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SPECTRAL INVARIANTS FOR MONOTONE
LAGRANGIANS

REMI LECLERCQ, FROL ZAPOLSKY

ABSTRACT. Since spectral invariants were introduced in cotangent bun-
dles via generating functions by Viterbo in the seminal paper [Vit92],
they have been defined in various contexts, mainly via Floer homology
theories, and then used in a great variety of applications. In this pa-
per we extend their definition to monotone Lagrangians, which is so
far the most general case for which a “classical” Floer theory has been
developed. Then, we gather and prove the properties satisfied by these
invariants, and which are crucial for their applications. Finally, as a
demonstration, we apply these new invariants to symplectic rigidity of
some specific monotone Lagrangians.
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1. INTRODUCTION AND MAIN RESULTS

Spectral invariants were introduced into symplectic topology by Viterbo
[Vit92], and subsequently their theory was developed by Schwarz [Sch00],
Oh [Oh05a] in the context of periodic orbit Floer homology, by Oh [Oh97],
Leclercq [Lec08], Monzner—Vichery—Zapolsky [MVZ12] in the context of La-
grangian Floer homology, by Chaperon [Cha95|, Bhupal [Bhu01|, Sandon
[San11], and Zapolsky |Zap13a] for Legendrian submanifolds of contact man-
ifolds and for contactomorphisms, and by Albers—Frauenfelder [AF10] in Ra-
binowitz Floer homology.

They have been used in numerous deep applications, such as metrics
on infinite-dimensional groups of symmetries [Vit92, Sch00, Oh05b, Kha09,
Lec08, San10, MZ11, CS15, Zapl3a, Zapl3b, Seyl4|; the symplectic camel
problem [Vit92, Thé99|; quasi-morphisms on the Hamiltonian group [EP03,
Ost06, Ushll, FOOO11]; quasi-states and symplectic and contact rigid-
ity [EP06, EP09, MVZ12, Zapl3a|; orderability and contact nonsqueezing
[San11, AM13]; C%-symplectic topology [Sey13a, Sey13b, HLS16, HLS15a,
HLS15b]; function theory on symplectic manifolds [EPZ07, BEP12|, [PR14|
and the references therein; quantum measurements and noise [Pol12, Pol14];
surface dynamics [HLRS16[; and contact dynamics [Zap13a]. There are other
applications, and it is not feasible to list all of them here, but the above sam-
ple should give the reader a feeling of the power of this wonderful tool of
symplectic topology.

Spectral invariants have been defined in various contexts, such as peri-
odic orbit Floer homology and Lagrangian Floer homology for weakly exact
Lagrangians. The present paper extends their definition to the setting of
Lagrangian Floer homology for monotone Lagrangian submanifolds. This is
so far the most general case for which meaningful theory can be developed,
while staying in the realm of “classical” Floer theory, that is avoiding the more
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advanced and complicated techniques such as virtual fundamental cycles and
Kuranishi structures, used, for instance in [FOO0O09a, FOOO09b, FOOO11].

Future applications of spectral invariants for monotone Lagrangians in-
clude inter alia new results on the Lagrangian Hofer metric [KZ].

1.1. Main result. Let us briefly review the setting in which we will be
working. Throughout this paper we fix a closed connected symplectic mani-
fold (M, w) of dimension 2n and a closed connected Lagrangian submanifold
L € M. We have the natural homomorphisms

w: m(M,L) — R, the symplectic area, and
w: mo(M,L) — 7, the Maslov index.

We say that L is monotone if there is a positive constant 7 such that
w(A) =Tu(A) for every A € mo(M,L).

The minimal Maslov number N of L is defined to be the positive gen-
erator of the subgroup ,u(WQ(M , L)) C Z if it is nontrivial, otherwise we set
Ny, = oo. In this paper we assume that L is monotone of minimal Maslov
number at least two. Usually we will assume that Ny, is finite, which then
implies that the group of periods w(7r2(M , L)) C R is infinite cyclic; in this
case we let A = 7N € Ry be its positive generator. Otherwise N; = oo,
which is the case of L being weakly exact.

A few remarks on the setting are in order:

(1) For the most part, we limit ourselves to closed symplectic manifolds,
however, using techniques developed by Frauenfelder—Schlenk [FS07]
and Lanzat [Lanl3|, it is straightforward to generalize to the case of
manifolds which are convex at infinity [EG91]|, which we will assume
whenever M is noncompact.

(2) Most results here are formulated for the case of finite Nz, and we
leave to the reader the straightforward task of adapting them to the
case Ny = oo.

(3) The monotonicity of L implies that M is monotone, more precisely
the homomorphisms w: (M) — R and ¢1: mo(M) — Z either van-
ish! or satisfy w = 27¢;.

We wish to emphasize that our symplectic manifold M is monotone through-
out this paper, as a result of the monotonicity assumption on L.

We proceed to formulate the main result of this paper. A few preliminaries
are in order. Fix a ground ring R, which we assume to be commutative
throughout. If its characteristic is different from 2, we require that the
following assumption be satisfied.

Assumption (O): The second Stiefel-Whitney class wa(T'L) of L van-
ishes on the image of the boundary homomorphism m3(M, L) — ma(L).

IThen M is symplectically aspherical, for example when 72 (M) = 0 or N1 = co.
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REMARK 1. Assumption (O) is satisfied if L is relatively Pin™, that is
either one of the classes wo(TL) or wo(TL) + w?(TL) is in the image of
the restriction morphism H?(M;Zs) — H?(L;Zs). However it is a strictly
weaker assumption, see §1.7.

In [BC09, BC12|, and [Zapl5, Section 4] it is shown how to define the
quantum homology QH.(L) of L over R. This is an algebra over R,
where the product operation is

*: QHj(L) & QHk(L) — QHj+k_n(L) s

with a unit which is given by the fundamental class of L, [L] € QH,(L). It
follows that QH,.(L) # 0 if and only if [L] # 0. We assume that this is the
case throughout the text.

REMARK 2. The ability to work over an arbitrary ring R, developed in
[BC12], |Zap15], allows for additional applications, as exemplified in Theo-
rem 17. Also see Section 2.6 for examples of Lagrangian submanifolds and
their quantum homology with various choices of coefficients.

In §3 below we define the Lagrangian spectral invariant associated to
L, which is a function

0: QH,(L) x C°(M x [0,1]) = RU {—o0}.
We use the abbreviation

(1) £ = (L))
For a smooth Hamiltonian H on M we let Spec(H : L) C R be its action
spectrum relative to L, that is the set of critical values of the associated
action functional, see the definitions in §2.

Given a continuous function H: M x [0,1] — R, we denote by H the
function defined by Hy(x) = —Hj_¢(). In case H is smooth, we have % =

1leyt for all t. If H,K: M x [0,1] — R are continuous and H; = K; = 0

for t close to 0,1, we define HK: M x [0,2] — R to be their concatenation
with respect to the time variable.?

Our first result concerns the main properties of the spectral invariant.

Theorem 3. Let L be a closed connected monotone Lagrangian submanifold
of (M,w) with minimal Maslov number Ni, > 2. The spectral invariant

0: QH, (L) x C°(M x [0,1]) = RU {—occ}
satisfies the following properties.
FINITENESS: ¢(a; H) = —oco if and only if & = 0.
SPECTRALITY: For H € C*°(M x [0,1]) and o # 0, {(co; H) € Spec(H : L).
GROUND RING ACTION: Forr € R, {(r-o; H) < l(a; H). In particular, if
is invertible, then ¢(r - a; H) = ¢(c; H).

2The definition of spectral invariants can be generalized in a straightforward manner
to Hamiltonians parametrized by a time interval which is not necessarily [0, 1].
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NORMALIZATION: If ¢ is a function of time then
1
lo; H+c)=4(a; H) +/ c(t)dt.
0

We have £,(0) = 0.
CONTINUITY: For any Hamiltonians H, K, and o # 0:

1 1
/ min(K; — Hy)dt < l(o; K) —l(a; H) < / max(K; — Hy) dt.
o M o M

MonNoToNICITY: If H < K, then {(a; H) < l(o; K).
TRIANGLE INEQUALITY: For all a and B:
Ulax B HYK) < (B H) + L(a; K) .

LAGRANGIAN CONTROL: If for all t, H¢|r, = c(t) € R (respectively <, >),
then

1
(L(H) = / c(t)dt (respectively <,>).
0
Thus for all H:

1 1
/ min Hy dt < (4 (H) < / max H; dt .
o L o L

NON-NEGATIVITY: (4 (H) + (4 (H) > 0.

Theorem 3 is proved in §4 below as part of the more general Theorem 36.
We say that H is normalized if fM H;w"” = 0 for all t. We have the
following, by now standard, observation.

Proposition 4. If H is normalized, then for o € QH,(L) \ {0} the spectral
invariant £(«; H) only depends on the homotopy class of the path {d)tH}te[O,l]
relative to the endpoints.

See §3.4 for a proof. Thus the spectral invariant descends to a function
¢: QH, (L) x Ham(M,w) = RU {—oc}.
This function satisfies a number of properties, analogous to those formulated

in Theorem 3. See §4.3 for details.

1.2. Overview of the construction of spectral invariants. We present
here a brief sketch of the construction of £. The reader is referred to §3 for

full details.

Assume that H: M x [0,1] — R is such that ¢},(L) intersects L trans-
versely. It is then possible to choose a time-dependent family of w-compatible
almost complex structures J on M for which the Floer complex

(CF.(H : L),0p,;)
is defined. This complex is filtered by the action functional of H, and we let
CF}H:L)CCF.(H:L)
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be the submodule generated by elements whose action is < a. From the
definition of the Floer boundary operator 0y, it follows that this submodule
is in fact a subcomplex. We let

HF.(H,J:L) and HFA(H,J:L)
be the homologies of (CF*(H : L),aH’J) and (C’Ff(H : L),@HJ), respec-
tively, and we let

i% HFS(H,J:L) - HF.(H,J : L)

be the morphism induced on homology by the inclusion.
There is a canonical map, the so-called PSS isomorphism

PSSt QH,.(L) - HF,.(H,J : L).
For o € QH,(L) we then define
{(a; H) = inf{a € R| PSS/ (a) € imi?} .

It is then shown that ¢ is continuous in H in the sense of Theorem 3, which
implies that is possesses a unique extension to the set of continuous Hamil-
tonians.

1.3. Additional properties of spectral invariants. Theorem 3 collects
the more basic properties of the Lagrangian spectral invariants. The lat-
ter satisfy a number of other properties, of which we mention three in this
introduction. For the full list the reader is referred to Theorem 36 in §4.

The quantum homology of M acts on QH, (L) via the so-called quantum
module action [BC09|, [Zapl5, Section 4.5

o QH;(M)® QHL(L) = QHjip—2n(L).
We have the corresponding MODULE STRUCTURE property, where
c: QH.(M) x CO(M x S*) - R
is the Hamiltonian spectral invariant [OhObal, see also §3.1:

Proposition 5. Let H', H? be Hamiltonians, with H? being time-periodic.
Then for a € QH(M) and o € QH.(L) we have

((aeo; HYH?) < c(a; H*) + (o; HY).

This is proved as part of the properties of spectral invariants, Theorem 36.

Next we show that Lagrangian spectral invariants generalize Hamiltonian
spectral invariants. Let A C M x M be the Lagrangian diagonal where the
symplectic structure is w @ (—w). In the following theorem QH,.(A) denotes
the Lagrangian quantum homology of A.

Theorem 6. There is a canonical algebra isomorphism QH.(A) = QH.(M).
For any class a € QH.(A) = QH.(M) and any time-periodic Hamiltonian
H on M we have

cla; H) =4(a; HPO) .
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See §4.2.2 for a proof.

The last property we wish to mention is a relation between the spectral
invariants of two monotone Lagrangians L; C (M;, w;) such that the product
L1 x Ly is monotone of minimal Maslov at least two. In this case both L,
Lo have minimal Maslov number at least 2. In §4.2.3 below we prove the
following property:

Uon @ ag; H' ® H?) < l(on; H') + £(az; H)

where a; € QH,(L;), H' is a Hamiltonian on M;, and a; ®ag € QH, (L1 x Lo)
denotes the element canonically associated to o, ao. In case the ground ring
R is a field, we have an equality.

1.4. Hofer bounds. We now explain a relation between Lagrangian spec-
tral invariants associated to two Lagrangian submanifolds L, L' = ¢(L) for
some ¢ € Ham(M,w), and the Hofer norm of ¢, as well as the Lagrangian
Hofer distance between L and L'.

First, as we shall see in Theorem 36, Lagrangian spectral invariants sat-
isfy a SYMPLECTIC INVARIANCE property, expressed as follows. Let ¢ €
Symp(M,w), and let L' = ¢(L). To v there is associated an isomorphism

b QHL(L) — QH.(L'),

see Section 2.10. Denote by ¢ the spectral invariant associated to L’. Then
for any o/ € QH,(L') and any Hamiltonian H we have

(o' H) = £y (a'); H o).
For a fixed o/ € QH,(L'), this property allows us to compare ¢'(a/; -) and
(P H(); +) as functions defined on CO(M x [0,1]) or on Ham (M, w).
The following proposition states that when v is Hamiltonian, the differ-

ence between these two functions is bounded from above by the Hofer norm
of v, defined as

Joll = inf { fy osear (H) dt | H: M x [0,1] = R with ¢5 = 0}

Proposition 7. Let L and L' be Hamiltonian isotopic Lagrangians. Let
a € QH.(L). For all p € Ham(M,w) such that (L) = L' we have

(e H) = U (pu(a); H)| < [l and  [€(e;X) = (p+(@): X)| < llee]l
where H € C°(M x [0,1]) and X € I’/I;_I?l(M,w) are arbitrary elements.

This property is somewhat surprising since, in the monotone case, one might
have expected a bound in terms of Hofer’s geometry of the universal cover of
the Hamiltonian diffeomorphism group and not of the group itself (compare
to the weakly exact case [Lec08| and [MVZ12| where the Lagrangian spectral
invariants only depend on time-1 objects).

In a similar vein we formulate a relation with the Lagrangian Hofer dis-
tance (see [Che00]). Here we use a variant of this distance defined on the
universal cover of the space of Lagrangians which are Hamiltonian isotopic
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to a given one L. It is defined as follows. Recall that given a Hamiltonian H,
the associated path of Lagrangians L; = ¢}, (L) is exact, meaning the tan-
gent vector to this path at every point L; is given by an exact 1-form on L;.
Conversely, any exact path of Lagrangians starting at L can be represented
in such a way. Given a homotopy class L of exact paths of Lagrangians from
L to L' we define the Hofer length of L to be

IL|| = inf { [} oscar(Hy) dt | [{¢% (L)} rejo.) = L} -

Such a homotopy class induces a natural isomorphism QH, (L) ~ QH.(L'),
as follows. Assume L; = ¢%; (L) is an exact path of Lagrangians from L to
L’. The symplectomorphism ¢z induces an isomorphism (¢g).: QH. (L) —
QH.(L"), see §2.10. We have

Theorem 8. The induced isomorphism QH.(L) — QH.(L') only depends
on the homotopy class of the path {Lt}te[o,l] relative to the endpoints.

REMARK 9. It follows that Lagrangian quantum homology forms a local
system over the space of Lagrangians which are Hamiltonian isotopic to L.
We then have

Proposition 10. Let L be a homotopy class of exact paths of Lagrangians
connecting L and L', and let « € QH.(L), o € QH. (L) be quantum ho-
mology classes corresponding to each other by the above natural isomorphism
induced by L. Then

(0o H) = £(a’s )| < [LI| - and [6(osX) = £ %) < [IL]
for any H € C°(M x [0,1]) and X € ITI_E\L_I/H(M,LU).

Propositions 7, 10, and Theorem 8 are proved in §5.

REMARK 11. Let £ be the universal cover of the space of Lagrangians
Hamiltonian isotopic to L, that is an element of Lisa homotopy class of exact
paths of Lagrangians starting at L, relative to the endpoints. Over £ we have
the natural local system of algebras QH — £ whose fiber at a homotopy class
L with endoint L' is given by QH,(L'). The above isomorphisms provide
a canonical trivialization of this local system, that is QH = QH,(L) X L.
The above discussion allows us, given a € QH, (L), to view the associated
spectral invariant as a function on the space

L x Ham(M, w).

Proposition 10, together with the CONTINUITY property, implies that every
such function is Lipschitz with respect to the natural Hofer (pseudo-)metric
on this space.

1.5. An application to symplectic rigidity. We now present a sample
application of this theory to symplectic rigidity. If e € QH.(M) is any
nonzero idempotent, Entov-Polterovich [EP09] defined two classes of rigid
subsets of M, namely heavy and superheavy subsets with respect to e:
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Definition 12. A closed subset X C M is called e-heavy if for every
F € C*(M) we have

i c(e; kF)

k—o0 k

and it is called e-superheavy if for every F' € C*°(M)

lim M < maxF'.
k—oo k X

> min F',
X

In [EPO06] they also introduced the notion of a symplectic quasi-state. In
the following definition {-,-} stands for the Poisson bracket and || - ||co for
the supremum norm.

Definition 13. A quasi-state on M is a functional ¢: C°(M) — R satis-
fying

NORMALIZATION: (1) = 1.

QUASI-LINEARITY: For F,G € C*(M) with {F, G} = 0 we have ((F+G) =
C(F) +¢(G).

MONOTONICITY: For F,G € CO(M) with F < G we have ((F) < ((G).

They developed a construction of (nonlinear) symplectic quasi-states on
M using idempotents in QH,(M). We refer the reader to [EP08| for details.
Briefly, if QH.(M) ~ F @& Q as an algebra where F is a field, then the
spectral invariant c(e;-), where e € F is the unit, has the property that the
functional

F— ((F) = lim M
k—o0 k
is a symplectic quasi-state.
REMARK 14. If e gives rise to a symplectic quasi-state as above, the notions
of e-heavy and e-superheavy coincide [EP09].

In this paper we use Lagrangian spectral invariants to prove the super-
heaviness of certain Lagrangian submanifolds. Namely, we have the following
result, proved in §6 below:

Proposition 15. Let e € QH (M) be an idempotent. If e ® [L] # 0, then L
is e-heavy. Furthermore, if e gives rise to a symplectic quasi-state as above,
thanks to Remark 14, L is e-superheavy.

REMARK 16. This proposition is analogous to, and in certain cases follows
from, Proposition 8.1 of [EP09].> This is essentially because the quantum
inclusion iy, of Biran-Cornea [BC09|, appearing in the formulation of the
cited proposition in the guise of the map j9, is dual to the quantum action
QH(M)>ew—eo[L] € QH(L).

We apply this proposition to two examples of monotone Lagrangians. First
we consider the monotone product S$? x S? in which there is a monotone

3We thank Leonid Polterovich for pointing this out to us.
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Lagrangian torus Lg2, g2 defined as follows. View S2 C R3 as the set of unit
vectors. Then

L52X52:{(ﬂf,y)GS2XSQ|LII'y:*%, x3+y3:0},

where x-y is the Euclidean scalar product. See |[EP10] and references therein.

The other example is the Chekanov monotone torus Lep2: C CP? [CS10].
We refer the reader to the paper by Oakley—Usher [OU16]|, in which they
review various constructions of monotone tori in S? x $? and in CP?, and
prove that they are all Hamiltonian equivalent. Also see the paper by Gad-
bled [Gadl13]. One possible description of Lgpe is as follows. Consider the
degree 2 polarization of CP? by a conic. This conic is a complex (and
thus symplectic) sphere, in which there is a monotone Lagrangian circle, the
equator. The Lagrangian circle bundle construction [BCO1, Bir06] in this
situation yields L¢pe.

