 1/2 we obtain a problem
which is essentially equivalent to (12). In order to get compactness for the above problem, it is
convenient to assume that the Hamiltonians Hy, Hs and Hs are physical Hamiltonians with the
same kinetic part,

1 .
Hj(q,p) = §\p|2 +Vi(t,q),  Vj=1,2,3,

and that J is C%-close enough to the Levi-Civita almost complex structure Jy. Under these
assumptions we have the following compactness result, where as usual on the space of maps we
consider the CT° topology:

loc

3.2 LEMMA. For every triple x; € Pr(H;), the space of solutions (A, ui,us,us) of (16) is pre-
compact. Moreover, the existence of a solution (X, uy,us2,us) of (16) gives rise to the estimate

M, (22) + (1= N Am, (23) < Ag,(21) + [|[Vi]loo + max{[[Va]l o, [[V3]loc }- (17)
Proof. By the special form of the Hamiltonians, we have

Therefore,

Ap, (u1(0,7) = /pldq — Hi(t,q,p1)dt = / (Ap2 + (1 = N)p3)dq — Hy(t,q,p1) dt
= M, (u2(0,-)) + (1 — XN)Ag, (us(0,-))
- /(Hl(t,q,pl) — MH>(t,q,p2) — (1 = N)Hs(t, q,p3)) dt
> M, (u2(0,4)) + (1= A)Ag, (us(0, ) = [Villo — max{[|[Valloc, IVl }
and the estimate (17) follows from the bounds
Ap, (u1(0,4) < A, (21),  Aw, (u2(0,4) > A, (22), A, (us(0,-) > Aw,(x3).  (19)

By means of an isometric embedding of M into RV and of the induced isometric embedding of
T*M into RN x RN = CV, we can consider the map

v:[0,400) x [0,1] = CV, v = dug + (1 — Nus.

Then by (18), the quantity

// 1050[2 dsdt < A / 1Ogus|? dsdt + (1 — A) // 1Ous|? dsdt
[0,4+00)x[0,1] [0,+00) X% [0,1] [0,+00) % [0,1]

= A Am, (u2(0,-)) — A, (22)) + (1 — X) (Am, (us(0, ) — A, (23))
< An, (1) + [Villoo + max{[|[Va|lco, IVallo } + |Am, (x2)] + [ A, (23)]
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has a uniform bound. Since also ||@suy||2 is uniformly bounded, because of (18) and (19), the L?
norm of the s-derivative of the map

w : [0,400) x [0,1] = CNV x CV, w(s,t) = (ul(—s,t),v(s,t)),

has a uniform bound. Since ||J — Jy||eo is small, w solves a Cauchy-Riemann type equation, and
w(0,t) belongs to the totally real space given by the conormal of the diagonal in RN x R¥ the
argument of [AS06, Section 1.5] shows that w is uniformly bounded in C*°. In particular, u; and

q(t) :==mouy(0,t) =mous(0,t) = 7o usz(0,t)
are uniformly bounded in C'*°; and we get uniform upper bounds for
Ap, (u2(0,-)) < Sp,(q) and  Ap, (uz(0,-)) < Si,(q).

Together with the lower bounds of (19), we conclude that ||Osu1||2 and ||Osusl|2 are both uniformly
bounded. By [AS06, Theorem 1.14 (iii)] and the usual elliptic bootstrap argument, we conclude

that also us and us have uniform C°° bounds. O
Let now, for given A € [0,1], W .., .. denote the set of solutions of (16) with generically

chosen J; for each w;, i = 1,2,3, as well as generically chosen triple (Vi, V5, V3) of perturbing
potentials. Then, we can define a chain level operation

ur: FF(H) — €D Ffi(Hz) @ Ff(Hs),

from counting #agW,\ .., 4, Using the full solution space Wy, 2, 2, of (16) with variable A € [0, 1]

and accordingly generically chosen structures J; and V; and index relation pft(z1) = pf(z2) +
u®(z3) — 1 we obtain easily the following:

3.3 PROPOSITION. The induced coproducts (uy).: HFFE(H) — HFF(Hy) ® HFE(H3) do not
depend on X € [0,1], and they are equal to the cup-coproduct u.

In fact, the cup-coproduct (15) is essentially given by u 1
As a consequence, in dual cohomological formulation, we can apply the above action estimates
to the notion of cohomologically critical values

(a,H) :=sup{a€R|aclm (HF:,(H)—» HF*(H)) }

for given o € HF*(H), where HFY, is the cohomology of the subcochain complex F%, (H) =
Z{ 2€Pr(H) [ An(2)2a} "and we are omitting the superscript R.

We have in this cohomological formulation, with U dual to wu,

3.4 COROLLARY. Given H;(t,q,p) = 1|p|*>+V;(t,q) as above, we have for o; € HF*(H;), i = 1,2
with ap U ag € HF*(Hg)

¢*(a Uag, Hs) > max (¢*(aq, H1), " (a2, Ha)) — [|[Vi]loo — max{||Valls, [ V3]lo }-

We now complete the proof of Theorem 3.1. At first, we give a Morse-homological definition
of the cup-product.

Suppose we have three non-degenerate Lagrangians L;, ¢ = 1,2, 3, such that Sf‘z and Si have
no common critical points. Then we define

Ua = Z (a;b,c)b® ¢, (20)

(b,c)€eCrit SLRz x Crit SLRS

11



where (a; b, c) is the oriented count of
W“(Slgl;a) N WS(SILz; )N Ws(st; c),

provided that we have chosen three generic pseudogradient fields so that the triple intersection is
transverse. The dimensions of this intersection is i(a) —i(b) —i(c), and the intersection is oriented
if the unstable manifolds (which are all finite-dimensional) are oriented.

The usual splitting-off argument for boundary trajectories proves the Leibniz rule for U, and
it is well-known see e.g. [BC94] that U, defines the cup-coproduct. One can also show Morse
homologically that the cohomological product U* satisfies U* = A* o x, where X is the exterior
product and A* the pull-back by the diagonal embedding A: QrQ — QrQ X QrQ, for which we
have also Morse homological functoriality.

We now want to show that the isomorphism

VR HFR(H) - HM,(ST)
intertwines the coproducts u and U, i.e.
Uo Ul ~ (\PR®\IJR) ou

are chain homotopic on FZ.
Clearly, U o W% is chain homotopic to the operation

w: FR(H) - M.(SE) @ M.(SE,),
wi(z) = S (HagMD(aib,0) bac, (21)

with
M(l)(aj;b, c) = {u e M | (mrou)(0,-) € WS(SIIZ; b) N WS(Si;c) } .

Then we find generic J for M_ and pseudo-gradient vector fields for Si, i = 2,3, such that

./W(l)(m; b, ¢) satisfies transversality for all x,b, c.
Next, we use Proposition 3.3, which allows us to replace u by uy for A = 1. We obtain

(\I/R ® \I/R) o Uy 2 Wa,
with ws given by the oriented count of
MP (@3b.¢) = { (u,0) |u € M, (mou)(0,) € W*(S],:0),
v: [0,0] x [0,1] = T*Q, (v(s,0),Cuv(s,1)) € N*R,

(mov)(0,-) = (rou)(-0,),
U(J, ) C OQa (71’01))(0, ) € WS(st,b) }

(22)

for any fixed o > 0. Moreover, wy is clearly chain homotopic to ws: F* — M, ® M, given by

M (@;b,¢) = { (u,0)|ue Mg, (wou)(0,) € W(SE,;0),
v: [0,0] x [0,1] = T*Q, (v(s,0),Cuv(s,1)) € N*R,
(ov)(0,) = (mou)(—0,"),
v(e,) C0g, (rov)(0,-) € W*(SE;b) },

(23)
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which differs from the previous space only for the value of s for which 7 o v(s,-) belongs to the
stable manifold of b. Finally, ws is chain homotopic to w4 given by

MO (@;0,¢) = { (u,0) |ue My, (mou)(0,-) € W*(SF ;0),

v: [0,0] x [0,1] = T*Q, (v(s,0),Cuv(s,1)) € N*R,
(mov)(0,) = (mou)(0,-) € W*(SE,; ),
v(o,+) C0q }

= { (u,v) |u e MD(z;0,¢), (24)
v: [0,0] x [0,1] = T*Q, (v(s,0),Cuv(s,1)) € N*R,
(mov)(0,-) = (mou)(0,),
v(o,+) C0q },

= { (u,v) |u € M(l)(x;b,c), v E M7, 0 b

with MZ_ o asin (11). The chain homotopy w4 ~ w; then follows from Lemma 2.2 if we choose

mou(0)

o > 0 small enough. This finishes the proof of Theorem 3.1 O

4 The Goreski-Hingston coproduct

Throughout this section, we deal only with periodic boundary conditions, i.e. to the case R = A.
In order to simplify the notation, we omit the superscript A from all the objects which would
.. A oA A
require it (such as Fi~, ST, =, and so on).
Let us consider the coproduct of degree —n, w: Fy(Hy) = (Fi.(Hz) ® F*(Hg))*in defined by
counting
u=(ug,uz): Rx[0,1] - T*(Q x Q), solving
dymu; =0for s<0,i=1,2,
5J7H2U1 = 5]7H3u2 =0for s>0, (25)

N* (A4 x Dog), s <0,

,O,C 71, 7O7C 71 €
(Ul(s ), Cui(s,1),ua(s, 0), Cua(s )) {N*(A12XA34),5207

with asymptotics « € Pa(Hy) for s = —oo and (y, z) € P1(Ha) x P1(Hs) for s — .