Theorem 17. e The Chekanov torus Lepe is superheavy with respect
to the fundamental class [CP?] taken over the ground ring R = C.

e Quer the ground ring R = C, the quantum homology QH,(S? x S?)
contains two idempotents ey.. The torus Lg2y g2 s ey -superheavy.

We prove this in §6.

1.6. Relation with previous results. The properties of the Lagrangian
spectral invariants listed in Theorem 3 have previously appeared in other con-
texts, and consequently they are more or less standard, see [Vit92, Oh05a,
MVZ12|. The major exception here is the MODULE PROPERTY, see Proposi-
tion 5. An early version of this result was establised in [MVZ12] for the zero
section of a cotangent bundle, in case ¢ = [M] and o = [L]. An inequal-
ity identical to ours in the setting of weakly exact Lagrangians was proved
in [DKM14|. TRIANGLE INEQUALITY for Floer-homological spectral invari-
ants was first proved by Oh [Oh99], although the inequality proved there
included an error term. In the context of Hamiltonian Floer homology the
sharp inequality was proved by Schwarz [Sch00]. A sharp triangle inequality
for Lagrangian spectral invariants was proved in [MVZ12| based on the trick
due to Abbondandolo-Schwarz [AS10].

Theorem 6 was proved by Leclercq [Lec08| for weakly exact M. The canon-
ical isomorphism QH,(A) = QH,.(M) appears, for example, in [BPS03|.

Various versions of Proposition 15 have appeared in the literature, see for
example [EP09]|, as well as [BC09]; these results use early ideas appearing
in [Alb05]; see also [FOOOL11]. Let us point out that the estimates on spec-
tral invariants in these papers use quantities such as depth and height of
a Hamiltonian relative to L, which in our opinion are somewhat artificial,
and they do not have a clear “symplectic” meaning. In contrast, Lagrangian
spectral invariants do possess such a meaning, and therefore the compari-
son of Hamiltonian and Lagrangian spectral invariants, used in the proof of
Proposition 15 seems to be a more natural approach.
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The superheaviness of the Chekanov torus L¢gp2 C CP? was proved by Wu
[Wul2|. The proof there relies on the fact that HF,(Lcp2) # 0, which in
turn uses the machinery of toric degenerations, while our proof does not rely
on it. The superheaviness of the torus Lg2, g2 was established by Eliashberg—
Polterovich [EP10]. Again, our proof is based on a more natural approach
to estimating Hamiltonian spectral invariants via Lagrangian ones.

1.7. Discussion. We use quantum homology over arbitrary rings, there-
fore the issue of orientations plays a crucial role. This was resolved in the
context of periodic orbit Floer homology in [FH93|, which gave rise to the
notion of coherent orientations, which has been used ever since. Coherent
orientations for Lagrangian Floer homology are constructed in [FOOOO09b],
and for Lagrangian quantum homology in [BC12]; see also [HL10, WW15].
We use here the notion of canonical orientations, which also appears in
[Sei08, Wel08, Abol5|. This has the advantage that the structures inher-
ent to the theory are more transparent. The drawback, of course, is a higher
level of abstraction, and that computations are less straightforward.

Assumption (O) is the minimal assumption under which the so-called
canonical quantum homology can be defined |Zapl5|. The corresponding
chain complex distinguishes homotopy classes of disks, rather than their ho-
mology classes or symplectic area, which are the more usual equivalence re-
lations appearing in Floer theories. The advantage of the canonical complex
is that there are no further assumptions or choices required for its definition,
for instance L is not required to be orientable or relatively (S)Pin.

The drawback of the canonical complex is that the resulting homology is
oftentimes too small and does not contain the desired classes, for example,
it may happen that not all singular homology classes of L appear in it. To
remedy this, there is the possibility of forming quotient complexes, where
cappings having the same area or the same homology class are identified,
in which case the homology of the complex is better behaved. In order
to form such quotient complexes, further assumptions and choices need to
be made. Even though precise assumptions can be formulated in terms of
various obstruction classes, we point out that any sort of quotient complex
can be formed once L is assumed to be relatively Pin* and a relative Pin™
structure has been chosen.

Definition 18. We say that L is relatively Pin® if the class w*(L) is
in the image of the restriction morphism H2(M;Zy) — H?(L;Zs), where
wt (L) = wo(TL) and w™ (L) = wo(TL) +w?(TL).

In |Zap15, Section 7] the notion of a relative Pin® structure is defined, follow-
ing the category-theoretic approach appearing in [WW15|, and it is shown
how to produce coherent orientations for disks in M with boundary on L
and how to use them to define the aforementioned quotient complexes.
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Example 19. Here we point out that, as we mentioned above, assumption
(O) is strictly weaker than L being relatively PinT. An example is fur-
nished by the Lagrangian RP®> C CP®. Indeed, assumption (O) is satisfied
since mo(RP°) = 0. On the other hand RP® is not relatively Pin® since
the restriction map H?(CP?;Zy) — H?(RP%;Zs) vanishes while the classes
wa(RP®) = wo(RP®) + w?(RP%) do not. 4

1.8. Overview of the paper. In §2 we review the construction of La-
grangian and symplectic Floer and quantum homology with canonical orien-
tations, as well as the relevant Piunikhin—Salamon—Schwarz isomorphisms.
Various algebraic structures and operations appearing in these theories are
also described, and examples of quantum complexes for various Lagrangians
with different coefficients are given. In §3 we define the Lagrangian spec-
tral invariants and prove basic properties thereof. In §4 we prove the main
properties of spectral invariants. In §5 we prove the Hofer bounds on spec-
tral invariants formulated in §1.4. Finally §6 contains the proofs regarding
superheavy Lagrangians.

1.9. Acknowledgements. RL is partially supported by ANR Grant ANR-
13-JS01-0008-01. FZ is partially supported by grant number 1281 from the
GIF, the German-Israeli Foundation for Scientific Research and Develop-
ment, by grant number 1825/14 from the Israel Science Foundation, and
wishes to thank RL and Université Paris—Sud for the opportunity to visit
the maths department as a professeur invité, during which substantial por-
tions of the present paper, as well as of [Zapl5|, were written; the research
and personal atmosphere there were excellent, and the cafeteria was nice.
We are grateful to Leonid Polterovich whose suggestion lead us to Proposi-
tions 7 and 10. Finally, we thank the anonymous referee for a thorough and
detailed report on the previous version of this paper.

2. BACKGROUND: FLOER HOMOLOGY, QUANTUM HOMOLOGY, AND PSS

Here we collect the necessary preliminaries concerning the Floer theories
that we need in order to define and study Lagrangian spectral invariants, and
establish notation. Floer homology was defined by Floer [Flo89a, Flo88a,
Flo88b, Flo89b|, and extended by Hofer-Salamon [HS95|. The Lagrangian
case was handled, for instance, by Floer (loc. cit.), Oh [Oh93|, Biran—Cornea
[BC09, BC12], Seidel [Sei08], Fukaya-Ohta-Oh-Ono [FOO009a, FOOO09b].

The principal reference for all the material in this section is [Zap15|, where
the reader will find a detailed description of all the concepts not defined here;
the style of [Sei08] will undoubtedly be felt here, and indeed this book served
as inspiration for many of the constructions presented herein.

4We wish to thank Jean-Yves Welschinger for this example.
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2.1. Morse theory. We briefly recall the basic notions of Morse theory,
mostly in order to establish notation. For a Morse function f on a manifold
@ we denote by Crit f its set of critical points. The index of ¢ € Crit f is de-
noted by indy g, or just ind ¢ if f is clear from the context. For a Riemannian
metric p on @ we let S¢(q), Us(q) be the stable and the unstable manifolds
of f at ¢ with respect to the negative gradient flow of f relative to p; mostly
we omit the subscript . We say that the pair (f,p) is Morse—Smale if
every unstable manifold intersects every stable manifold transversely.

2.2. Floer homology. This section is concerned with Lagrangian and pe-
riodic orbit Floer homology.

2.2.1. Lagrangian Floer homology. We let
Qp = {7:[0,1] = M|7(0),%(1) € L, [y] = 0 € m (M, L)} .

Let D? C C be the closed unit disk with the standard conformal structure.
We consider the punctured disk D? = D?\ {1} with the induced conformal
structure and endow it with the standard positive end e: [0, 00) x [0, 1] — D?
defined by

(2) €(z) =

A capping of an arc v € €, is a smooth map 7: (DZ, 8D2) — (M, L) which
is b-smooth® in the sense of [Zap15, Section 3.3], and satisfies

F(els1) —— (1),

e — 4

€T? 414

This condition in particular means that if we compactify D? by adding an
interval at infinity according to the end € to obtain a surface with corners,
then 7 extends to a smooth map defined on this surface. Sometimes we will
also use this extension, and by abuse of notation we will denote it by 7 as
well.

We let D2 = D?\ {—1} with the induced conformal structure. For a
capping 74 of v we define its opposite as the map

—7: D> 5 M givenby —73(0,7) =~(—0,7).

We call two cappings 7,7 equivalent, and denote 5 ~ 7/, if the preglued map
F4(—7') defines the trivial element in 7o(M, L) (see [Zapl5h, Section 3.4] for
details on pregluing). Two pairs (7,7), (7,7’) are equivalent if v = 4/ and
7,7 are equivalent cappings. We let the class of (v,7) be denoted by [v,7]
and define

Qp = {[%/’ﬂ |y € Qr,7 is a capping of’y},

5This notion is borrowed from Schwarz’s thesis [Sch] and his book on Morse homology
[Sch93], where it appears under a different name. Roughly speaking, being b-smooth
means that 7 o e converges to v sufficiently fast together with all derivatives as s — co.
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which together with the obvious projection p: Qr — Qg forms a covering
space of Q7. We usually denote elements of 27, by 7 and it is understood
that it is the class [7y,7].

For a time-dependent Hamiltonian H on M we have the action functional

~ 1
Apar B =Ry App(=0A) = [ mew)a- [ 5.

D

Its critical point set Crit Ag.r consists of the classes [y,7] for which v is a
Hamiltonian arc of H, that is solves the ODE 4 = Xy (7).

We call the Hamiltonian H nondegenerate if for every critical point
7y € Crit Ay, the linearized map ¢p .: Ty 0)M — T, 1yM maps T L to a
subspace transverse to T),(1)L. For such a Hamiltonian there is a well-defined
function

mpy.: Crit Ag.;, — Z

called the ConleyZehnder index.®

Fix now a time-dependent w-compatible almost complex structure J on
M. In |Zaplh, Section 3.4] it is explained how to construct, for p > 2, a
Fredholm operator

Ds: WYP (D%, 0D%7*T M, (],p2)*TL) — LP(D?* Q%! @ *T M)

given a capping 7. This operator has index ind D5 = n — mpg.r(y). Ibid., it
is shown how to assemble these into a Fredholm bundle D5 over the space 7
of cappings’ in a given equivalence class.®

Recall [Zin13] that the determinant line of a Fredholm operator D is de-
fined to be

d(D) = d(ker D) ® d(coker D),

where for a finite-dimensional real vector space V' we denote by d(V) its top
exterior power.

The determinant line bundle d(D5) is well-defined and we have the fol-
lowing foundational lemma, proved in |Zapl5, Section 3.7].

Lemma 20. The line bundle d(D5) is orientable if and only assumption
(O) holds. O

This allows us to define the rank 1 free Z-module C'(y) whose two generators
are the two possible orientations? of the line bundle d(Ds). The Lagrangian

6We normalize it so that if H is the pullback of a C*-small Morse function fiL—-R
to a Weinstein neighborhood of L, then for ¢ € Crit f and g being the constant capping
we have mH;L([q,cﬂ) = indy g, and in general mH;L([’y,Aﬁﬂ) = mH;L([fy,ﬁ]) — p(A) for
A € ma(M, L,~(0)).

"The set 5 = {(~,7) |7 is a capping of v} is of course a topological space.

8Strictly speaking, the family D is parametrized by a space which forms a fibration
over 4 with contractible fibers corresponding to auxiliary choices such as connections and
extensions of almost complex structures, but such details are irrelevant here.

INote that ¥ is a connected topological space.
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Floer complex as a Z-module is

CR.(H:L)= P cF).
yeCrit Ag.1,
It is graded by myg.;, and its generators are assigned actions using Ap.r..
For 744+ € Crit Ag.1, we let
M(H, J;7-,74) = {u: Rx [0,1] = M |8y ju=0,u(R x {0,1}) C L,
U(iOO, ) =7x 7zy\*ﬁu ~ /’}Lr} )
where

EH,JU = Osu + Ji(u) (8tu - XH(u)) .

REMARK 21. It is well-known that the Floer equation dy ju = 0 can be
considered as the negative gradient flow equation for the action functional.
To see this, define a scalar product on

759, = C*([0,1], {0, 1};7*T M, (7lgo,13)*TL)
via )
&) = [ wlew.nv) .
Then the gradient of Af.;, at 7 writes
ViAmr =J() (Y — Xu(v)) .

For a fixed nondegenerate H there is a residual subset of almost complex
structures J for which the linearized operator D,, is surjective for any element
ue M(H,J;7-,7+). We call the pair (H, J) a regular Floer datum for L

if this is the case. Then it follows that M(H, J;7_,74+) is a smooth manifold
of dimension mp..(Y-) — mpg..(V+).

The group R acts on MV(H, J;7—,7+) by shifts in the R variable; we let
M(H, J;7v_,74+) be the quotient. This is a smooth manifold of dimension
mu..(Y—) — mpg.(74+) — 1. If this dimension is 0, then it is a compact
manifold, meaning it is a finite set of points. s

When my.(7-) = my.p(3+) + 1 and uw € M(H, J;5-,74+), the oper-
ator D, has index 1, is surjective, and its kernel is canonically isomor-
phic to R via the R-action by translations. In particular, since d(D,,) =
d(ker D,)®d(coker D,)" = d(R), we see that D,, has a canonical orientation,
corresponding to the positive orientation of R; we denote it by 9, € d(Dy,).

We define the boundary operator

(‘)HJ: CFk(H : L) — CFk_l(H : L)
as the unique Z-linear map whose matrix element C(7_) — C(74) is the

map
> C(u)

[u] eM (Hv‘];ﬁ* vﬁ#‘)
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where C'(u): C(7-) — C(74+) is an isomorphism of Z-modules, defined as
follows. Recall that C'(74) are generated by orientations of the line bundles
d(D5, ). Consider the following string of isomorphisms

d(D@i) ~ d(Du) ® d(D:;i) ~ d(D:y\i D Du) ~ d(D:ﬂ) ,

where the first isomorphism maps o_ — 39, ® 0_, the second one is the direct
sum isomorphism (defined in [Zapl5, Section 2|), while the third one is the
composition of linear gluing (defined in loc. cit., Section 3.2) and deformation
isomorphisms (see loc. cit., Section 3.4). The resulting isomorphism of
lines d(D5_) ~ d(Ds, ) gives rise to the desired isomorphism of Z-modules
C(7-) =~ C(7+), which is C(u). It can be seen that this isomorphism only
depends on the class [u] € M(H, J;5-,7+). We have therefore defined the
boundary operator Op ;.

Theorem 22 (|Zapl5, Section 3.8]). 8%{7J = 0. O

This allows us to define the Lagrangian Floer homology HF,.(H,J : L)
as the homology of the complex (CF* (H:L), aH’J).

There are continuation maps in Floer homology, defined as follows (see
[Zap15, Section. 3.8]). Let (H',J%), i = 0,1 be regular Floer data for
L. Consider a homotopy of Floer data (H?®, J%)scr, that is just a smooth
s-dependent family of Floer data, which satisfies (H*,J*) = (H?,JY) for
5 <0, (H%J%) = (HY, J') for s > 1. Given 7; € Crit Agi.p, i = 0,1, we
define the solution space

(3) M((H* J%)s;90,71) = {u: R x [0,1] = M [ pys yoy,u =0,

u(]R x {0, 1}) C L,u(—00,-) =7 ,u(co,-) =1, fu ~ ﬁl} ,
where
(4) O(ps, 75y, = Osu + J*(u) (Opu — Xps (u)) .

Solutions of 5( Hs,75),w = 0 can alternatively be considered as the negative
gradient flow lines of the s-dependent functional Apgs.;, (see Remark 21).

We call the homotopy (H?®,J%)s regular if for all 4; € Crit Ag..;, and
ue M ((HS, J*) s %0, %), the linearized operator D,, is onto. In this case the
solution space (3) is a smooth manifold of dimension m go.7, (7o) —m 1.1, (1)-
When this dimension vanishes, the solution space is compact, that is a finite
set of points.

The continuation map

® (s gs),: CF(H? : L) — CF.(H" : L)

is defined as the linear map with matrix coefficients C(7y) — C(71), where
mpo.r,(Yo) — my1.(31) = 0. This matrix coefficient equals

> C(u),

u€M((H®,J°)s:70,71)



SPECTRAL INVARIANTS FOR MONOTONE LAGRANGIANS 17

where C'(u): C'(70) — C(71) is an isomorphism, defined as follows. The lin-
earized operator D,, is onto and has index 0, therefore it is an isomorphism;
we let 0, € d(D,) be the canonical positive orientation. The isomorphism
C'(u) is then defined via the composition of the following string of isomor-
phisms
d(Dﬁ)) ~ d(Du) X d(DryO) ~ d(Dﬁo &b Du) ~ d(D%) ,

the first isomorphism being oy — 0, ® 0g, the second being the direct sum,
and the third the composition of the linear gluing and deformation isomor-
phisms, similarly to the definition of the boundary operator above.

It is then proved that ®(gs js), is a chain map, and, considering homo-
topies of homotopies, that the resulting map on homology is independent
of the chosen homotopy of Floer data, thereby giving rise to continuation
morphisms

o HE.(H,JO: L) » HFE,(H',J" : L),
which satisfy
H2,J2 H' J! H2,J? HJ .
q)Hl,Jl(I)HO,JO:(I)HO,JO and ®H7J:1d.

It follows that the continuation morphisms are isomorphisms and we thus
have a direct system of graded modules (HF*(H, J L))(H 7 indexed by

regular Floer data, connected by the continuation isomorphisms. The direct
limit of this system is the abstract Lagrangian Floer homology HF,(L).

This carries a product. In order to define it, we will review the Floer PDE
defined on punctured Riemann surfaces.

Recall [Sei08] that a punctured Riemann surface ¥ is defined as the com-
plement, in a compact Riemann surface S with boundary, of a finite set
© C X. Elements of © are called the punctures. There is the notion of an
end associated to a puncture. If # denotes a boundary puncture of ¥, an
end associated to it is a proper conformal embedding

€g: [0,00) x [0,1] =X or € (—00,0] x [0,1] = X

such that 6;1(02) equals Ry x {0,1}. The punctures of ¥ are given a sign
and the end is defined on the positive or on the negative half-strip according
to the sign. A perturbation datum on ¥ is by definition a pair (K, 1),
where K is a 1-form on ¥ with values in C*°(M), for which K|px vanishes
along L, and [ is a family of compatible almost complex structures on M
parametrized by points of ¥. Assume we have chosen a regular Floer datum
(H?, J%) associated to every puncture 6 of ¥. Then (K,I) is said to be
compatible with the Floer data if for every 0

ey K = HY dt  and I(eg(s,t)) = J?.

Given a perturbation datum (K, I) on X, we can define the corresponding
Floer PDE for smooth maps u: (£,0%) — (M, L):

(5) EK’IU = (du — XK)O’l = O,
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where X is the 1-form on X with values in Hamiltonian vector fields on M
defined via w(XK &), ) = —dK (§) for a tangent vector £ € TY. The symbol
0.1 denotes the complex antilinear part of a 1-form on ¥ with values in a
complex vector bundle over it, in this case uv*T M.