Then, completely analogous to the ring isomorphism ®, : (H*(AQ), 0) = (H F,, m) one can
show that @, identifies the coproduct w on HF, with the comultiplication

= i Ho(AQ) — (Ho(AQ) ® H.(AQ))

of degree —n from [CS09] (see Theorem 3).

We now give a short argument which explains why this coproduct is essentially trivial, i.e. 0
to large extents. Let us assume for simplicity that @ is simply connected and hence Ho(AQ) = Z
generated by 1, where this class 1 is represented by any constant loop ¢, € @ C AQ as a 0-cycle.
Moreover, we denote by e = [Q] € H, (AQ) the neutral element for the Chas-Sullivan loop product,
which is given by the fundamental class of @, as an n-cycle of constant loops. In Floer homology,
®,(e) is given by the Floer cycle

e = Z (#a|gM;') -x € F,(H),
w(z)=n (26)

MF = {u:[0,00) x T —=T*Q|dszu =0, u(+o0) =z, %(Wou)(o,) =0}

for a generic J. We have eoa =aoe=a for all a € H,(AQ) and p(e) = a-1® 1 for some o € Z
by dimensional reasons. In fact, it is not hard to show that

ple) = x(Q)-1®1. (27)

*—mn’
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4.1 LEMMA. For any a € Hi(AQ), we have

(a) = 0, if k#n,
MY=\8. 101, ifk=n,

with -1 =x(Q) - (aol) € Hy(AQ).

Proof. From [CS09] or the property of HF, to be a (noncompact) 2-dimensional topological field
theory (see also [CHV06]) it follows that

(idem)o (n®id) = (m@id)o (ideu) = pom: H.(AQ)® H.(AQ) — (H.(AQ) & H.(AQ)),_,
(28)
where for notational clarity we write m for the loop product o. Applying this identity on a ® e

and e ® a for the given a € Hi(AQ) gives

pla) = (pom)a®e) = (mxid)o (idep)(e®e = X(Q)- (M@id)a1e 1),
= x(@) -m(a,1)®1, as well as (29)
= X(Q) 1® m(a7 1)7

which leaves only the possibility x(Q) - m(a,1) = 0 in the case k # n and p(a) = 5-1® 1,
b-1=x(Q) m(a,l)if k =n. O

Hence, apart from degree n classes, the coproduct has to be trivial. This, however, can be
seen as a possibility to define a secondary structure, namely a coproduct on relative homology
H.(AQ,Q), or equivalently a cohomological product

O: H*(AQ, Q) ® H*(AQ,Q) — H*"71(AQ, Q).

This cohomological product has been explicitly constructed and carefully analyzed in [GH09]. It
gives an interesting nontrivial operation in particular for spheres @ = S™.

Here, we now want to give an explicit chain-level construction for the Floer-homological coun-
terpart of [J. Let us consider a special Hamiltonian of physical type H = |p|? + V(t,q), where
V(t,q) is only a small potential perturbation in order to achieve Morse-nondegeneracy for the
action Ag. Let us pick V(t,q) generically with ||V]|e small enough compared to the smallest
length of a closed geodesic, so that the orbits x € Py(H) with Ag(z) > € for some € > ||V

can be seen as the generators of the quotient chain complex F,(H)/F=°(H) which defines the
homology HF>°(H). Then, HF,(H)*° becomes isomorphic to H,(AQ, Q) under ®, for € > 0
small enough. Let us denote

HFZ?Y(T*Q) := lim HF®(H).
e>||V]|oo—0

We will now construct a coproduct

w: HFZO(T*Q) — (HFZ(T*Q) @ HF(T*Q)), .., -
Given 0 < A < 1 we consider the disjoint union of strips
Yy = (—00,0] x [0,A\] U (—00,0] x [\ 1].

Given 1-periodic solutions z; € Py(H;), i = 1,2,3 with H; = 1|p|? + Vi(t,q) for a generic

triple of small perturbations as above (V1, Vo, V3), we consider //\/lvzl;@#63 as the space of solutions
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(u,v,w, \) of
A€ (0,1), u: Xy > T7Q, (v,w): [0,00) x T = T7Q,
(v(400), w(+00)) = (22,23), u(—00,t) = z1(t) for 0 < ¢ <1,
05m,v = Oym,w =0,
Osmu(s,t)=0foral 0<t<1,s<-1,
Dy 1ppuls,t) =0forall 0<t <1, -1 <s<0,
(u(s,0),u(s,A+)) = {gZEZi\;Z(Z’(i’lggz S_lgﬁiﬁ 0,
v(0,t) = u(0,At), w(0,t) =u(0,A\+ (1 —AN)t) forall 0<t<1.

(31)

Note that the variation of A € (0,1) can be equivalently regarded as a particular variation
of the conformal structure on a pair-of-pants surface ¥ with boundary, given by Z% sewed along
(s,0) = (5,%f)and(,2+):( 1) for =1 < s <0 and (s,0) = (s,1) and (s, 2—) = (s, 3+4) for
s < —1. In fact, ¥ relative to OX has a topologically nontrivial Riemann moduh space and in
order to define w we are using a particular 1-cycle in its homology relative to its Deligne-Mumford
compactification. .

Again, it is not hard to show that for generic choices of J and (Vi,Va,V3), My, iz, 0, IS &
smooth manifold of dimension

dim Mooy g = (1) = p(w2) = ) =+ 1. (32)

In order to obtain the important compactness modulo splitting-off of Floer-trajectories, let us
compute the energy estimate. We clearly have A|p|?, (1 — \)|p|? < |p|? for all X € [0, 1]. Hence we
have for any solution (u,v,w,A) € My, .4, 24

Al‘p‘z( ( )) S ‘AA%\[)P(’U(O)) = A%|p|2 (U(O,)|[07/\]) and
A (w(0)) < Aq_yy1pppw(0) = A%|p|2(u(0?')|[)\71])'

Using € > ||V;||o, we have

1
Ay e (u(=1,)) = Ag, (u(~1,)) + / Va(t, (m o u)(~1,1))dt

and

Axpp (u(0,4)) = Az (w0, )jj0,3) + Agppj2 (w(0,)ja1)

0 1
S A%‘p‘z(u(—l,)) - /1‘/0 |85u|2dsdt.
1pp (v // |0sv|dsdt + €

Ay () < Ay po(w // Oyw|?dsdt + €

Assembling all this gives

.AH2 (562) < A

and

Am,(v2) + Amy(23) < A2 (w(0,7) — // |05v|?dsdt — / |0sw|?dsdt + 2¢
< Ag,(z1) — E(u,v,w) + 3¢,
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that is
0 < E(u,v,w) < Ag, (1) — Am,(x2) — Ap,(z3) + 3e, (33)

with

0 1 o) 1
E(u,v,w) = / / |0su|?dsdt + / / (|C{9sv|2 + |8Sw|2)dsdt.
—oo J0 0 0

With the usual arguments from the compactness theory for Floer trajectories in 1™ for
Hamiltonians of quadratic type, we see that My, 2, 2, is Co-precompact.

The only new case here concerns sequences (Un, Upn,Wn, A\p) € Mayizyas With A, — 0 or
An, — 1. Assume without loss of generality A, — 0. After choosing a C2-convergent subsequence
we view the restriction u,|[—1,0] X [0, A,,] as

Uy, - [—170] x R — T*Q’ EJ,%‘I)‘?un = 0 and
U (8, 6+ An) = un(s,t) forall (s,t) € [-1,0] x R.

We have u,, = oo in C2

Uso: [-1,0] X R = T*Q, Oruc =0,

that is, ux(0) € T*Q is a point. On the other side

Up(0,8) = u,(0,At) fa. teR, neN, and v, ige Voo -
It follows that vs(0,%) = us(0) for all £ € R. Hence

Ay (520) = Agya(l0) =

s O < 0,

and thus 1
Ap,(z2) < e — §|uoo(0)|2 < e.

This proves

4.2 PROPOSITION. If Ap,(z2), Ap,(x3) > € > max(||Valloo, |[V3lleo), then for all x1 € Py(Hy),
the solution space Mgy, .z, 24 15 compact modulo splitting of Floer trajectories.

By counting the 0-dimensional solutions of M, z1;29,25 We Obtain a well-defined cochain operation
on the Floer cochain complexes from the ascending Ag-flow,

@°: FL,(Ha) @ FLy(Hy) — FEHGMSH(Hy)
w* (Iv y) = Z #alg/\/;l/z;m,y Z,
for all a,b > e.

After using the usual continuation isomorphism of Floer theory in order to eliminate the
perturbation V; of H = %|p|?, we obtain the product

w: HFS,(H)® HFL,(H) — HFSH" ' (H)

for all positive a,b > 0 and a ring (HF;O(H), 11))

The proof that this product on cohomology is isomorphic to [J from [GHO09] will appear else-
where.
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