Assume now X has a unique positive puncture 6, negative punctures 6;,
and genus 0. Pick regular Floer data (H,J) and (H?, J?) associated to 6, 6;,
respectively, and choose {7; € Crit Agi.p}; and 7 € Crit Ag.,. We can
define

M(K, I; {7:}i,7) = {w: (2,0%) — (M, L) |0k, u=0,
u asymptotic to v;,v and 14 ... fu ~ ﬁ} .

We call the perturbation datum (K, I') regular if for every choice of 7;, and
every solution u € M (K, I; {7 }, ﬁ) the linearized operator D, is surjective.
This is the case for a residual set of compatible perturbation data.

With these preliminaries in place we can define the product on HF,(L).
Let ¥, be a punctured Riemann surface obtained from D? by removing three
boundary points 6%, i = 0, 1, 2, where the punctures are ordered in accordance
with the boundary orientation of 9D?. We assign #°, 8! the negative sign and
62 the positive sign. We let (H', J*) be regular Floer data associated to &'.
We pick a compatible regular perturbation datum (K, ). For5; € Crit Ag.p,
we consider the space /\/l(K7 I; {%}Z) By assumption, this is a smooth
manifold, and its dimension equals mgo.;, (Vo) +mpg1.r, (1) — mp2.1.(2) — n.
If this dimension is zero, this manifold is compact and therefore consists of
a finite number of points.

Assume now that the 7; satisfy mpgo.r(50) + mgi. (1) — mgz..(52) =
n. For u € M(K, I; {%}l) the operator D, is surjective and has index 0,
therefore it is an isomorphism, and as such d(D,) possesses the canonical
positive orientation, which we denote o,.

Similarly to the definition of the matrix elements of the boundary operator
above, we now define the matrix element

ST Cu): CGo)® CGr) = Cn),
u€M(K, Ii{7i}i)
where C(u): C(7p) ® C(71) — C(72) is an isomorphism defined as follows.
Consider the string of isomorphisms
d(D5,) ®d(D,) = d(Dy) ®d(D5,) ®d(D5,) = d(D5, ® D5, © Du) = d(Ds,)

where the first one maps 0g ® 01 — 0, ® 09 ® 01, the second one is the direct
sum isomorphism, and the third one is the composition of linear gluing and
deformation isomorphisms. The resulting isomorphism d(D5,) ® d(D5,) ~
d(Ds,) yields the isomorphism C'(u).

We have therefore defined a bilinear map

xx.1: CF(H® : L)@ CF(H : L) = CFpyy_n(H?: L).
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In [Zap1h, Section 3.8] it is shown that this map is a chain map, therefore it
induces a map on homology. Using cobordism arguments, it is shown that
this induced map on homology is independent of the conformal structure on
¥, and of the choice of perturbation datum (K, I), which means that we
have a correctly defined bilinear map on homology

x: HFR(H®, J° : L) ® HE(H", J' : L) = HFyyy_n(H?, J?: L).
Furthermore, this map respects continuation maps, in the sense that
*x0PRXP =P ox,

therefore it induces a product * on the abstract Floer homology H F,(L).
It is further shown ibid. that this product operation is associative and has
a unit, thus HF, (L) is an associative unital algebra.

2.2.2. Periodic orbit Floer homology. Let
Q={z: 5" > M|[z] =0€m(M)}

be the contractible loop space of M. We view S? as the Riemann sphere
CU{oo}, and let S? = S%\ {1} be the sphere with one puncture. We endow
it with the standard positive end e: [0, 00) x S* — S? defined by

21z

e — g

e(z) = oz 1

where we identify S' = R/Z. A capping of z € Q is a b-smooth map
z: S? - M with Z(e(s,t)) — x(t) as s — oo. Similarly to §2.2.1 we have
the notion of equivalence of two cappings 7,7’ of z, meaning that their
pregluing Z#(—7") is a contractible sphere; we denote this by Z ~ Z’. We call
two pairs (z,7), (¢/,7') equivalent if x = 2’ and T ~ Z’. The class of (z,7)
is denoted by [z, Z]. Let

Q= {[m,f]\xe Q,7 a capping for x}

This comes with the obvious projection Q- Q making it into a covering
space. We denote elements of 2 via & and usually it will stand for [z, Z].
For a Hamiltonian H: S' x M — R we have the action functional

Ay: O S R, AH(:E:[QC,E]):/SlHt(x(t))dt—/ e

S
Its critical point set Crit Apg is the set of classes [z, Z] for which x is a periodic
orbit of H, & = Xp(x).
We call H nondegenerate if for each £ € Crit Ay the linearized flow
Gnx: Tpo)M — Tp0)M does not have 1 as an eigenvalue. In this case we
have a well-defined ConleyZehnder index'?

mpyg: Crit Ay — Z.

1OSimilarly to the Lagrangian case we normalize it to equal the Morse index of a
critical point of H in case it is a C2-small Morse function, and to satisfy mz ([a:, Aﬁi:\]) =
mu ([z,Z]) — 2c1(A) for A € (M, z(0)).
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Given a time-periodic compatible almost complex structure J on M, we can
define the operator

Dy: WYP(82: 2T M) — LP(S2, Q% @ T M),

and assemble these into a bundle Dz of Fredholm operators over the space of
cappings in class 7, similarly to the Lagrangian case. We note that ind Dz =
2n —mpy (7). We have

Lemma 23 (|Zaplh, Section 3.7|). The determinant line bundle d(Dz) is
orientable. ]

We let C(7) be the free Z-module of rank 1 whose two generators are the
two possible orientations of the line bundle d(Dz). The Floer complex of H

as a Z-module is
CR.(H) = @ C@.
zeCrit Ay
This is graded by mpy and its generators are assigned actions given by Ag.
We can similarly define the space of solutions of the Floer PDE,

M(H, J;i_,f_t,_)
for 21 € Crit Ay; we put M(H,J;2_,24) = M(H,J;2_,7+)/R. We call
(H,J) a regular Floer datum if for all z, and every solution w in this space
the linearized operator D, is onto. Then this solution space is a smooth
manifold of dimension mg(z_) — my(Z4). The quotient M(H, J;7_,74)
is a compact manifold whenever it is zero-dimensional, and therefore it is a
finite set of points. .

Assume that mpg(Z_)—mpg(z4+) = 1 and that w € M(H, J;Z_,2). Then
D, is surjective and has index 1. Its kernel carries a canonical orientation
and therefore D, is canonically oriented; we let this orientation be denoted
via Oy.

Similarly to the Lagrangian case, we have the isomorphism

Cu): CF-) — C(T4)

for such w given by applying the direct sum, linear gluing and deformation
isomorphisms. The matrix element C(Z_) — C(z4) of the boundary oper-
ator O j: CF,(H) — CFy_1(H) is the sum

> Clu): C(T_) = C(Ty).
[u]eM(H,J:F— )
It is proved in [Zapl5h, Section 3.8] that O%I,J =0 and we let HF,(H,J) be
the homology of the resulting chain complex (CF*(H), BH’J).

Continuation maps

ol I HF,(H®, J%) — HE.(H',J")

are defined similarly to the Lagrangian case, and it is shown that they behave
well with respect to composition and that @g§ = id, implying that they are
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isomorphisms. We let H F, (M) be the abstract Floer homology, which is the
limit of the direct system of graded modules (HF.(H,J ))( ) indexed by

regular Floer data, and connected by the continuation isomorphisms.
The product

w: HEL(H®, J%) @ HE(H', J'Y) — HFpy1_o0n(H?, J?)

is defined using the moduli space of solutions of the Floer PDE (5) on the
surface ¥, obtained from S? by removing three points. It is shown to be
independent of the conformal structure on ¥, and the perturbation datum
used to define it, and moreover to behave well with respect to continuation
isomorphisms, that is *x 0 ® ® ® = ® o x. This means that we have a well-
defined product * on the abstract Floer homology HF.(M). It is further
shown to be supercommutative, associative, and unital.

There is an additional algebraic structure, namely the quantum module
action of HF,(M) on HF,(L). To describe it, consider the surface ¥, ob-
tained from D? by removing two boundary and one interior point, where
the resulting interior puncture and one of the boundary ones are given the
negative sign, while the remaining boundary puncture is given the positive
sign. Using solutions of the Floer PDE for Y, we can define a bilinear map

o HF,(H,J)® HFy(H®,J° : L) = HF}yy o, (H',J' : L),

which behaves well with respect to continuation isomorphisms, thereby defin-
ing a bilinear operation e: HF, (M) ® HF,(L) — HF.(L). This is shown to
make HF,(L) into an algebra over the algebra HF. (M), meaning we have
the structure of an HF,(M)-module on HF,(L) and in addition the latter
is a superalgebra over the former.!

2.3. Quantum homology. Here we briefly describe Lagrangian and sym-
plectic quantum homology. It is advantageous to think of quantum homol-
ogy as Morse-Bott Floer homology for the zero Hamiltonian and a time-
independent almost complex structure. Lagrangian quantum homology was
defined by Biran—Cornea [BC09, BC12|. We give here a different formulation.

2.3.1. Lagrangian quantum homology. A quantum datum for L is a triple
D = (f,p,J) where f: L — R is a Morse function, p is a Riemannian metric
on L such that the pair (f,p) is Morse-Smale, and J is an w-compatible
almost complex structure. The corresponding quantum complex is the Z-
module

QC.(p:L)= P B c@a).

q€Crit f Acma(M,L,q)

Here C(gq, A) is the rank 1 free Z-module generated by the orientations of the
determinant line bundle d (D AfTS (q)), where the operator family D A87S(q)

HThis means that we have a e (ax8) = (aea)x 8 = (—1)"8"a x (a e 8) with a suitable
Koszul sign.
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is defined as follows. Denote
CX ={ue C®(D?*0D*1;M,L,q)|[u] = A}.
Let v € CF and let
Dy WhP(D?, SYu*T M, (u|g1)*TL) — LP(D?*; Q% @ u*TM)

be the formal linearization of the Cauchy-Riemann operator at u. See
[Zapl5, Section 4.2| for a more precise definition. The operators D, for
different u assemble into a Fredholm family D4 over CF°. We let

Du§TS(q)
be the restriction of D, to the subspace
{€ e WHP(D?, S\ u*T M, (u|s1)*TL) | £(1) € T,S(q) } -

Similarly the operators D,fT'S(q) assemble into a family DA#TS(q). We
have

Lemma 24 (|Zapl5, Section 4.2]). The line bundle d (Da#TS(q)) is ori-
entable if and only if assumption (O) holds. O

Thus we have defined the module C(g, A) and therefore also the module
QC«(D : L). The grading on the latter module is determined by requiring
the elements of C'(q, A) to have degree indfq — u(A).

The boundary operator dp: QCy(D : L) — QC«_1(D : L) is defined using
the moduli spaces of pearls defined by Biran—Cornea [BC09|. When suitable
genericity conditions are satisfies (see ibid. for their precise formulation), we
call the datum D regular. See [Zapl5, Section 4.2] for a detailed description
of Op and for a proof that (9% = 0 in the present context. We denote by
QH.(D : L) the homology of (QC* (D: L), 8@). It is the quantum homology
associated to the datum D.

There exist continuation isomorphisms relating the different QH,(D : L),
which we define below in §2.4.1 and we let QH,(L) be the limit of the corre-
sponding direct system of graded modules. This is the quantum homology
of L. We can also define an associative product x on QH,(L). It has degree
—n.

This product admits a unit, constructed as follows. Assume f has a unique
maximum ¢. The module C(g,0) in this case is canonically isomorphic to Z.
We denote by 1, € C(g, 0) the element corresponding under this isomorphism
to 1 € Z. It can be shown that this is a cycle and that it acts as the unit for
* on the chain level. Tt follows that its class [L] € QH, (L) is independent of
D and that it is the unit for the product.

2.3.2. Quantum homology of M. This is defined similarly to the Lagrangian
case. A quantum datum on M is a triple D = (f,p,J) where (f,p) is a
Morse—-Smale pair on M and J is a compatible almost complex structure.
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The quantum complex as a module is

QD)= @ P C@4

q€Crit f Aema(M,q)

where C(q, A) is the rank 1 free Z-module generated by orientations of the
operator family D4#7'S(q). Here Dy is the Fredholm family composed of
the formal linearizations

Dy: WHP(S%,u*T M) — LP(S?; Q% @ w*T M)

for smooth maps u: S — M in class A.
REMARK 25. This family is always orientable. In fact, it possesses a
canonical orientation, which can be seen as follows. Each D, is a real-
linear Cauchy—Riemann operator. On a closed Riemann surface the set of
complex-linear Cauchy—Riemann operators is a deformation retract of the
set of real-linear operators. The (real) determinant line bundle of the set
of complex-linear operators has a canonical orientation since for each such
operator its kernel and cokernel are complex vector spaces, which thus are
canonically oriented. Now just pull this orientation on the set of complex-
linear operators to the set of all real-linear operators by the retraction map.
The family DA#TS(q) has as representatives the operators D, 4T'S(q),
where D, $T'S(q) is the restriction of D,, to the subspace

{¢ e WHP(S? w*TM) |&(1) € T,Sp(q)} -

The family D4#TS(q) is orientable as well and therefore we have defined the
modules C(q, A). Its elements by definition have degree inds g — 2¢1(A).

The boundary operator dp on QC, (D) is in fact just the Morse boundary
operator, enriched by the local system mo(M). See [Zaplh, Section 4.5 for
more details. We thus have the quantum homology QH, (D) as the homology
of the resulting chain complex. This is shown to be independent of D using
continuation isomorphisms in Morse homology; thus we obtain the abstract
quantum homology QH.(M).

It carries a supercommutative associative product * with unit. There is
also the bilinear map

o QH.(M)® QH.(L) — QH,.(L)

of degree —2n, which makes QH, (L) into a superalgebra over QH, (M) sim-
ilarly to the case of Floer homology, see §2.2.2.

2.4. Piunikhin—Salamon—Schwarz isomorphisms. These were first de-
fined in [PSS96], and consequently extended to various other settings [KMO05,

Alb08, BCO09], |Zapl5, Section 5|. They are commonly abbreviated to “PSS”,
and they relate Floer and quantum homologies.
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2.4.1. Lagrangian PSS. Fix aregular Floer datum (H, J) and a regular quan-
tum datum D for L. There are well-defined mutually inverse isomorphisms

PSSE . QH.(D: L) - HF,.(H,J : L),

PSSyt HF,(H,J: L) —» QH,(D: L),

which commute with continuation morphisms in Floer homology. For in-
stance, they allow us to define continuation isomorphisms in quantum ho-
mology, as follows. If D’ is another regular quantum datum for L, we define
the continuation morphism

o = PSS, PSS’ QH.(D: L) — QH.(D': L).

Since the PSS maps commute with Floer continuation maps, this is indepen-
dent of the Floer datum (H, J), and since the two PSS morphisms above are
mutually inverse, these satisfy

dB/'9oD = 38" and ®B=id.

Continuation morphisms in quantum homology can also be defined directly,
as in [BC09]. The properties of the continuation maps allow us to define
the abstract quantum homology QH. (L) as the direct limit of the system
(QH.(D: L))p. We then have the following naturally induced isomorphism:

(6) psst . QH,.(L) - HF,(H,J : L).

We can also show that the PSS maps are unital algebra isomorphisms. In
particular, if (H*,J*), i = 0, 1,2, are regular Floer data, then the following
diagram commutes:

QH.(L)® QH.(L) . QH.(L)
J{PSSHO’JOQ@PSSHlel ipssH?»J2

HF,(H°,J%: L)@ HF,(H',J' : L) —~ HF,(H%, J? : L)

2.4.2. PSS isomorphism between periodic orbit Floer homology and quantum
homology. Analogously we can define the PSS isomorphisms between the
periodic orbit Floer homology HF,.(H,J) for a regular Floer datum (H, J)
and the quantum homology QH,(D) for a regular quantum datum D:

PSS: QH.(D) — HF,(H,J) and PSS: HF,(H,J) — QH,(D).

These similarly respect the Floer continuation maps, and therefore induce
the isomorphisms

PSS?: QH.(M) — HF.(H,J) and PSSy ;: HF,(H,J) — QH.(M).

The induced isomorphism QH,(M) ~ HF,(M) is a graded algebra isomor-
phism. Moreover, the superalgebra structures of QH. (L) over QH, (M) and
of HF, (L) over HF,(M) are intertwined by the PSS isomorphisms.
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2.5. Change of coefficients, twisting, quotient complexes, Novikov
rings. Here we describe various algebraic operations on the aforementioned
complexes.

2.5.1. Coefficients in a ring of characteristic 2. Regardless of whether the
assumption (O) is satisfied, we can define the Lagrangian Floer and quantum
homology of L with coefficients in an arbitrary (commutative) ring R of
characteristic 2. If (H,J) is a regular Floer datum for L, we put

CF.(H:L;R)= P R-7,
JeCrit Ag.1,

and the boundary operator has matrix elements
#oM(H, J;9-,94+): R-9- = R4+

for v1 € Crit Ag.r, of index difference 1. Quantum homology is similarly
defined, and all of the above constructions go through.

2.5.2. Change of coefficients and twisting by a local system. The above com-
plexes are all defined over Z. One can tensor them with an arbitrary ring R
to obtain complexes over it. Another possibility is to use twisted coefficients.
Recall that if X is a topological space, a local system of groups on X is a
functor from the fundamental groupoid of X to the category of groups. More
concretely, it means that we are given a group G, for every x € X, and for
every homotopy class of paths from x to y an isomorphism G, ~ G, such
that the constant path at x induces the identity on G, and concatenation
commutes with composition of isomorphisms. Similarly we have local sys-
tems of modules and so on. Borrowing terminology from geometry, we call
the isomorphisms corresponding to paths parallel transport operators.

Assume L is a local system of R-modules over €27, and for a path « in £,
from ¥ to ¥4 let Py: L5 — L5, be the parallel transport map. Let

CF.(H,J:LiL)= & CEH ezLls.
JeCrit Ag.1,

For 74 € Crit Ay, with |y_-| = |74| — 1 we define the homomorphism

Z Cu) @ Pu: C(7-) ® L5 — C(74) ® L5,
[U]EM(HvJ;W— 75-‘-)

where we use the lift of u to €27, in the parallel transport map P,. We let
Om,7 ® P be the operator whose matrix elements are these homomorphisms.
It is straightforward to show that (9. ; ® P)? = 0 and we let HF.(H,J :
L; L) be the resulting homology. Continuation maps carry over to yield the
abstract twisted Lagrangian Floer homology H F,(L; L).

Similarly one can define twisted quantum homology QH.(L; L). For the
reader familiar with the construction of the pearly complex we mention that
a pearly trajectory can be viewed as a path in €, and the above construction
goes through. PSS isomorphisms can also be adapted to the twisted case.
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REMARK 26. There is one particularly important case of twisted coefficients,
which corresponds to what it usually meant by a local system on L. Namely,
let B be a local system of R-modules on L. There are natural evaluation
maps
evi: Q= L, evi(y=1[y,7]) =~@) fori=0,1.
Consider the following local system on Qr:
& = Homp ((evs B)s, (evi B);) = HomR(BW(O),BW(l)) .

Let P be the parallel transport operator of 3. A path in Q 1, can be viewed as
a map u: R x [0,1] — M mapping the boundary to L. Assume u(+oo,-) =
~v+. The parallel transport operator of £ along wu,

,Pf: HomR(B,y_(o), B'y_(l)) — HOHIR(B,H_(O) B (1)) ,

1 Py
is given by

< _
Pu (f) = Pu(-,l) © f © Pu(l,O) .

2.5.3. Quotient complexes. The usual approach used to define Floer homol-
ogy with arbitrary coefficients is to use the so-called coherent orientations,
introduced in [FH93|. The idea is to orient the various moduli spaces of
Floer curves so that gluing maps are, in an appropriate sense, orientation-
preserving. The approach chosen here, which follows that of [Zapl5], by-
passes the need to orient moduli spaces by introducing canonical Z-modules
such as C(¥) above, and by using the canonical orientations on the moduli
spaces used in the definition of the boundary operator (namely the one given
by the action of R) and other algebraic operations. This allows us to de-
fine the above canonical complex (CF(H : L), dg,) without any additional
choices beyond the Floer datum (H,J).

The drawback of our canonical Floer and quantum complexes is that they
all distinguish between homotopy classes of cappings rather than the more
usual equivalence relations in Floer theory, such as equivalence in homology
or having equal area, which are often needed in applications. This leads to
the need of forming quotient complexes. This process is summarized in the
current subsection. Even though we use Z coefficients below, everything goes
through over any ring.

In order to form these quotient complexes one needs to impose additional
assumptions on L and to choose further structures, such as a relative Pin*-
structure. It is at this point that our approach and the more conventional
one using coherent orientations converge. However we wish to emphasize
that we do not pick coherent orientations on moduli spaces, but rather use
the additional structures in order to form quotient complexes as described
below, which in our opinion is a more natural procedure, albeit it is less
traditional.

We first describe the case of periodic orbit Floer homology and the quan-
tum homology of M. Quotient complexes are formed using local systems.
Given a local system G (of groups, modules, etc.) on a topological space
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X, a subsystem G’ < G is a collection of subgroups G/, < G, for every x,
which are preserved by the parallel transport maps. In particular this means
that the action of 71 (X, z) on G, preserves G..

The fundamental local system we need to use is mo(M), whose value at
q € M is mo(M,q) and where for ¢,q¢ € M and a homotopy class of paths
from ¢ to ¢’ the isomorphism o (M, q) ~ mo(M,q") is given by the standard
action of paths on homotopy groups [Hat02|. It acts on Q, in the following
sense. Fix ¢ € M and let §~2q = {Z|z(0) = ¢}. Then m(M,q) acts on §~2q by
appending spheres to cappings.

In order to form a quotient complex for which spectral invariants still
make sense, we need to use the local system 79(M), which is the subsystem
of mo(M) whose value at g is the group 79(M, q) := kerw. Fix a subsystem

G < 79(M). The action of ma(M) on € restricts to an action of G. We
let Q/G be the quotient space. It forms a covering space Q/G — €. Note
that the fiber of this projection over x € €1 consists of the set of equivalence
classes of cappings for x, where two cappings are equivalent if and only if
their difference defines an element of G-

The action functional of a Hamiltonian H on M, Ag: O — R, descends to
AG: Q/G — R. We see that Crit A% = Crit Ay /G in an obvious sense. In
[Zap15, Section 7] it is described how the quotient map Crit Ay — Crit A%
leads to a chain map

(CF.(H),0m,) — (CFE(H), 05 5),

where

CFeH)= @ o@9%),

= 4 AG
ZGeCrit AG

with C(Z%) being the limit of the direct system of modules C(Z) for #

ranging in the class 7¢ € S~2/ G, and connected by canonical isomorphisms
([Zap15, Section 7.2]).

REMARK 27. These canonical isomorphisms arise as follows. Recall that
C(z) is generated by the orientations of the family Dz. For two different
cappings 7,7’ of x one can construct, using the gluing, direct sum, and
deformation isomorphisms, a canonical isomorphism of determinant lines

d(Dz) ~ d(Dz) @ d(Ty0)M) @ d(Dgg—z) -

By Remark 25 the operator Dz gz, being a real-linear Cauchy-Riemann
operator on a closed Riemann surface, possesses a canonical orientation, and
the same is of course true of Ty )yM. This yields an isomorphism d(Dz) =~
d(Dz), leading to an isomorphism C(z) ~ C(Z'), where Z = [z,Z], ¥’ =
[x,Z']. Tt can be checked that all these isomorphisms satisfy the cocycle
condition and therefore lead to a uniform identification of all the modules

C(7) for T ranging over z°.
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The boundary operator 8?1 7 is well-defined by the requirement that the
above quotient map be a chain map. Thus there is an induced graded mor-
phism HF,(H,J) — HFSY(H,J). These respect continuation morphisms
and thus lead to a canonical morphism HF,(M) — HES(M).

It is also shown 4bid. that the product structure on the Floer complexes
descends to a product structure on the quotient modules. The morphism
HF,(M) — HFY(M) is a morphism of algebras.

We next discuss how the Novikov ring appears in this formulation. In
general the local system mo(M) is not constant, meaning the fundamental
group m (M, q) acts on mo(M,q) nontrivially, and this prohibits the exis-
tence of a module structure over “the group ring” Z[me(M)], since mo(M) is
not a group, but rather just a groupoid. However in certain cases there is
such a structure. Namely, in case F' is a constant local system over M and
¢: mo(M) — F'is a surjective morphism of local systems such that G = ker ¢,
the quotient complex CF(H) inherits the structure of a module over the
group ring Z[F], and the corresponding homology HFS (M) the structure of
an algebra over Z[F.

Two basic examples of this are as follows. If F' = Z and ¢(A) = ¢1(A) /N,
where Ny, is the minimal Chern number of M, then G = 79(M) and the

complex CF, S(M)(H ) inherits the structure of a module over the group ring
Z[Z) = Z[t,t71], where t is a formal variable of degree —2Nj;. The reader
will identify this as the Novikov ring, familiar in Floer homology.

Another example is F' = Hjy (M) = im (mo(M) — Hy(M;Z)) with ¢
being the Hurewicz morphism. In this case G is its kernel, and the complex
CFE(H) carries the structure of a module over the group ring Z[H5 (M)].

In [Zaplh, Section 7| there is a description of a completely analogous
construction of quotient complexes in quantum homology. The result is the
canonical quantum homology QHS (M). Taking quotient complexes respects
the PSS isomorphisms, therefore we have canonically QHS (M) = HES (M),
which is an algebra isomorphism; in case F' is a constant local system and
G is the kernel of a surjective morphism of local systems ¢: mo(M) — F, it
intertwines the resulting structures of algebras over Z[F].

We have a similar situation concerning the Lagrangian case, but there are
necessary additional structures and assumptions due to the lack of canonical
orientations. We briefly describe this, referring the reader to [Zap15, Section
7] for details.

Analogously to the absolute case, we need to use local systems on L. We
have the local system mo(M, L) and its subsystem 79(M, L) = kerw. There
is an action of (M, L) on Q. Given a subsystem G < 79(M, L), we let
Qr /G be the quotient of the induced action of G.

Assume (H,J) is a regular Floer datum for L. The action functional
Ap.r: Q; — R descends to .AIC_’}:L: QL/G — R and we have the obvious
quotient map Crit Ag.;, — Crit A%: ;- However, this does not immediately
lead to the formation of a quotient complex, as we have to identify the
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modules C(7) for 7 ranging in a class 7% € Crit A% ;, which in general
is impossible if we wish the boundary operator dg ; to induce a boundary
operator on the quotient complex.!?

A sufficient condition for this to be possible is to assume that L is relatively
Pin® (Definition 18). If this holds, one can define the notion of a relative
Pin® structure on L [Zapl5, Section 7]. A choice of such a relative Pin®
structure on L determines a system of orientations on the determinant line
bundles® d(Df0), which is sufficient to make the necessary identifications
of the modules C(7) for ¥ running over a class 7% € Q% see ibid.

Fixing a relative Pin™ structure on L we obtain the quotient complex
(C’F*G(H : L), 81?,“]) and the quotient chain map

(CF.(H : L),0p,5) — (CFZ(H : L),05 ;) .

This quotient map determines a unique bilinear map giving the abstract
homology HES(L) the structure of an associative unital algebra for which
the natural map HF,(L) — HFY(L) is an algebra morphism.

The choice of a relative Pin™ structure yields canonical isomorphisms

d(D,40) = d (T, L) ™

for smooth maps u: (D?,S') — (M, L). Therefore in order to be able to
orient the whole collection of operators D,#0 with varying u, we need to
restrict ourselves to the space of smooth maps u with wi(u) = 0, where
wy: (M, L) — Zg is the natural morphism of local systems defined by
pulling back the first Stiefel-Whitney class w1 (T'L) by the boundary homo-
morphism 7o (M, L) — w1 (L).

A module structure over a Novikov ring is similar to the absolute case. If F'
is a constant local system on L and ¢: kerw; — F' is a surjective morphism
of local systems with G = ker ¢, using the relative Pin™ structure one can
endow CFC(H, L) with the structure of a module over the group ring Z[F].
Again, there are two basic examples, ¢: kerw; — Z, ¢ = p/lem(2, Np),
in which case one recovers the structure of a module over the Novikov ring
Z|7Z) = Z[t,t~']. The other example is the relative Hurewicz morphism
¢: kerw; — Hy *' (M, L), where Hy *(M,L) = ker (HY(M,L) *% Z,)
and HY (M, L) = im (mo(M, L) — Ha(M, L;Z)) is the image of the relative
Hurewicz morphism. In this case CEY(H : L) acquires the structure of a
module over Z[HZ***(M, L)]. Note that in general only the “orientable” part
of HP(M, L) can act on the quotient Floer complex. An example of this is
described in §2.6.1.

120f course we can identify the modules C(¥) for various 7, since all of them are
abstractly isomorphic to Z, but such an identification will not in general lead to a well-
defined boundary operator on the quotient complex.

B3 The operator family D440 is defined as follows. Its representative over u € C'3° is the
restriction of D, to the subspace of W1? (DQ, St urTM, (u| g1 )*TL) consisting of sections
which vanish at 1 € S*.
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We also note that the quantum module structure
QH.(M) ® QH.(L) — QH.(L)
descends to a well-defined module operation
QHIM (M) ® QHI (L) — QH*(L)

provided Gy < 79(M) and G < 79(M, L) are local systems such that
QHEE (L) is well-defined (by the above, this is the case if a relative Pin®
structure on L has been chosen), and such that for any ¢ € L the natural
morphism 79(M, q) — 79(M, L, q) maps Gy, into G, 4. In this case the PSS
morphisms intertwine this module structure with the module structure on
the quotient Floer homologies. Moreover, if G, G, are kernels of surjective
local system morphisms onto constant systems Fjs, F, where the following
diagram commutes:

(M) — 73 (M, L)

L

Fy Fy,

then by the above QHS™ (M) inherits the structure of a Z[Fy;]-module,
QHE" (L) the structure of a Z[Fy]-module and the induced structures of a
Z|Fy]-module on QHET (L) coincide.

Finally we note that quotient complexes can likewise be endowed with
twisted coefficients. In this case the twisting local system naturally lives on
the quotient space QL/G. Details are left to the reader.

2.6. Examples. Here we present a few examples of the canonical complex
and some quotient and twisted complexes for various Lagrangians. Details
of their computations can be found in [Zapl5, Section 8].

Throughout R is the ground ring, and Jy denotes the standard integrable
complex structure on the corresponding symplectic manifold.

2.6.1. RP™ in CP"™ for n > 2. The Lagrangian real projective space RP" C
CP" is the fixed point set of the antisymplectic involution given by complex
conjugation. It has minimal Maslov number n + 1.

We take the quantum datum D = (f, p, Jy), where p is the round metric
on RP" induced from S™ C §?"+1 ¢ C"*!, f a perfect self-indexing Morse
function with exactly n+ 1 critical points qqg, - . ., gn, ¢; being of index ¢, with
exactly two gradient trajectories from ¢; to g;—1 for each ¢. This example is
interesting because RP" is not orientable for even n, and for n =1 mod 4
it is not relatively Pin*. However assumption (O) is satisfied. Indeed, for
n > 3 we have m2(RP") = 0, while RP? is Pin~, since wy +w? = 0, therefore
by Remark 1 it is satisfied as well. Thus the canonical quantum complex
can be defined, and it is fairly easily computed. As a module we have

QC.(RP") ~ R
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for every *x € Z, whereas the boundary operator is as follows:
QCh 2 S QCh 91
for every j € Z. Here the sign depends on a basis chosen to identify QC\
with R in each degree. We see that the canonical quantum homology in this
case is /2R .
- , n —x1s even

QH.(RP") = { ker2, mn—x*isodd
where 2: R — R is multiplication by 2. For instance if 2 is invertible in
R, we have QH,.(RP™) = 0. At the other extreme, if 2 = 0 in R, we have
QH.(RP") = R for every *. If we take R = Z, then QH,(RP") ~ Zy for
even n — % and 0 for odd n — x. Note that this is well-defined even if RP" is
not orientable!

There is another interesting phenomenon for even n. Note that mo(M, L) ~
Z, the isomorphism being given by p/(n+1): mo(M, L) — Z. It follows that
WS(M , L) = 0 and therefore no interesting quotient complexes can be formed
if we want to keep a Z-grading. Note that the usual Novikov ring used in La-
grangian Floer or quantum homology in this case is R[t,t~!] with ¢ of degree
—(n+1), corresponding to generator of the action of the groupoid mo(M, L)
on Qgpn given by attaching a Maslov n + 1 disk. We see from the above
that the quantum homology of RP", in case 2 is not invertible, has period 2
with respect to the degree. On the other hand the Novikov variable ¢ has odd
degree —(n+1). It follows that the full Novikov ring R[t,t~!] cannot act on
QH,(RP™) in this case. This of course has to do with the fact that RP™ is
not orientable, that is wi(RP™) # 0, and that a generator of H'(RP";Zs)
is given by the boundary of a Maslov n + 1 disk. Compare this with the
discussion of quotient complexes above in §2.5.3, where it is indicated that
in the nonorientable case only the “orientable part” of the full Novikov ring
can act, the orientable part in this case being R[t?,t72] C R[t,t7!].

2.6.2. The Clifford torus L C CP?. The Clifford torus is the monotone La-
grangian torus
L={[20:21: 2]]||20] = |21] = |22|} € CP2.

It has minimal Maslov N = 2. We identify L with T? = R?/Z? by means
of the map _ _

R?/Z% — L, [61,00] — [L: ™ : 2702]
Abbreviate M = CP2. The local system mo(M, L) is trivial. At the point

[1:1:1] it is freely generated, as an abelian group, by the classes of the
disks

D* M, z—[1:2:1], zw—[l:1:2], zw[z:1:1],

and we let A, B, C be the corresponding classes in mo(M, L), which we view
as global trivializing sections of this local system. We pick the quantum
datum (f, p, Jo) where p is the standard flat metric on L ~ R?/Z? f is a
Morse function with 4 critical points go, , v, o, where ¢; have index ¢ while
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x,y have index 1, and where the gradient trajectories from ¢s to x,y and
from x,y to qp are slight deformations of pieces of the coordinate lines.

Consider mo(M, L) as a group. It is the free abelian group on the gen-
erators A, B,C. Let R[my(M,L)] be the corresponding graded group ring,
which is the ring of Laurent polynomials in three variables of degree —2,
where we here denote e, e?,e® that is R[ma(M, L)] consists of finite sums
of the form Zi,j,kel rijkeiA+jB+kC, rijk € R.

The canonical complex QC, (L) can be given the structure of a free module
over this group ring R[my(M, L)]; we let the basis elements be denoted by
q2, T, Y, qo by abuse of notation. We thus have

QC.(L) = R[ma(M, L)] ®g Rlqz,,Y, q)

as a graded module. The boundary operator is linear over R[ma(M, L)] and
is given on generators by

oxr = (—eB + eC)qQ , Oy= (—eA + GC)QQ ,

g0 = (—et + e + (P — ey,
and of course for the maximum we have dgs = 0.

From this we can compute the canonical quantum homology which turns
out to be R in even degrees and 0 in odd degrees. Over the ring R[ma(M, L)]
this homology is generated by the class of g2, that is [L]. We see that in this
case out of all the singular homology classes of L only the fundamental class
appears in the quantum homology.

To obtain more interesting results we can form a quotient complex cor-
responding to the trivial Pin™-structure on L and the subsystem 79 (M, L),
which is a trivial local system, and whose group of global sections is the
free abelian group generated by the classes A — B, A — C'. We note that the
quotient local system mo(M, L)/7Y(M, L) is also trivial and is isomorphic to
the trivial system Z; we let ¢ be the generator of the corresponding group
ring R[Z] = R[t,t!]. We have the corresponding quotient map of rings

R[mo(M,L)] — R[t, t7'], Z TijkeiAJerJrkC'_) Z Pt I
4,J,kEZL i,j,kEL

The quotient complex as a module is thus given by

QC.(L) = R[t,t ') ®r R{g2, %y, q0) ,

where we omit the superscript corresponding to 79(M, L) to simplify the no-
tation. The induced boundary operator is obtained by substituting ¢ instead
of e4,eB, e in the above, and thus vanishes. We see that in this case the
homology is

QH.(L) = R[t,t | @ R{ga, z,y,q0) ~ H.(L; R[t,t™"]),

that is the quantum homology is isomorphic to the singular homology with
coefficients in a suitable Novikov ring, which is the answer we are used to in
Floer theory.
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Another variation is to use twisted coefficients on this quotient complex.
We take the twisted coeflicients corresponding to a local system on L with
R as the fiber at every point and monodromy o,7 € R* around the loops
given by the coordinates 1,6. The complex as a module over R[t,t7!] is
unchanged, while the boundary operator is obtained by the substitution

eAb—>0-t, eBb—H'-t, ec»—>0717'*1-t,

therefore we have

or =t(—7+ 071771)(& , Oy=t(—o+ 0717_71)(]2 )

o0 =t(—o+o tr D +t(r—o lr hy.

Let us compute for which local systems this boundary operator vanishes.
In case R is a field, this is equivalent to the homology being nonzero, since
otherwise ¢o is a boundary. We have the equations

T s
that is 0 = 7 and 73 = 1, that is ¢ = 7 must be a cubic root of 1. These
correspond to the three components of the monotone Fukaya category of

CP2.

2.6.3. The Chekanov torus in CP?. The Chekanov torus L C CP? is ob-
tained as follows: we view CP? as the symplectic cut of the unit codisk
bundle of the standard round RP? by the geodesic flow on the boundary,
which then gives rise to a conic in CP?; if we take a cotangent circle over a
point of RP? and flow it with the geodesic flow, it traces a Lagrangian torus,
and the Chekanov torus is the unique monotone one obtained in this way.
We let 0 be the coordinate on the cotangent circle and 6 the coordinate
given by the time of the geodesic flow.

The local system mo(M, L) is again trivial, and its group of global sections
is the free abelian group generated by the classes h, «, 3, where h is the class
of the complex line, « is the class corresponding to contracting a cotangent
circle within its cotangent disk, while 3 is the class of a disk contracting a
simple closed geodesic on L, which has intersection number 2 with the conic.

We have
p(h) =6, pla)=0, pB)=2.

We pick a quantum datum (f, p, Jp), where p is the flat metric correspond-
ing to the coordinates 01,02 and f is a Morse function with 4 critical points
g2, 2,%,qo of indices 2,1,1,0, respectively, such that the isolated gradient
lines are slight deformations of segments of coordinate circles.

Viewing again mo(M, L) as a group, we have the corresponding graded
group ring R[ma(M, L)], consisting of finite sums Y=, ;. 7ijre” 7455 and
where the grading is given by the Maslov index. The canonical complex can
be given the structure of a free module over this ring, and denoting a basis
by go2,x,y, o by abuse of notation, we have

QC(L) = R[ma(M, L)] @ R(q2, 2,9, qo) -
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The boundary operator is given in this basis by
Or = (_eﬁ+2(eh—26—o¢+2€h—26+eh—25+a))q2 , ay — (eh—2,3—o¢_eh—2,3+a)q2 ,

aqo — (eh—Qﬁ—a _ eh—25+a)$ + (65 _ 2(€h—26—a + 26/1—26 + eh—26+o¢))y.
We will not compute the homology of this canonical complex. Instead we
will compute it for some quotient complexes and twisted coefficients.

First note that if R has characteristic 2, then ¢ is the boundary of —e %z
and therefore the homology vanishes. This still holds for any quotient com-
plex and any choice of twisted coefficients.

We can form the quotient complex corresponding to the trivial Pin*-
structure and the subsystem 79(M, L), which is freely generated by o and
h — 33. The quotient group ring is R[t,t!] with ¢ of degree —2 and the
quotient map being given by e” — t3,e* 1, e + t. The quotient complex
as a module is

QC* (L) = R[t> t_l] ®R R<q27 z,Y, QO> :

The quotient boundary operator is
Ox = Ttqge, Oy =0, dqp = —Tty.

Thus the homology vanishes if 7 is invertible in R, for instance if R is a field
of characteristic # 7.

In order to obtain nonzero homology in case R is a field, we use twisted
coefficients corresponding to a local system on L with R as the fiber at
every point and monodromy around the coordinate loops corresponding to
01,02 being 0,7 € R*, respectively. The corresponding boundary operator
is obtained by substituting

=, o, St

therefore
Ox =t(—7+ 27'*2(071 +2+40))g2, Oy = 157'*2(071 —0)qe,
dqo = (t7_2(0_1 —o)x +t(r — 27'_2(0_1 +2+4+0))y.

Let us determine for which values of o, 7 this boundary operator vanishes.
We have the equations

o?=1, °=20c+0c"2,
which have solutions ¢ = 1 and 7 is a cubic root of &.

2.6.4. The torus Lga2y g2 in S%x S?. The torus L = Lg2, g2 can be viewed in
an analogous way to the Chekanov torus, namely, M = 5% x S? can be viewed
as the symplectic cut of the cotangent disk bundle of S? by the geodesic flow
on the boundary, where the zero section becomes the antidiagonal A C
S? x S? while the boundary maps to the symplectic diagonal A C S? x S2.
Taking a cotangent circle over a point in S? and flowing it with the geodesic
flow yields a Lagrangian torus, and there is a unique radius of the initial
cotangent circle for which the resulting torus is monotone in M — this is L.
We put coordinates 61,62 on L, where 8, is the coordinate of the cotangent
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circle while 65 is the coordinate corresponding to the time of the geodesic
flow.

The local system mo(M, L) is trivial and is freely generated as an abelian
group by the classes A = [S? x pt], B = [pt xS?], @ which is the class of the
cotangent disk contracting the initial cotangent circle, and finally 8 which
is the class of a disk contracting a closed geodesic lying on the torus L and
whose intersection number with A is 2. We have

nw(A) =pu(B)=4, pa)=0, upB)=2.

We pick a quantum datum (f, p, Jy) where p is the flat metric and f is a
Morse function with 4 critical points g2, , ¥y, go of indices 2,1,1,0, respec-
tively, and where the gradient trajectories are slight deformations of segments
of coordinate circles.

Viewing mo(M, L) as a group, its group ring is R[me(M, L)] with the same
notation as above. It is graded by the Maslov index. The canonical complex
has the structure of a free module over this ring with generators denoted by
abuse of notation g9, z,y, qo, thus

QC*(L> = R[T‘—Q(Mv L)] ®R R<q27 x,Y, QO> .
The boundary operator relative to this basis is
Or = (_65_i_eA*/J’+eB*ﬁ+eA*ﬁ*a+erﬁ+a)q2’ ay _ (eAfoa_erﬁ+a)q27

dqo = (eA—B—oz N eB—ﬁ—i—a)m + (eﬁ _ (eA—ﬁ + eB—ﬁ + eA—ﬂ—a + eB_ﬂ—HX))y.

Again, we will not compute the homology of this canonical complex, but
rather we will pass to the quotient complex corresponding to the subsystem
79(M, L) and the trivial Pin*-structure on L. This quotient complex is

QC.(L) = R[t,t ') ®g R{q2, 2,9, q0)
A B

with the boundary operator obtained from the substitution e?,e? — 2,
e 1, el >t
Ox = 3tge, Oy =0, dqgog = —3ty.

Thus the homology is nonzero whenever 3 is not invertible.

We can also twist this quotient complex by a local system on L with R as
the fiber at every point and monodromy around the basic loops corresponding
to 01,05 being o, 7 € R*. The boundary operator is obtained by substituting
edeBisit? e o, e stoT

dr=t(—14+7 Yo ' +2+40))q, Oy =tr(c ! —0)q,
O =tr(c =)z +tr—7 o ' +240))y.
If we wish the boundary operator to vanish, we obtain the equations
02:1’ T2:(0'+0'_1)2,

whose solutions are 0 = 1 and 7 = £2.
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2.7. Duality. We first describe duality in Lagrangian Floer homology. To
this end we need to introduce Lagrangian Floer cohomology. We construct
everything over Z, but it is straightforward to adapt this to any coefficient
ring. Let (H,J) be a regular Floer datum for L. We let the corresponding
Lagrangian Floer cochain complex be

CF(H,J:L)= @ @
yeCrit Ag.r,

where for a Z-module @ we let Q¥ = Homgz(Q,Z) be the dual module. Note
that if Q is free and of rank 1, there is a natural isomorphism QV = @ given
by sending a generator ¢¥ of QY to the generator q of Q with ¢¥(q) = 1.

The differential 81\% 7 is defined as the operator whose matrix element

C(4)Y — CF-)
is dual to the matrix element C(7-) — C(74) of On ;. We let the differential
opr.y: CF¥(H,J : L) — CF*\(H,J: L)

be defined as dp, ;7 = (—1)’9—161!,,‘,.

Clearly we have 5%17»7 =0 and we let HF*(H,J : L) be the cohomology of
the resulting cochain complex (CF* (H,J: L), 5H’J).

Similarly to the above, we can define the twisted Floer cochain complex
CF*(H : L; £) and the corresponding twisted cohomology HF*(H,J : L; L).

For the remainder of this section we let £ be the Z-bundle over 1, with
fiber |d(T,)L)| over ¥ € Qr,, where for a real line V we let |V| be the free

Z-module of rank 1 whose two generators are the two orientations of V.
We now define the dual datum (H,J) as follows:

Hy(z) = —Hyi_(z), Ji(z)=J1_4(x).
It is also regular. There is a bijection
Crit Apr.p ¢ Crit Ag.,, 7 =317 =[71,
where F(t) = (1 — t) and A(o, 7) = 7(0, —7). We have
Amr(3) = Az () and mp.L(3) =n—mg (7).
Likewise there are natural diffeomorphisms
MH, J;7-,74) & MH, T;5,,7_), wesa(s,t) =u(—s,1—1t).

It is proved in [Zapl5, Section 3.11| that for any 7 € Crit.Ag.;, there is a
natural isomorphism

(7) C(H) =1CH) ® L5]",
leading to graded module isomorphisms

(8) CF,(H:L)=CF"*(H,L: L).
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Ibid., it is proved that the following diagram commutes for every 71 €
Crit Ag.p, of index difference 1 and any v € M(H, J;7_,74+):

C(Hy) ==[C(H+) ® L5,]"

\LC(u

C(y.)=—=I[CH-) &Ly ]"

~

\L (71)7L777LH;L(’77) (C(u)@Pu)v

It follows that the identification of modules (8) is in fact an identification of
complexes, leading to a canonical isomorphism

HF,(H,J:L)=HF"*(H,J: L),

which we refer to as the duality isomorphism. Continuation isomorphisms
are intertwined by this identification and therefore we have a canonical iso-
morphism of abstract homologies HF, (L) = HF"™*(L; L).

REMARK 28. Roughly, the reason for twisting by the determinant bundle
of L in the formulation of duality is as follows: if [y,7] € Crit Ag.; and
[7,7] € Crit Az, are critical points corresponding to one another by the
above bijection, gluing the linearized operators D5 and D§ (composed with
the conformal isomorphism z — —z) yields an operator on the disk, which
can be deformed into the Dolbeault operator @ on the trivial bundle pair
(Ty1yM, Ty1yL) — (D?,S'). Therefore we have a canonical isomorphism

d(D5) ® d(Ds) =~ d(9) = d(Ty)L),

leading to the identification (7). A similar argument shows the relation with
the (co)boundary operators. This appearance of the determinant bundle is
analogous to Poincaré duality on (not necessarily orientable) manifolds. An
orientation of L gives a trivialization of the Z-bundle £, which consequently
can be omitted.

Duality in periodic orbit Floer homology is a similarly defined canonical
identification HF,(M) = HF?"*(M). Here there is no need to twist by the
orientation bundle of M because it carries the canonical orientation coming
from the symplectic form.

We also have duality isomorphisms in quantum homologies of L and M,
which take the form of canonical identifications

(9)  QH.L)=QH"™(LiL) and QH.(M)=QH™*(M).

The PSS maps can be defined between quantum and Floer cohomologies
and homologies with twisted coefficients, and they intertwine these canonical
identifications.

Finally we note that there are obvious degree-preserving homomorphisms

HF*(H,J:L)— HF,(H,J : L)Y and QH*(L) — QH.(L)",

coming from the duality pairing; similar homomorphisms exist for the twisted
versions. This observation, together with the duality isomorphism above
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leads to the following Poincaré duality pairing:
(10) (v): QH(L)® QHp—(L; L) — Z.

2.8. The Lagrangian diagonal in (M X M,w @ (—w)). Recall that the
diagonal A C M x M is a Lagrangian submanifold. It is monotone if and
only if M is a monotone symplectic manifold and, in this case, the minimal
Maslov number of A coincides with twice the minimal Chern number of M.
In this subsection we establish a relation between Lagrangian quantum and
Floer homology of A and the quantum and Floer homology of M.

Let (H,J) be a time-periodic regular Floer datum on M. We define a
Floer datum (PAI T ) for A C M x M as follows. First define

H'=H,, H}=H_, J}=J, J}=-Ji_4 fortel01],
and put
Hy(z,y) = H}(x) + H}(y), Jil(z,y) = J}(2) © J2(y).

Then (ﬁ[, j) is a regular Floer datum®* for the diagonal A.
We claim that there is a canonical isomorphism of chain complexes

(11) (CF.(H),0m) = (CF.(H : A),05 5) ,

preserving the grading and the actions of the generators.

We start with the Hamiltonian orbits. A periodic orbit v of H on M gives
rise to a Hamiltonian arc I': [0, %] — M x M of H with endpoints on A,
namely

L(t) = (i(t),72(t)) where 4 (t) =~(t), 72(t) =~(1—1t).

This defines a bijection between the periodic orbits of H and arcs of H with
endpoints on A.

If 4 is a capping of an orbit v of H, we can define a capping T of r,
as follows. The capping ~: 52 — M 1is defined on the punctured Riemann
sphere 52 = C \ {1} where C = CU {oo} There is a conformal embedding
R x R/Z — §2 given by z = s + it — e2m+ ; it is onto S2\ {&1}. Relative
to the coordinates (s,t) induced by this embedding we can define the maps

N(s,t) =A(s,t), Fals,t) =7(s,1-t) forte0,3].

The same conformal embedding restricted to R x [0, %] is onto the punctured
disk D? \ {#1}. Composing the inverse of this embedding with the maps
71,2 we get maps 71 2: D? — M, where we abuse notation slightly. Putting

T(2) = (31(2), %2(2))

HMNote that this datum is defined for ¢ € [0, %] We leave it to the reader to make the
necessary adjustments of the Floer theories.
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we see that [ is asymptotic to I' at the puncture and that it maps the
boundary to A. The map thus defined

Crit Ay — Crit Ag ., 7 =[7,7]~ T = [T

is a bijection, which moreover preserves the action values and the grading.
Recall that

CFR.(H)= P C@HF) and CR(H:A)= H C@O).
yeCrit Ay TeCrit Ag, \
We will now establish a canonical isomorphism C(3) = C(T') where 7,T
correspond to each other by the above bijection. Consider a capping 7 of 7
and the corresponding Fredholm operator

Ds: WHP(S2A*TM) — LP(S%, Q% @ 7*T M) .

We have seen that 7 gives rise to two maps 71 »: D? — M. Similarly, restrict-
ing sections of the bundles ¥*TM and Q%' @ ¥*TM to the disks produces
pairs of sections which agree on the boundary. This gives rise to natural
isomorphisms

WhP(S2 75T M) = WP (D2 0D* T*T(M x M), (T|,2)*TA)

LP(S%, 0% @ *TM) ~ 1P (D, Q% @ T*T(M x M)).

These isomorphisms intertwine the operators D5 and D, thereby inducing
a Fredholm isomorphism between them (see [Zapl5, Section 2]|). It follows
that the determinant lines of these two operators are canonically isomor-
phic, which means that we have obtained the desired canonical isomorphism
C(¥) = C(T"), and consequently the isomorphism (11) as modules.

We now must show that this module isomorphism is a chain isomorphism.
Given a Floer cylinder u: R x St — M of (H,.J) asymptotic to orbits j+ =
lims_, 400 u(s, ) we can define two maps u;: R x [0, %] — M,i=1,2, via

ui(s,t) =wu(s,t), wua(s,t) =wu(s,1—1).

Putting U(z) = (u1(z),u2(2)), we obtain a map U: R x [0,3] — M x M
sending the boundary to A. It can be checked that 05 ;U = 0 and that U
is asymptotic to I'x. This defines a map

MV(H7 J;§—7:}7+) - Mv(ﬁvj;f—vf-i-) :

It can be seen that this map is a bijection. Indeed, given a Floer strip U for
(fl, j), we can define a continuous map u: R x [0,1] — M by gluing the two
components of U; the resulting map solves the Floer PDE for (H,J) away
from the seams. It can also be seen that u is in fact C' along the seams. It
then follows that it is smooth by elliptic regularity.
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It is then straightforward to show that the following diagram commutes:

C(u)
CH-) = 0F)

— L> C F+
using the gluing and deformation isomorphisms. This shows that the iso-
morphism (11) is indeed an isomorphism of chain complexes.
It can also be shown that the above procedure can be adapted to produce
a canonical isomorphism QH,(M) = QH.(A). Moreover, the PSS maps on
both sides are respected by these isomorphisms, in particular we have the
following commutative diagram:

iPSS lPSS
HF,(H,J)=—=HF,(H,J : A)

2.9. Lagrangian Floer and quantum homology of products. Here we
establish a relation between the Floer and quantum homologies of a pair of
Lagrangians L1, Lo with those of their product.

Let (M;,w;) be symplectic manifolds and L; C M; Lagrangian subman-
ifolds, ¢« = 1,2, so that the product L1 x Lo is a monotone Lagrangian of
minimal Maslov number at least 2. This implies that both L; and Lo are
monotone and have minimal Maslov numbers at least 2. Pick regular Floer
data (H?,J%); for L;. We claim that there is a canonical chain isomorphism

(12) CF,(H':L)® CF,(H?:Ly)=CF,(H'® H? : L, x Ly).
It is clear that there is a natural bijection
Crit AleLl x Crit AH2:L2 = Crit AH]‘EBH2ZL1><L2

preserving actions and the grading. We first need to establish a canonical
isomorphism C(71) ® C(72) = C(¥) when ¥; € Crit Ay, and 5 corresponds
to J1 X 79 via the bijection. This is done as follows. There is an obvious
isomorphism of vector bundles

fy\*T(Ml X MQ) = f}/\TTMl D f}/\;TMQ

which induces an isomorphism of the corresponding Sobolev spaces of sec-
tions, thereby producing a Fredholm isomorphism

D5 = D5, © D5, ,
which implies, using the direct sum isomorphism, that
d(Ds) = d(Ds,) @ d(Ds,).
therefore that we have the desired isomorphism C'(y) = C(71) ® C(72).
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We also claim that (H'@® H?, J'@® J?) is a regular Floer datum for L; x Lo.
Moreover, if u: R x [0, 1] — M; x My is a solution of the Floer PDE for this
datum, and it has index 1, and we let u;: R x [0, 1] — M, be its components,
then since D,, = D,, & D,, and all the operators are surjective, it follows
that precisely one of the operators D, is an isomorphism, while the other
has index 1. Therefore Floer trajectories of (H' @ H?, J' @ J?) of index 1
have the form u = (u1,u2) where one of the w; is s-independent, while the
other is an index 1 Floer trajectory for its datum. This, together with the
Koszul signs arising from the direct sum isomorphisms as in [Zap15, Section
3.7], implies that the boundary operator Ogig 2 jig 2 is indeed the tensor
product of the operators dy: ji, in the graded sense. This shows that the
above isomorphism of modules (12) is a chain isomorphism, and so we have
a canonical map of Floer homologies

HF.(H',J': L)@ HF.(H? J?: Ly) —» HE,(H' © H*, J' © J? : L1 x Ly),

which is injective in case the ground ring R is a PID, and an isomorphism if
it is a field.
We similarly have a map of quantum homologies

QH.(L1) ® QH.(L2) — QH.(L1 X La),

and the PSS isomorphisms are respected by these, so that we have a com-
mutative diagram

QH.(L1) ® QH.(L2) QH.(L1 x La)

PSS® PSSi lPSS

HF,(HY,J': L) ® HF,(H?,J%: Ly) —= HF,(H' @ H2, J' & J% : Ly x L)

2.10. Action of the symplectomorphism group. If¢ € Symp(M,w), let
L’ =(L). In this subsection we construct a canonical chain isomorphism

Yoo (CF(H : L),0n,y) — (CF.(HY : L), 040 ju),

where (H,.J) is a regular Floer datum for L, (HY,J¥) is the Floer datum
HY = Hoy™ ', J¥ =4),J, which is regular for L'. Likewise, we construct a
chain isomorphism

Y: QC.(D: L) — QC.(D¥ : L))

of quantum complexes where D = (f, p, I) is a regular quantum datum for L
and D¥ = (f¥, p¥, I?) is the quantum datum with f¥ = fop™ p¥ = 1.p,
IV =4I, which is regular for L'.

First, note that there is an obvious bijection

Yy Crit Ag.p, — Crit Agy.p

given by 7 = [v,7] = ¥ = [y¥ =¥ 04,7¥ = ¢ 07]. It clearly preserves the
actions and Conley—Zehnder indices. Then there is a canonical isomorphism
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of Z-modules, C(3) ~ C(7¥), constructed in the following manner. The
symplectomorphism 1 induces a bundle pair isomorphism

o (YTM, (Flype) TL) = (FY)TM, (3%|yp2)TL)

which in turn induces the commutative diagram of Fredholm operators and
Banach isomorphisms

WP (D2, 0D% 5 TM, (3lyp2) TL) —— = LP(D% Q%1 0 7T M)

b

. . Y :
W1,p(D2’ D2 (§¢)*TM, @¢|8D2)*TL) A LP(D2; 001 @ (:Y\w)*TM)

It follows that the operators D5, D5y are canonically isomorphic and there-
fore so are their determinant bundles, whose orientations are the generators
of C(¥), C(3%). The ensuing isomorphism of Z-modules

CF,(H:L)~CF,(HY : L)
is a chain isomorphism. Indeed, let 74 € Crit Ap.;, and define
M(H, J:7-,74) — MHY, 723, ueu? =gou.
This map is easily shown to be a diffeomorphism, which also preserves the
canonical orientations in case ¥+ have index difference 1. It is clear that in
the latter case the following diagram commutes:

)L o)

which implies our claim.

The isomorphism in quantum homology is similarly constructed; the de-
tails are left to the reader. It is also obvious that 1, intertwines the PSS
isomorphisms on homology, giving the commutative diagram

HF.(H,J:L)—Y~ HF.(H",J? : L)

\LPSS lPSS

QH.(L) — = QH.(L')

3. LAGRANGIAN SPECTRAL INVARIANTS: DEFINITION

Recall that in order to be able to define Lagrangian quantum and Floer
homology of L, we need to fix a ground ring R, a local subsystem G <
79(M, L), and in case G is nontrivial and R has characteristic different from
2, a relative Pin® structure, in order to be able to form quotient complexes
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as described in §2.5.3. We fix these choices once and for all and omit them
from notation throughout §§3-4.
In this section, we define Lagrangian spectral invariants for continuous

time-dependent Hamiltonians on M, as well as for elements of %(M ,W).
This is done using the following steps, each one performed in its own sub-
section.

§3.1: To any regular Floer datum (H, J) for L we associate a function
0-3H,J): QH.(L) - RU{—00}.
§3.2: We show that for any non-zero v € QH.(L) and any regular Floer
data (H",J") for L, i = 0,1 we have
(13)
1 1
mj\}n(Hl — HYdt < l(a; H', J') — £(a; H°, J°) < / mj\?x(Hl — H%dt.
0 0

§3.3: It follows that ¢(«; H, J) only depends on H, and we let the common
value be denoted by ¢(a; H). Also it follows that ¢ can be uniquely
extended to a function

0:QH.(L) x C°(M x [0,1]) = RU{—o0}.

§3.4: Finally we show that ¢ only depends on the homotopy class of the
path {¢§Lj}te[0,1] with fixed endpoints, provided H is normalized, so
that ¢ descends to a function

¢: QH,(L) x Ham(M,w) — RU {—o0}.

3.1. Nondegenerate Hamiltonians. Pick a regular Floer datum (H,J)
for L and recall that in particular H is supposed to be nondegenerate. There
exists a canonical PSS isomorphism (6)

pPsst/ . QH.(L) — HF.(H,J : L).

The Floer complex can be naturally filtered by the action. Namely, for
a € R define

CF/H:L)= P CH).
YeCrit Ag.p
A (¥)<a
If the matrix element C'(7—-) — C(74) of the boundary operator 0y, ; is
non-zero, then there exists a Floer trajectory u € MV(H, J;5-,7+). There-
fore, since the Floer equation is the negative gradient equation for Ag.r, (see
Remark 21), we obtain

Anr(7-) — Ag.L(74) >0,

because u, which connects critical points of Ag.;, of index difference one,
necessarily depends on s. Thus the action decreases along Floer trajectories,
the boundary operator preserves the above filtration, and CF#(H : L) C
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CF,(H : L) is a subcomplex. We denote by HF#(H, J : L) the homology of
(CFA(H : L),0n,s) and let

i% HF“(H,J: L) — HF,(H,J : L)

be the map induced on homology by the inclusion. The Lagrangian spectral
invariant corresponding to a non-zero class o € QH, (L) is then defined as

(14) l(a; H,J) = inf {a € R : PSS"/(a) € im(i%)} .

Finally, recall from §2.3.1 that there exists a canonical class [L] # 0 in
QH,(L). The spectral invariant associated to this specific class will be of
particular interest to us and we will denote it

(15) C(H,J) = L([L]; H, J).

We will also need spectral invariants coming from cohomology. We refer
the reader to §2.7 for relevant definitions. We note that

CF*(H:L):=CF*(H : L)/ b cEY
YeCrit Agg.1,
A:,>a
is a quotient cochain complex. We let HF}(H,J : L) be the corresponding
cohomology and we denote by i}: HF*(H,J: L) — HF(H,J : L) the map
induced on cohomology by the quotient map CF*(H : L) — CF}(H : L).
Then for ¥ € QH*(L) we can define

(16) U(aV; H) = sup {a € R| PSS*(aV) € keri’},

where PSS/ : QH*(L) — HF*(H,J : L) is the PSS isomorphism on coho-
mology.

Finally we will use Hamiltonian spectral invariants. If (H,J) is a time-
periodic regular Floer datum on M, the Floer complex C'F,(H) can similarly
be filtered by action to yield a subcomplex CF®(H) generated by critical
points of action < a. Letting ¢¢ be the map induced on homology by the
inclusion CF?(H) — CF,(H), we define for any non-zero class b € QH, (M)

c(b; H) = inf {a € R| PSS/ (b) € imi¢} .

3.2. Continuity property of /. We consider regular Floer data (H?, J%),
i =0, 1. In this section we prove the property (13) of the invariants defined
by (14). In order to do so, it is enough to prove that, given € > 0, we can
pick a regular homotopy of Floer data (H®,.J%)scr between (HC, JY) and
(H!',J%), which is stationary for s ¢ (0,1), such that for any a € R, the
corresponding continuation morphism

® (s goy,: CF(H? : L) — CF.(H" : L)
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maps CF2(HY : L) into CF¢**(H' : L) where b = fol max s (H} — HY) dt+e.
Indeed, in this case we obtain the following commutative diagram

- HO_ 40
HF(H,J°: L) —= HF,(H°,J° : L) <25" " QH,(L)

\Lq) lqh /
iaer PSSH J
HF(HY, JV . L)~ HF.(H, J': L)

which implies
1
(a; HY, JY — (a; HY, J%) < / 1@1}\2}}{([1@1 — HY)dt +e.
0

Since this is true for any € > 0, we obtain the right inequality in (13). The
other inequality is obtained by exchanging the roles of H? and H'.

To prove that there is such a regular homotopy of Floer data, consider the
special homotopy of Hamiltonians given by

Ki(x) = Hp (x) + B(s) (H{ () — H{ (),

where 8: R — [0, 1] is a smooth nondecreasing function which satisfies 5(s) =
0 for s < 0 and 5(s) = 1 for s > 1. There is a regular homotopy of Floer
data (H®, J®)s, stationary for s ¢ (0,1), such that

0H} 0K}
— < .
(x,t)renz\%}i[o,u < Os (z) Os ($)> =€

Let 7; € Crit A, have the same index and let v € M((H*, J*)s;%0,71).
Recall that v satisfies the parametrized Floer equation 5( Hs,5),uw = 0, see

(4). There is a natural lift of v to a path in o running from 7y to 71; by
abuse of notation we denote this path by v: R — S~)L. The parametrized
Floer equation can equivalently be written as v'(s) = —V.Ags.(v(s)). We
therefore have

A (1) — Ago.p(F0) = /

—00

[ (oA (v00) + e ) s

—00

—— [ IV Al ds

—00

OH}
+/ L (v(s,t)) dsdt
Rx[0,1] Js ( ( ))

g/ OH; (v(s,t)) dsdt.
Rx[0,1] O

S




46 REMI LECLERCQ, FROL ZAPOLSKY

The last term equals

’t dsdt + ’t - at dsdt.
/RX[OJ] s (v(s,8)) ds Rx[0,1] \ 08 (v(s.1) Os (v(s.1) | ds

Here in the first integral we have

/ OK; (v(s,t)) dsdt = / B'(s)(H} — HY)ovdsdt
Rx[0,1] Js Rx[0,1]

1 0
< / max(H}! — HY) dt/ B'(s)ds
o M —00

1
= H! — HY) dt.
/0 m]\z}x( t t)

By the choice of H® we have

/ <8Ht _8Kt>ofud5dt:/ <6Ht —8Kt>07jd8dt§€-
Rxo,1] \ Os  Os 01)x0,) \ 9s  Os

All these estimates together imply

1
Appan0) = Ao (o) < | mipe(d} — H) e+ .
0

which means that the homotopy of Floer data (H?®,J®)s has the property
claimed above.

3.3. Invariance of ¢/ (part 1) and arbitrary Hamiltonians. First, by
putting HY = H'! in (13), we immediately deduce that ¢(c; H,.J) does not
depend on the choice of the almost complex structure J. We will therefore
denote the resulting common value by ¢(a; H) from now on. Similarly, we
use the notation ¢ (H) for ¢4 (H,J).

Again, by (13), we can define the spectral numbers for an arbitrary con-
tinuous function H : M x [0,1] — R, as follows. Pick a sequence of smooth
nondegenerate Hamiltonians { H,, },, satisfying

lim || Hy, — Hllcoaxjo,1) =0

and define ¢(«a; H) as the limit lim,,_,o ¢(a; Hy,). Equation (13) ensures that
this limit exists and does not depend on the choice of the sequence {Hp },.

3.4. Invariance of ¢ (part 2). We now show that ¢ only depends on homo-
topy classes of Hamiltonian isotopies with fixed endpoints, thereby proving
Proposition 4. Recall that we call a Hamiltonian H normalized if for all
tc [0, 1], fMHtw" =0.

Definition 29. Two normalized Hamiltonians H? and H! are called equiv-
alent if there is a homotopy (H?®) sefo,1] between them so that for all s, Hy is
normalized and qﬁllqs = ¢.



SPECTRAL INVARIANTS FOR MONOTONE LAGRANGIANS 47

The universal cover of Ham(M,w) coincides with the set of equivalence
classes of normalized Hamiltonians.
REMARK 30. Before proving the invariance property of ¢, recall that when
dealing with spectral invariants of the Hamiltonian H; in question, we may
assume that it vanishes for ¢ near 0, 1, see for instance [Pol01, MVZ12|. From
now on all Hamiltonians are assumed to have this property.

For a smooth Hamiltonian H we let Spec(H : L) = Ag.r(Crit Ag.1) be its
action spectrum. The following can be proved similarly to the Hamiltonian
case (see [OhObal):

Lemma 31. The action spectrum Spec(H : L) C R is a closed nowhere
dense subset. g

The proof of the fact that ¢ only depends on the equivalence class of a
normalized Hamiltonian boils down to the following lemma.

Lemma 32. Let H be normalized. Then Spec(H : L) only depends on the
equivalence class of H.

We denote Spec(¢ : L) = Spec(H : L) for any normalized representative H
of qg € I/{;_I/H(M, w) and call it the action spectrum of ¢~5

First let us show that the lemma implies the desired invariance property
of £. Indeed, if (H?)s is a normalized homotopy so that for all s € [0, 1],
qb}{s = ¢, by Lemma 32 the spectrum of Ags.;, does not depend on s. This,
combined with the fact that the spectrum is nowhere dense (Lemma 31)
and with the SPECTRALITY and CONTINUITY properties of spectral invari-

ants (see Theorem 36 below), shows that for every non-zero a € QH, (L),
lo; HY) = €(a; HY).

Proof of Lemma 32. Let (HS)SG[OJ] be a normalized homotopy so that qﬁ}{s =
¢ for all s. We need to show that Spec(H® : L) = Spec(H' : L). Let us
define a map

Crit AHO:L — Crit AleL

as follows. Let 39 = [10,70] € Crit Ago., and let u(s,t) = ¢ly. (70(0)) for
(s,t) € [0,1]%. Define the glued map 7; = ofu, which we view as a capping
of the Hamiltonian arc 7; = u(1,-) of H'. The above bijection then maps
Yo to 41 = [v1,71] by definition.

The proof will be complete once we show that Ago.;.(Fo) = Ag..(51)-
This is done in two steps.

Step 1. First we show that

(17) A (1) — Ago.p (o) = /12(8st) oudsdt
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with [ = [0,1]. Let 75 = u(s,-), 75 = WOﬁU“O,s}x[O,Iy and ¥s = [7s,7s]. We
have

1
- - d ~
Apr.p (1) — Apo.,(h0) = /0 %-AHS:L(’YS) ds

1
—/ dﬁsAHszL(a‘S%S)ds—i_/ (85Ht5)oudsdt
0 12

Since by construction s is a critical point of Ags.r, the first summand in
the last expression vanishes, and we have proved (17).

Step 2. We prove that

(18) | 0ut0) (0l ) st

does not depend on p. o

Consider the time-periodic Hamiltonian K* = H*{HO. For p € M let
up(s,t) = ¢4y (p). Define 65 = wuy(s, )fu,y(0,-). Then 6% is a periodic orbit
of K* and the map gﬁ? = Up|[0,5)x[0,1] can be viewed as a capping of 5L, We
let g§~: [6F, 4 | and observe that this is a critical point of Ags. Noting that

Ago(8) = 0, we have:

o~ 1 ~
A () = [ L s (5r) ds
0 dS

1 ~
- /O dzp Arc+ (9:07) ds + /I (OuH}) o uydsdt.

Since gg is a critical point of Ags, this first summand in the last expression
vanishes, and so we obtain that the sought-for integral (18) in fact equals

the value of the action functional Ag1 at the critical point 4.

Note that M > p — gf is a smooth embedding of M into the set of critical
points of Ag1. Since a functional is constant on a connected submanifold
of the set of its critical points, we conclude that our integral (18) is indeed
independent of p.
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End of the proof. Using the normalization condition, the fact that ¢, is a
symplectomorphism for all s, ¢, and Steps 1, 2, we obtain finally:

1
— 1 g0 Wl
0= /O dt /M (H} (p) — H(p)) "

:/1 </ ast(p)wg> ds dt

2 \Jum
:/2< O.H? (0 (1)) wg) ds dt

M

= / OsH; (¢l (p)) dsdt - / w"
12 M

= (-AleLﬁl) - AHO:L(%)) /M w",
thereby finishing the proof of Lemma 32. (]

This concludes the proof of invariance. In view of this property, we have
actually defined

0: QH,(L) x Ham(M,w) — R U {—occ}

with £(a; gg) = {(a; H) for any normalized Hamiltonian H representing gz~5

l
We denote ¢4 (¢) = (([L]; $).

4. SPECTRAL INVARIANTS: MAIN PROPERTIES
We maintain the choices made at the beginning of §3.

4.1. Quantum valuation. Here we introduce the valuation in Lagrangian
quantum homology. It is analogous to the valuation introduced in [EP03],
and serves a similar purpose.
Fix a regular quantum datum D for L. The quantum valuation

v: QH.(D: L) — Z U {—o00}
is defined as follows. If & € QH,.(D : L) is non-zero, let C € QC.(D : L) be
a chain representing it. We define the valuation of C' to be

v(C) = £ max { — w(A) | the component of C in C(q, A) is not 0} .

Then we define

v(a) = inf{v(C)|[C] = o}
and we put v(0) = —oo. Proposition 35 below will show that v - A equals
the spectral invariant of the zero Hamiltonian, which implies that v in fact
descends to a well-defined function

v: QH(L) —» ZU{—o0}.

REMARK 33. When N, = oo, it follows from the definitions that v(a) = 0
for any nonzero a.

Lemma 34. If a # 0, then v(a) € Z.
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Proof. Just like in [EP03|, we can show that v(«) is the maximum of v(ag)
where o € QHy(D : L) is the degree-k component of a. Therefore it
suffices to show that v(«a) is finite for homogeneous a. In this case, due to
the monotonicity of L, the direct summands C(q, A) of QCx(D : L) have the
property that there are only finitely many values that —w(A)/A can attain.
Therefore any nonzero cycle C € QCy(D : L) has valuation v(C) which is
at least the minimal such value. It follows that v(«) is also at least this
minimal value. ]

There is a more natural way to define v in the context of this paper. Define
the function

AD: {(q,A)’qECI‘Itf,AG?TQ(M,L,(])}—>R by AO((LA):_W(A)

Morally speaking, since quantum homology is the Morse—Bott Floer homol-
ogy of the zero Hamiltonian, this is the corresponding action functional,
evaluated on the set of critical points of the auxiliary Morse function on the
critical manifold.

Using Ay we can now define a subcomplex QC%(D : L) spanned by those
generators of QC,(D : L) with Ay < a. This is indeed a subcomplex since
it follows from the definition of the quantum boundary operator that if its
matrix element C(q, A) — C(¢’, A’) is non-zero, then necessarily w(A’) >
w(A). We let QHZ(D : L) be the homology of this subcomplex and let

ig: QH{(D: L) = QH.(D: L)

be the map induced by the inclusion QC%(D : L) < QC.(D : L). It is then
obvious from the definitions that

v(o) = xinf{a € R|a € 1m(zaQ)}

Intuitively, this means that v(a)A is the spectral invariant of the zero Hamil-
tonian. We now show that this analogy is in fact precise.

Proposition 35. We have
1 1
/ min H; dt < l(a; H) — v(a)A < / max Hy dt .
o M o M
In particular v(a)A = £(a; 0) and therefore v is independent of the quantum

datum D used to define it.

Proof. Fix a regular Floer datum (H,.J). We claim that for any given € > 0
we can choose a suitable perturbation datum needed in the defintion of the
PSS morphism

QC«(D:L)— CF.(H:L)

so that for any a € R it restricts to a map

QCYD:L)— CFY™(H : L)
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where b = fol maxys Hy dt + €. Let us first show how this implies the right
inequality of the proposition. It follows that there is a commutative diagram

QHYD:L)—— HFY*(H,J: L)

iz‘é liri+b
pssi/

QH.(D:L)—2~HF,(H,J:L)

The definition of spectral invariants and the valuation then imply that
1
Uy H) < A-v(a) +/ mj\z/}thdt+e.
0

Since this holds for any €, we obtain the right inequality above. The other
inequality is similarly proved using the inverse PSS morphism.

To prove the assertion, we need to use the definition of the PSS isomor-
phism described in [Zap15, Section 5|. We do not need the full-detail version
of the definition, but rather enough of it in order to prove action estimates.
We fix € > 0.

Let ¢ € Crit f, A € mo(M,L,q), ¥ € Crit Ay, and assume that the
matrix element C(q, A) — C(7¥) of the PSS morphism does not vanish. This
means that there are maps

wi: (D%, 8Y) = (M,L), i=1,...,k, and wug: (D* dD? — (M,L),

with the following properties. Each w; for ¢ > 0 is I-holomorphic, there is a
gradient trajectory of f running from ¢ to u;(—1), and gradient trajectories
of f running from wu;(1) to w;+1(—1) for i < k, and from wug(1) to up(—1).
The map ug satisfies the Floer PDE on D? where the perturbation datum is
chosen as follows. There is a conformal identification R x [0,1] ~ D?\ {~1}
given by the same formula as (2) and with respect to the coordinates (s, t)
induced on D?\ {—1} via this identification, the perturbation datum takes
the form of a homotopy of Floer data (H®,J®)scr, which is stationary for
s ¢ (0,1), and such that (H®,J®) = (0,1) for s <0, (H*,J%) = (H,J) for
s > 1, and where moreover there exists a nondecreasing smooth function
B: R — [0,1] with 8(s) =0 for s <0 and B(s) =1 for s > 1 such that

(19) max
(2,4)EM x[0,1]

(%5 - # e < e

Moreover, by definition the capping 7 in 4 has the property that 7 ~
Atuqf .. . fugfug (~ being the equivalence relation on the set of cappings,
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see §2.2.1), where the concatenation is performed along the pieces of gradi-
ent trajectories of f mentioned above. We have

An.L(3) = /0 1 Hy(y(t)) dt — / V'w
= [ o) ar—wa) - i [t [u

0

< —w(4) + /0 HL (1) dit / wiw,

since the u; are holomorphic. We claim that

1 1
/ Hy(v(t)) dt — /u{'—jw < / max H; dt + €.
0 o M

This follows formally using the same argument as in §3.2, as we will now
demonstrate. Observe that ug, written in the coordinates (s,t) on D?\ {1},
satisfies the parametrized Floer equation for the homotopy of Floer data
(H?®,J®%)s. The point ug(—1) can be considered as a Hamiltonian arc of the
zero Hamiltonian, and we can cap it using the constant map at the same
point. Since the homotopy (H?)s satisfies the condition (19), we have, using
the argument in §3.2:

/0 Ht(’y(t)) dt — /uéw = AH;L([’)/,U()]) — AO;L([UO(—l),UQ(—l)])

1
< / max(H; —0) + €,
0o M
which is precisely what we wanted to show. O

4.2. Spectral invariants of continuous Hamiltonians. In this section
we prove the following theorem, which generalizes Theorem 3 of the intro-
duction and includes Proposition 5.

Theorem 36. Let L be a closed monotone Lagrangian of (M,w) with min-
imal Maslov number Ny, > 2. The function

0: QH.(L) x C°(M x [0,1]) = RU {—o0}
constructed in §3 satisfies the following properties.
FINITENESS: ¢(o; H) = —o0 if and only if o = 0.
SPECTRALITY: For H € C*°(M x [0,1]) and o # 0, (co; H) € Spec(H : L).

GROUND RING ACTION: Forr € R, {(r-o; H) < l(a; H). In particular, if r
is invertible, then ¢(r - a; H) = ¢(c; H).

SYMPLECTIC INVARIANCE: Let ¢ € Symp(M,w) and L' = 1(L). Let
0 QH (L) x C°(M x [0,1]) - RU {—o0}
be the corresponding spectral invariant. Then £(c; H) = £/ (1« (a); H o p~ 1),
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NORMALIZATION: If ¢ is a function of time then
1
lo; H+c)=4(a; H) +/ c(t) dt.
0

We have £(a;0) = v(a)A and £4(0) = 0.
CONTINUITY: For any H and K, and a # 0:

1 1
/ min(K; — Hy)dt < l(o; K) —l(a; H) < / max(K; — Hy) dt.
o M o M

MonNoToNICITY: If H < K, then {(a; H) < l(o;; K).
TRIANGLE INEQUALITY: For all o and B, £(ax3; HEK) < £(B; H)+{4(a; K).
MODULE STRUCTURE: Assume that H? is 1-periodic. For all a € QH.(M)
and o € QH, (L), {(a ® a; H'1H?) < c(a; H?) + £(o;; HY).
DUALITY: For @ € QH.(L) let oV € QH" *(L; L) be the element corre-
sponding to o under the duality isomorphism (9). Then we have

—l(a; H) = (a"; H) < inf {{(3; H) | B € QH,—«(L; L) : (a”, B) # 0}

In case the ground ring R is a field and the Floer complexes of nondegenerate
Hamiltonians are finite-dimensional in every degree, the last inequality is an
equality.

Recall from §2.5.3 that if G is the kernel of a surjective local system morphism
kerw, — F, where F is a group, then QHS (L) is a module over the group
ring R[F]. We have

NOVIKOV ACTION: For A € F, we have (A -a; H) = {(a; H) —w(A).

LAGRANGIAN CONTROL: If for all t, H¢|r, = c(t) € R (respectively <, >),
then

1
oz H) = / c(t)dt +v(a)A  (respectively <,>).
0
So that, for all H:

1 1
/ min Hy dt < l(a; H) — v(a)A < / max H; dt .
o L o L

Recall that (([L]; H) is denoted {1 (H) and that we assume [L] # 0.

NON-NEGATIVITY: {4 (H) + (4 (H) > 0.
MAXIMUM: {(a; H) < 04 (H) + v(a)A.
4.2.1. Proof of Theorem 36. First, notice that the fact that ¢(a; H) € R for

any a # 0 and any H easily comes from NORMALIZATION and CONTINU-
1Ty.} Moreover, we set £(0; H) = —oo for all H so that FINITENESS is

1L'—’Alternatively7 the finiteness of ¢(a; H) for nondegenerate H can be seen as follows.
Just like in the proof of Proposition 35, it is enough to consider the case of homogeneous
«. The set of actions of critical points of Ag.r of given Conley—Zehnder index is finite
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proven. Notice also that CONTINUITY was proven above for generic smooth
Hamiltonians, see §3.2. It obviously extends to continuous functions, and
immediately implies MONOTONICITY. Finally, notice that GROUND RING
ACTION is obvious by definition.

We now prove the remaining properties, where we only deal with the
nontrivial case of non-zero quantum classes.

e SPECTRALITY: The proof is similar to the Hamiltonian case, for instance
see |[OhO5al. Recall that w(ma(M, L)) = ZA is a discrete subset of R. Since
we work in a slightly more general situation where we distinguish between
homotopy classes of cappings, we include a proof for the sake of completeness.

When H is smooth and nondegenerate, this property follows from the fact
that the complement of the spectrum of H is open and dense, since we work
in monotone manifolds, and from the fact that the image of the map ¢ is
unchanged as long as a stays in the complement of the spectrum.

When H is degenerate, choose a sequence of nondegenerate Hamilto-
nians {H,}, C?-converging to H. By our definition of spectral invari-
ants, {(a; H) = limy, 400 {(a; Hy,). By the nondegenerate case, we can
choose a sequence {(Vn,Jn)}n so that for all n, ¥, = [yn, 0] € Crit Ay,,.L.
and £(o; Hy,) = Ag, (3,). By C?-convergence and compactness of M, the
Arzela—Ascoli Theorem ensures the existence of a subsequence of {7, }, C*-
converging to a Hamiltonian chord ~ of H.

Fix a Riemannian metric on M with respect to which L is totally geodesic
and choose a number € less than its injectivity radius. For n large enough
define a strip w,: [0,1)> — M such that for fixed ¢, s + u,(s,t) is the
geodesic arc of length at most € running from ~,(¢) to ~(t). Similarly we
define the strip u, ,s connecting v, to v, for large enough n,n’. Now fix ng
large enough and define 7 = 7, fun,. We claim that

A (3 =[7.7]) = l(o; H).

Note that [wiw = [uf,w+ [u’ ,w. Indeed, by the Stokes formula and
due to the fact that L is Lagrangi;m, we see that the difference between
the two terms equals the integral of dw = 0 over the set realizing a homo-
topy between the three strips, and therefore it vanishes. Next, we see that
Jupw — 0 asn — oo, as well as [uy ,w — 0 when n,n' — oco. Also
note that [ 3w+ [u), yw = [7}w. Indeed, by construction the difference
between the two sides must be the area of an element of mo(M, L), but on
the other hand since { i :y\;w}n is Cauchy and by the previous observation,
this difference tends to zero, therefore it must be identically zero, owing to
the fact that the group of periods of w is discrete.

due to the monotonicity of L, in particular £(a; H) is at least the minimum such action.
The assertion follows.
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We have
1
Amn () = Asyn () = /0 (Fo(4(8)) — ot (3a())) dt — / F*w - Atw).

By construction, the first integral tends to zero when n — oco. In the second
integral we have

/ (3w — Fw) = / (At — Frw) + / whw = / W+ / i w = / wiw

which tends to zero when n — oco. Thus we see that
Ap.r(7) = lim Ag,..(Vn) = lim {(a; H,) = (a; H) .
n—oo n—oo

e SYMPLECTIC INVARIANCE First notice that, for ¢ € Symp(M,w), L' =
(L) shares the same properties as L so that ¢ is well-defined. It is enough
to prove the assertion for nondegenerate H. Let therefore (H,J) be a reg-
ular Floer datum. In §2.10 it is shown that there exists a canonical chain
isomorphism

Yo (CF(H : L),0n,y) — (CF.(HY, JY : L), 0o ju)
where HY = H o ¢~" and JY = 1/,J. Since 1), preserves the actions of the

critical points of the respective action functionals, we obtain, for each a € R,
the commutative diagram, where the vertical arrows are inclusions:

CFY(H : L) —~ CFY(H" : L)

| |

CF.(H:L)— Y~ CF.(H" : L)

It is also shown in §2.10 that ¢, induces an isomorphism on homology and an
isomorphism ¢,: QH.(L) — QH.(L'). These are featured in the following
diagram:

HFO(H,J: L) — ~ HF.(H,J : L) <" 0n.(1)
| | B

ja b g¥
HFo(HY, J¢ - L)) = HE.(H?, ¢ 1) <25 om (1)

from which it is clear that ¢(a; H) = ¢/ (¢4 (); HY), as claimed.

e TRIANGLE INEQUALITY: The proof of this fact is rather standard and has
been carried out in several context, see [AS10, MVZ12]. By CONTINUITY it
suffices to prove this for smooth nondegenerate H', H?. Recall from §2.2.1
that we denote by 3, the closed disk with three boundary punctures. Pick
almost complex structures J*', J?2 so that (H?, J?), i = 1,2 are regular Floer
data for L, and associate them to the negative punctures of ¥, so that H?
comes before H! in the cyclic order on 9D?. Pick ¢ > 0. By Remark 30 we
can assume that H}, H? vanish for ¢ close to 0, 1. Let H® be a nondegenerate
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Hamiltonian which satisfies |[H? — H'#H?||c0o < ¢, and let J® be such that
(H3,J3) is a regular Floer datum for L, and associate it to the positive
puncture of ¥,. We will now choose a suitable perturbation datum (K, I)
on X,. We note that the open set

T, =R x (0,2)\ (—00,0] x {1}

with the conformal structure induced from its inclusion into R? = C maps
biholomorphically onto the interior of ¥, and we can choose this biholomor-
phism so that the negative (positive) ends of T, correspond to the negative
(positive) punctures of 3, (see Figure 1 below).

On T, we put the following perturbation datum (K,I). The form K is
characterized by K(9s) = 0 and

H(t, ) if s <1, te(0,1),
K(s,t,2)(0) = H?*(t—1,2) ifs<1,te(1,2),
H3(t, ) if s>2,te(0,2)

and |0sK(0¢)| < e for all t € (0,2) and all s € R. The family of almost
complex structures I(5y on M for s € R and t € (0,2) is chosen so that
(K, I) is regular and

JH(t, x) if s <1,te(0,1),
I(s,t,x)=1¢ J*t—1,2) ifs<1,te(1,2),
J3(t, x) if s>2,te(0,2).

Now we push this perturbation datum on Y, to X, via the aforementioned
biholomorphism, and extend the resulting datum on the interior of >, to the
whole surface by continuity. Abusing notation we denote this perturbation

datum on ¥, also by (K, I).

Now assume that the matrix element C(3%) ® C(3') — C(33) of xk 1
does not vanish, where 7 € Crit Ag:.;. Then there is u € M(K, I;{7'}:).
Computing the energy of u in the coordinates (s,t) on T, in a manner similar
to the computation in §3.2 above leads to

AH1:L<7Y1) + AH?;L(WQ) - AHB;LW?’) > —2¢.

This indicates that the restriction of xg ; to the filtered Floer complexes
satisfies:

xg.g: CF(H': L) ® CF®(H?: L) — CFM o225 ([3 . L)
for any a1, as. We can deduce the following inequality on spectral invariants:
CaxB; H) < 0(8; HY) + 0(o; H?) + 2¢ .
Since ¢ is arbitrary, we get the expected result

Oax B; HYEH?) < 0(B; HY) + ((o; H?) .

e NORMALIZATION: For the first assertion, consider the homotopy H?® de-
fined by H® = H + sc for s € [0,1]. For fixed s, Spec(H® : L) is Spec(H : L)
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" 2
Boundary conditions are seR e
Lagrangian, punctures are Te="7", 3b P=0Q
asymptotic to Hamiltonian chords
2 P Q 1
0 i 3b
t € (0,2) >
2 L]
a2b |34
3 — Same situation except that
1 2b ~ 3a, and the interior puncture
p3N 1 2 3 is asymptotic to a periodic orbit.

FIGURE 1. Main object yielding the definition of product
(left) and module (right) structures

translated by s fol c(t)dt. Thus the result holds for smooth H by SPEC-
TRALITY and CONTINUITY. By CP-limit, it also holds for any continuous
function. The second assertion follows from Proposition 35.

Finally, let us consider the case & = [L]. The maximum of a Morse
function on L with a single maximum is always a cycle representing [L]
(see §2.3.1); this cycle has valuation 0. It follows from the definition of v
that v([L]) < 0, that is £4(0) = v([L])A < 0. On the other hand, since
[L] % [L] = [L], TRIANGLE INEQUALITY yields

£([L];0) < £([L]; 0) + £([L];0) ,
which means ¢([L];0) > 0, and thus ¢([L];0) = 0.

e MODULE STRUCTURE: The proof of this inequality is formally similar to
that of TRIANGLE INEQUALITY. The only difference is that H? is time-
periodic, and that we map the surface Yo = T, to the surface X4 so that the
complement is the boundary together with a segment connecting the interior
puncture to the boundary (see Figure 1).

The perturbation datum (K, I) on Y, is still given by the same formulas
as in the proof of TRIANGLE INEQUALITY above, and we push it to X,
and extend the result by continuity. Computing the energy of a solution
of the Floer PDE with respect to this perturbation datum implies that the
restriction of ey ; to the filtered Floer complexes satisfies

o CF2(H?) @ CF™(H' : L) - CF™ T2 (g% . L),

for arbitrary € > 0, from which the desired inequality readily follows.

e DUALITY: The first equality is obvious from the definition of homological
(see (14)) and cohomological (see (16)) spectral invariants, together with
the fact that the duality isomorphism (8) flips the sign of the action of the
generators.

To prove the inequality we need a general result on filtered based chain
complexes and their duals. We present a self-contained account here for the
sake of completeness.
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Definition 37. Let R be a ring. A based filtered chain complex over R is a
quadruple V = (V, B, A, d) where V is a free R-module, B is a basis for V,

that is
V=R v,
veEB
A: B — R is a function, and 0: V' — V is a boundary operator, that is
0? = 0, such that (Qu, v) # 0 implies A(u) > A(v) for u,v € B.

Given such a based filtered chain complex, we can define the associated
spectral invariants, as follows. For a € R define

Ve = @ R-v.
veB
A(v)<a
It follows that O preserves V¢, that is V* C V is a subcomplex. We let
i H(V*) — H(V) be the induced map on homology. The spectral invariant
ofa e H(V) is

(20) la,V) =inf{a € R|a € imi’}.

A priori (o, V) may be infinite even if a # 0, therefore we make the as-
sumption that V is such that this does not happen. The above Floer complex
of a regular Floer datum is an example.

We define the dual based filtered cochain complex of V to be VYV =
(VV,BY, AY,0Y). Here BY = {v"|v € B}, where v" is the functional on
V having value 1 on v and 0 on the other elements of B, V'V is the subspace
of the dual module Hompg(V, R) spanned by BY, AY(v") = A(v) for v € B
and 0V is the restriction to V'V of the coboundary operator dual to 9.

We can similiraly define spectral invariants of VY, as follows. For a € R
let

(21) ve=v'/ @ R

vVeBY
AY (vV)>a

Then, since by assumption (9Vv",u") # 0 implies A" (u") > A" (v"), we see
that V.’ is a quotient cochain complex of V. We let i,: HY(VY) — HY (V)
be the induced map on cohomology. The spectral invariant of oV € HY (V')
is
(¥, V) =sup{a € R|a” € kerig,} .
Again, we make the assumption that this is a finite number for a¥ # 0.
We have the duality pairings
(o HY(VY)Yx HV) = R and (-,-): H' (V)Y x HV®*) - R

induced from the duality pairing between V'V and V. The main result here
is the following lemma.

Lemma 38. We have, for o € HY(VV):
(@Y, V) <inf {{(a, V) |a € HV) : (a”,a) #£0} .
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Proof. We have the following commutative diagram

Y

HY(VY) —— (H(V))

lia l(i“)v

HY(Vy) —= (H(V*))
where the horizontal arrows are induced from the duality pairings whereas
(i)Y is the dual map of i%.

Assume o € H(V) is such that (a¥,a) # 0 and ¢(a,V) < a € R. Then
thereis o/ € H(V®) with i*(a’) = a. We then have, using the above diagram:

(ia(a’), o) = (a”,i"(d)) = (", ) #0,

meaning iq(a) # 0, that is & ¢ keri,, which implies a > ¢¥(a¥,VV). This
proves the desired inequality. (]

The inequality in DUALITY property now follows by noting that CF,(H :
L; L) is a based filtered chain complex in the sense of Definition 37, while the
cochain complex CF*(H : L; L) is its dual (up to the sign in the differential,
which of course does not matter), and the definitions of spectral invariants
(14), (16) are particular cases of (20), (21).

In order to prove the last assertion of this item, namely the one about the
equality

(e H) = inf {£(8; H) | (a", B) # 0},
assume that the ground ring R is a field and that the Floer complex CF,(H :
L) is finite-dimensional in every degree. This is then a particular case of a
general statement about filtered graded chain complexes. We say that a

filtered chain complex V is graded if there is a function |- |: B — Z, called
the grading, and we have the decomposition

V:@Vk where V, = @ R-wv,

keZ veB,|v|=k

and the boundary operator @ maps Vi into Vi_1. Note that in this case the
dual filtered cochain complex V"V is also graded, in the sense that there is an
analogous decomposition by degree and the differential 9 raises the degree
by 1.

Lemma 39. Let V = (V,B,|-|,.A,d) be a filtered graded chain complex over
a field R and assume it is finite-dimensional in every degree. Then

(¥, V) =inf {{(a, V) | (0", ) # 0} .

Proof. Note that it is enough to prove this for homogeneous a¥ € V,’.
Next, it suffices to show that for any a € R with a > ¢¥(a¥,VV) there
is @« € H(V) with (a¥,a) # 0 such that ¢(«,V) < a. Assume therefore
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a > V(a,VY), that is is(a") # 0. The assumptions on R and the degree-
wise finite-dimensionality of V', and therefore of V'V, imply that the natural
map

HY (V) = (Hi(V")”
is an isomorphism.'® Thus there is o/ € Hy(V?) such that (i,(a"),a’) # 0.
Put a = i%(a’) and then we see that

(0", a) = (ia(a”), ') #0,
and by construction ¢(a, V) < a. O

e NOVIKOV ACTION: By the definition of the action of the Novikov ring
R[F] on the Lagrangian Floer complex CF,(H : L), the multiplication by
the element A € F induces a chain isomorphism

CF*(H : L) — CF*,H(A)(H : L),

which restricts to a chain isomorphism

a . a—w(A)
CFA(H : L) = CF 4

for any a € R. These chain maps induce the two left vertical arrows in the
following commutative diagram:

(H: L)

sa

HFY(H,J: L) —= HF,(H : L) QH.(L)

lA lA A
.a—w(A)

a—w(A) . T ] PSSHJ
HF 4 (H, T L) HF,_ ) (H.J : L) QH,_4)(L)

where the right arrow is the action of the Novikov ring on quantum homology.
The equality now follows from the definition of spectral invariants.

pss/

e LAGRANGIAN CONTROL: Notice that it is sufficient to prove this property
for smooth Hamiltonians. Assume that H restricted to L is a function of
time, Hi|, = c(t). Then for any s € R we see that H®* = sH satisfies
H?| = sc(t). Since L is Lagrangian, for any fixed s, the chords of H®
are contained in L. KEach of these comes with a natural capping (itself),
contained in L so that it has area 0. This shows that for all s € R

Spec(H?®) = {s./olc(t)dt—FkA‘k EZ}.

Now, by SPECTRALITY and CONTINUITY, {(a; H®) = sfol c(t) dt + koA for
some ko € Z, independent of s. Since HY = 0, kg = v(a) by NORMALIZA-
TION. We get for s = 1 that {(«; H) = v(a)A + fol c(t) dt.

In case H satisfies Hy|r, < c¢(t) for all ¢, pick any function K such that
K > H and K|, = ¢(t). By MoONOTONICITY, {(a; H) < 4(o; K) = v(a)A+
fol c(t) dt. The last case is similar and the bounds on ¢(a; H) follow.

161y, fact, we only use the injectivity of this map.
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e NON-NEGATIVITY: By TRIANGLE INEQUALITY with a = 8 = [L], we have
0 (H)+¢.(H) > {y(Ht{H). By NORMALIZATION and the definition of H
and f, it suffices to prove the result when H is normalized. In that case,
H4{H is also normalized and is equivalent to 0, in the sense of Definition
29. By invariance of spectral invariants, see §3.4, {4 (H$H) = £, (0) which
vanishes by NORMALIZATION.

e MAXIMUM: First, assume that H is normalized. Since o = [L]*« and H{0
is equivalent to H in the sense of Definition 29, by §3.4 and TRIANGLE IN-
EQUALITY we obtain {(a; H) < ¢4 (H)+¥{(a;0). When H is not normalized,
the result follows from the first case and NORMALIZATION.

Theorem 36, and consequently Theorem 3 and Proposition 5, are now
proved.

4.2.2. The equivalence of Hamiltonian spectral invariants and Lagrangian
spectral invariants of the diagonal. In this subsection we prove Theorem 6
of the introduction.

Recall from §2.8 that there is a canonical isomorphism

QH*(A) = QH*(M) :

It is enough to show this for a nondegenerate smooth H. Let us therefore
assume that (H,J) is a regular time-periodic Floer datum on M. In view of
Remark 30, we can assume that H; =0 for ¢ € [%, 1].

In §2.8 it is shown that there is a regular Floer datum (f[ ,J) for A, for
which there is a canonical chain isomorphism

(CF.(H),0n,5) = (CF.(H : A),05 7) ,

preserving the grading and the action of the generators. Moreover, for any
a € R we have the following commutative diagram, where the left two vertical
arrows are induced by this isomorphism and the right vertical arrow is an
analogous isomorphism on quantum homology, described #bid.:

Y R ) o

~ i 5 5. A Psst7
HFY(H,J: A)——= HF,(H,J: A\)2>"QH,(A)

HF(H,J)

From this we have the equality of spectral invariants
Uy H) = c(o; H) .

Recall how H is defined: it is the direct sum Hy, = Hy & 0 for ¢ € [0,2].
The Hamiltonian H therefore differs from H @ 0 by time reparametrization,
which means that ¢(a; H @ 0) = ¢(a; H), thereby completing the proof of

the theorem.
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4.2.3. Spectral invariants of products of Lagrangians. Here we formulate pre-
cisely and prove the property of the spectral invariants mentioned at the end
of §1.1.

In §2.9 we introduced, for monotone Lagrangians L; C (M;,w;), i = 1,2,
the canonical map

QH.(L1) ® QH.(L2) = QH.(L1 X L2).

Theorem 40. For Hamiltonians H; on M; and classes oy € QH,.(L;) we
have

Uy @ gy Hy @ Hy) < U(ovy; Hy) + £(a; Ha)
with equality if R is a field.

REMARK 41. We cannot omit the assumption that R is a field in order
to obtain an equality in Theorem 40. The reason for this is that even if

both classes i, ao are nonzero, their tensor product oy ® ag in QH,.(L1) ®
QH.(L2) may vanish.

Proof. We have the following commutative diagram
HFfl(Hl, Jr: Ll) X HFEQ(HQ,JQ : LQ) —— HFf1+a2(H1 ® Ho, J1 B Jo: L1 X Lg)

.a .a o
\Ll*l %792 lziﬁ—ag

HF*(Hl,Jl : L) X HF*(HQ,JQ : L) HF*(Hl ® Ho, J1 ® Jo: L1 X LQ)

TPSS x PSS TPSS

QH.(L1) x QH,(Ls) QH.(L1 x Ly)
which implies the inequality.
In case R is a field, the equality can be proved using the method developed
in [EP09, Section 5]. O

4.3. Spectral invariants of isotopies.

Theorem 42. Let L be a closed monotone Lagrangian of (M,w) with min-
imal Maslov number Ny > 2. The function

¢: QH,(L) x Ham(M,w) — R U {—oc}
constructed in §3.4 above satisfies the following properties.
FINITENESS: ¢(«; gg) = —o0 if and only if a = 0.
SPECTRALITY: For all v # 0, £(cv; ¢) € Spec(d

L).
GROUND RING ACTION: For allrT € R, ((r - a,qﬁ) < U(a; ), with equality if
T 18 a unit.

NORMALIZATION: We have ¢(a;id) = v(a)A and ¢4 (id) = 0.
CONTINUITY: Assume H and K are normalized, then

1 _ _ 1
/0 mA}n(Ht — Kp)dt < l(a; o) — o 0K) < /0 m]\%x(Ht — Ky)dt.
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MoONOTONICITY: If M is noncompact, H and K have compact support, and
H < K, then l(o; ¢n) < l(a; dx).
TRIANGLE INEQUALITY: For all o and (3, 7

Uk B5 69) < U0 0) + 053 9)
MODULE STRUCTURE: For all a € QH,(M) and o € QH. (L), {(aea; ¢1p) <

cla; ) + Ua; ).
LAGRANGIAN CONTROL: If for all t, Hi|r, = c(t) € R (respectively <, >),
then

_ 1
U ) = V(a)A—i—/ <c(t) —/ Htw"> dt  (respectively <,> ).
0 M
Thus, for all H:

1 ~ 1 1
/ min H; dt < l(a; o) — v(a)A+ / / Hyw"dt < / max Hy dt .
o L 0 Jm o L

NON-NEGATIVITY: {4 (¢) + €4 (¢71) > 0.

MAXIMUM: £(a; @) < 04 (@) + (e id) = 04 (o) + v(a)A.

DUALITY: For o € QH,.(L) and o¥ € QH" *(L; L) corresponding to it via
the duality isomorphism (9) we have

—Ue;67) = (a5 9) < inf {€(8;9)| (2", B) # 0}
with equality if the ground ring R is a field and the Floer complexes of non-
degenerate Hamiltonians are finite-dimensional in each degree.

NOVIKOV ACTION: In case there is an action of the Novikov ring R[F] as

above, we have, for A € F: ((A - a;¢) = l(a; d) — w(A).
SYMPLECTIC INVARIANCE: Let ¢ € Symp(M,w), L' = (L) and let £ be the
associated spectral invariant function. Then'® £(a; @) = €' (1. (); hap™1).

First notice that we assume M to be noncompact for MONOTONICITY.
This comes from the facts that isotopies naturally correspond to normalized
Hamiltonians, and that there are no normalized Hamiltonians H and K sat-
isfying H < K on a compact manifold except if they coincide everywhere.
On noncompact manifolds, isotopies also correspond to normalized Hamilto-
nians and the natural normalization condition is requiring the Hamiltonian
to have compact support.

This theorem follows in a straightforward manner from Theorem 36, with
the exception of LAGRANGIAN CONTROL and SYMPLECTIC INVARIANCE.
To prove LAGRANGIAN CONTROL as stated here it suffices to note that the

1TNote that the order of a and B here is different from the one in TRIANGLE INEQUALITY
property in Theorem 36; this is because gHuK = $K$H.

18Here we use the natural action of the group Symp(M,w) on ﬁ;—I;l(M, w) by
conjugation.
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Hamiltonian H; — f o Hew™ is normalized and generates the same Hamilton-
ian flow as Hy, therefore

Uov; pp) ={(o; Hy — [y, Hw") zf(a;H)—fol Joy Hiw™dt,

and the property now follows from LAGRANGIAN CONTROL for Hamiltonian
functions (Theorem 36).

For SYMPLECTIC INVARIANCE it suffices to use Theorem 36 together with
the observation that if ¢ = ¢ then Yory~! = OHop—1-

5. PROOF OF THE HOFER BOUNDS

We now prove Propositions 7, 10, assuming Theorem 8, whose proof fol-
lows immediately after.

Proof of Proposition 7. The bounds for X follow from the bounds for H if
we set XY = ¢, therefore we establish the latter.

Let L and L' be Hamiltonian isotopic Lagrangians. Choose any ¢ €
Ham(M,w) such that (L) = L' and fix a class o« € QH,(L).

First, by SYMPLECTIC INVARIANCE, ¢ (¢/; H) = {(o; H o ¢) with o =
o5 1(a’) so that we are interested in [¢(a;; H) —£(c;; H op)|. Since adding the
same function of time to both H and H o ¢ does not affect their difference,
by NORMALIZATION we get

[¢(c: H) = t(a; H o )| = [€(as 1) — U 0™ dmrp) -

Now, it is useful to notice that for any Hamiltonian K: M x [0,1] —
R such that ¢ = ¢, the Hamiltonian'® isotopies ¢ — cp_lqb’}{go and t —
(gbﬁ()_lgbsq ﬁre homotopic with fixed endpoints and thus define the same
element in Ham(M,w), that is (p’quHgo = q?;{lgz;quK.

Using this, the fact that the fundamental class [L] is the unit of the quan-
tum homology ring, and TRIANGLE INEQUALITY, we get

s 07 ome) = UL x ax [L]; ot dndr) < L4 (05h) + (e dn) + €1 (orc)

from which we deduce that
o ¢n) — Uas ™ prep) > —L1(d5") — L4(9x) -
In a similar way, by writing ¢(c; $H) =l $K($;<1$H$K)$;(l), we get that
U on) — Ul o o) < €+(<$1_(1) + 04 (r)

and thus conclude that

(s H) — (o H o )| < L1 (") + L4 (dx) -

1914 is well-known that a smooth one-parameter family of Hamiltonian diffeomorphisms
is a Hamiltonian isotopy.
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By CONTINUITY of spectral invariants, since €+($K) < fol max s K; dt and
£+(¢I_(1) < fol maxy K dt = — fol minys K; dt, we deduce

1
|0(c; H) — £(a; H o )| g/ oscy Ky dt.
0

Taking infimum over all K with ¢ = ¢x concludes the proof. O

Proposition 10 also follows from the same estimate, since in order to obtain
it we need to take infimum over those K generating the given homotopy class
of paths L. Theorem 8 implies that the left-hand side is independent of K.
By definition, the infimum on the right-hand side equals ||L||.

Before passing to the proof of Theorem 8, we formulate two lemmas. We
let £ be the space of Lagrangians Hamiltonian isotopic to L.

Lemma 43. Endow Ham(M) and L with the C*°-topologies. Then the map
II: Ham(M) - L, ¢~ ¢(L)

is a fiber bundle with fiber II"Y(L') = Hamp/(M). In particular it is a
fibration.

Lemma 44. For s € [0,1] let x* € Ham(M) be such that x° = idy and
X5(L) = L for all s. Then xL =id on QH.(L).

We now prove the theorem, assuming the lemmas.

Proof of Theorem 8. Let {Lst}(s4)e0,1)2 be a two-parameter family of La-
grangians in the space £, such that for all s we have Lgo =L and L, = L’.
We wish to show that if ¢', ¢ € Ham(M) are such that ¢° = ¢° = id); and
(L) = Log, ¥H(L) = L, then ¢! = vl QH,(L) — QH.(L').

By Lemma 43, there exists a two-parameter family ¢*! € Ham(M) such
that >0 = idyy, ¢¥f = ¢, pb = !, ¢®1(L) = L/, and finally ¢*'(L) = Ls .
Define x* = (¢!)1¢*>!. Then x*(L) = L, X = idys, and x! = (¢') "1l
Observe that for two symplectomorphisms o1, 09 € Symp(M,w) we have

(02 001)s = (02)« 0 (01)s: QH(L) = QH.(02(01(L))).

Therefore ! = (¢1)~! 04}, and since by Lemma 44 we have ! = id, the
proof of the theorem is complete. (Il

Proof of Lemma /3. Given L' € L, we must trivialize IT over a neighborhood
of L'. Note that the C*°-topology is stronger than the C'-topology. Using
the Weinstein neighborhood theorem, a tubular neighborhood of L’ inside
M can be identified with a tubular neighborhood of the zero section in T*L'.
Consequently a C'-neighborhood of L’ in £ is given by a C%-neighborhood
of zero in the space of exact 1-forms on L’. Let us denote the corresponding
neighborhood of L' € £ by U. Since elements of U are given by graphs of
exact 1-forms, we can use the corresponding functions on L/, pull them back
by the projection T*L’ — L’ and cut off to obtain Hamiltonian functions on
M such that the time-1 map of the function corresponding to L” € U maps



66 REMI LECLERCQ, FROL ZAPOLSKY

L’ to L”. This yields a local section of II over U, and since Ham(M) is a
group, we obtain a trivialization

Ham(M) D> T (U) — U x Hamy, (M) .
This shows that II is indeed the projection of a fiber bundle. ([

Proof of Lemma 44. From the construction in Section 2.10 it follows that if
(H,J) is a regular Floer datum for L, then we have the following commuta-
tive diagram

1

HF.(H,J:L)—% HF,(HX',Jx' : L)

PSST TPSS
1

QH.(L) - QH.(L)

From our definition of the PSS isomorphisms we have the following commu-
tative diagram, where ® stands for the continuation isomorphism:

HF.(H,J:L)—2= HF,(HX',Jx : L)

PSST TPSS

QH,(L) d QH.(L)

It follows that the lemma will be proved if we can show that

X\ =®: HF.(H,J:L)— HFE.(HX,J* : L).

In fact, we will show that this holds on the chain level, provided the per-
turbation datum in the definition of the continuation morphism is suitably
chosen.

The main point of the proof is as follows. Recall that given two regular
Floer data for L, (H? J%), i = 0,1, in the definition of the continuation
morphism

®: HF,(H°,J°: L) — HF.(H',J' : L)

we used a (generically chosen) homotopy of Floer data (H?,J%)scr, sta-
tionary for s outside (0,1). This is shown to be independent of the chosen
homotopy by considering homotopies of homotopies and the resulting homo-
topy operators. In fact, we will still obtain the same continuation morphism
on homology level if we use any perturbation datum on R x [0, 1], compatible
with (H?, J%), the reason being that the set of compatible perturbation data
is contractible, and therefore one can similarly construct homotopy opera-
tors between any two continuation morphisms, including the case of more
general perturbation data. The perturbation datum corresponding to an
s-dependent homotopy is (K(s,t) = H; ® dt,I(s,t) = J7), and the only
technical novelty here is that we can use perturbation data of the form

(K(s,t) = F(s,t) ®@ds+ G(s,t) @dt, I(s,t) = J}),
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where F(s,t) vanishes for s outside (0, 1), and (as follows from the definition
of a perturbation datum) F'(i,t) is a function on M whose restriction to L
is a time-dependent constant, for i = 0,1. The Floer equation on R x [0, 1]
corresponding to this more general perturbation datum is

Osu — Xp(u) + IO — Xg(u)) =0.
This equation is obtained from
(du— Xg)™' =0
upon substituting the vector 95 € T(R x [0, 1]).

Assume we have a solution u € M (H,J;7-,7+). Without loss of gen-
erality we can assume that x° is independent of s for s near 0,1, and we
extend the definition of x® to all s € R in an obvious way. Let us define
v: R x [0,1] = M by v(s,t) = x*(u(s,t)), that is u(s,t) = (x*) " (v(s,1)).
Since u solves

Osu+ J(Ou— Xg) =0,
it follows that
o Xs -1 o o
O (1) 4 ()™ 0 — X () (@) = 0.

and precomposing with 7 we obtain

R 16%: -1
o0+ 2 0) 4 10— X (1) = 0,
where I = x% o Jo (x)~!. Note that the vector field

SO0
=%

(Xi)_lasv +

is Hamiltonian, since x® is a Hamiltonian path. Therefore it is generated by
a unique normalized Hamiltonian F'(s,t). If we also let G(s,t) = H;o x*, we
see that the equation we obtained is

Osv — Xp(v) + I1(0w — Xg(v)) =0,

that is v solves the Floer equation corresponding to the perturbation datum
(K = Fds+ Gdt,I). We have therefore constructed a map

— — — o1
M(H, J;7-,794) = M(K, L7-,7Y ),

and it is easy to see that it is a diffeomorphism.
Abbreviate y = x!. Recall the definition of y, from Section 2.10. The
upshot is that it is induced by a chain isomorphism

X« CF(H : L) — CF,(HX: L),
whose only nonzero matrix elements are the isomorphisms
c@) =)
induced from the isomorphism of Fredholm operators

Dﬁ — Dax .
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Now, the continuation map
®: CF.(H : L) — CF,(HX: L)

is defined as follows (see Section 2.2). For 5 € Crit Ap.z and § € Crit Arx.r,
the corresponding matrix element

Cc(®) =€)

is the sum of isomorphisms C(v) where v runs over the space M(K, I;7,9),
where we use the perturbation datum defined above from x?*. It follows from
the definitions that in order for v to contribute to the matrix element the
moduli space to which it belongs must be zero-dimensional. We have just
seen that there is a natural diffeomorphism

~ —~ ~ 1

M(K, I;7,6) ~ M(H, J;7,6* ).

It follows that the latter space is also zero-dimensional, which is only possible
if 0¥~ =7, that is 6 = 5%, in which case it consists of the map (s, t) — ().
Thus the only nonzero matrix elements of ® are the isomorphisms

Cv): C(7) = (),

where v(s,t) = x*(y(t)). It remains to show that C(v) coincides with the
above isomorphism C(5) — C(7X) coming from .

This is done as follows. Pick a smooth function h: R x [0,1] — R with
the following properties: h(s,o) = 0 for s < 0, h(s,0) = o for s > 1, and
dsh > 0. Define p”: R — Ham(M) by p?(s) = x5, Tt then follows that
P =id, p(s) = x° for s > 1. That is, p° is a Hamiltonian path from id to
x? in Hamp (M), stationary for s outside (0, 1).

Now we can run the above procedure with the path p? instead of the
original path (x*)s. As a result we obtain isomorphisms

®,x7: C(3) = C(F¥),

and we will be done if we can show that they coincide, since the desired
result is obtained for ¢ = 1. Note that for every o these isomorphisms in
fact come from isomorphisms of determinant bundles

d(D5) =~ d(Dzx) -

Fix an orientation o of d(Dx) and let 0¥ and o2 be the orientations of d(Dsx7)
obtained using the isomorphisms x7, ®, respectively. We have of =0 = 06{]) ,
since for o = 0 we have x? = id = ®. On the other hand, these orientations
depend continuously on o, and therefore 0f = o2 for all o. It follows that
the isomorphisms x7, ®: C(3) — C(7X”) map the generator o to the same
generator for all o, meaning that they coincide, which concludes the proof
of the lemma. O
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6. PROOFS CONCERNING SYMPLECTIC RIGIDITY

Proof of Proposition 15. Let F € C*°(M) and let ¢ = miny, F. By MODULE
STRUCTURE, NORMALIZATION, and LAGRANGIAN CONTROL we have for
keN:

cle;kF) 4+ L([L];0) > l(e o [L]; kF) > kc+ v(ee [L])A,

which yields
lim ¢(e;kF)/k > c¢=min F,
k—o0 L

meaning L is e-heavy. O

Proof of Theorem 17. The proof is an application of Proposition 15, com-
bined with results appearing in §2.6. See also [Zaplh, Section 8|. In both
cases we take C as the ground ring.

o Let M = CP? and L = L¢p2. In §2.6 we saw that there is a choice of
twisted coeflicients for which the homology of the quotient complex
corresponding to 79(M, L) does not vanish. Since [M] = [CP?] is
the unit of QH.(CP?), it follows that [M] e [L] = [L] # 0.

e Abbreviate M = S? x S and L = Lg2, 2. Again in §2.6 it is shown
that there is a choice of twisted coefficients on the quotient complex
corresponding to 79(M, L), for which QH, (L) # 0. It is known that
the Lagrangian antidiagonal A C M is e_-superheavy. Since L is
disjoint from the antidiagonal, it follows that it is not e_-superheavy
(see [EP09]), therefore Proposition 15 implies e_e[L] = 0. Therefore,
since [M] = e} + e_, we have

ere[l]=e o[L]+eyo[L] = (e +ey)e[L] =[M]e[L] = [L],

and the result follows from another use of Proposition 15.
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