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sans aucune hypothese de convexité. En supposant en plus que la torsion est de signe constant
mais éventuellement dégénérée, nous montrons I’existence d’une mesure invariante ergodique
d’indice de Maslov nul et en déduisons I'existence de points d’indice de Maslov dynamique nul.

1. Introduction and Main Results

This study mainly concerns conformally symplectic flows that are defined on the
cotangent bundle M = T*M of a closed manifold M, where M is endowed with
its tautological 1-form A. Thus, its symplectic form is w = —d\. We denote by
7w T*M — M the usual projection.

Symplectic dynamics have been intensively studied because they model conserva-
tive phenomena, but a lot of phenomena are dissipative, e.g. mechanical systems
with friction. Some of these dissipative dynamics are conformally symplectic: a dif-
feomorphism f : M is conformally symplectic if, for some constant a, we have
ffw = aw. When a = 1, the diffeomorphism is symplectic. A complete vector field
X on M is conformally symplectic if Lxw = aw for some a € R, where Ly is the
Lie derivative.

When dim M > 2 and M is connected, we have also the following characterization
of conformally symplectic dynamics of M: a diffeomorphism f : M¥ is conformally
symplectic if and only if the image by Df of any Lagrangian subspace in T'M is
Lagrangian. The existence of a conformal factor at every point is a result of [LW9S§]
and the independence of this factor from the point is a result of [Lib59].

In the symplectic setting, an inspiring example is the completely integrable Hamil-
tonian case. Then the manifold is foliated by invariant Lagrangian graphs. This
example is of course very specific.

However, several authors found some traces of integrability in many non integrable
cases. Aubry—Mather theory in the case of exact symplectic twist maps and its vast
extension by Mané and Mather to the case of Tonelli Hamiltonian systems are such
results.

In both settings, the method is variational and the “ghosts” of invariant submani-
folds are filled by minimizing orbits. A cotangent bundle has a natural Lagrangian
foliation given by its vertical fibers and a feature of the minimizing orbits is that
they have vanishing Maslov index with respect to this foliation.

Here, in a more general setting, our goal is to prove the existence of a large set
of points or measures with vanishing dynamical Maslov index. We recall that the
Maslov index MI(T") of a piece of arc of Lagrangian subspaces I' = (I';); ¢ ; of T M is
the algebraic number of intersection of this arc with the Maslov singular cycle of the
vertical foliation, i.e., the Maslov index gives more or less the number of times when
the arc is non-transverse to the vertical foliation. See Subsection 2.2. The dynamical
Maslov index of a Lagrangian subspace L of T'M for some time interval I and some
flow (¢;) whose differential preserves Lagrangian subspaces, which is denoted by
DMI(L, (¢¢)te1), is then the Maslov index MI((D¢;(L))¢¢ ). The precise definitions
are given in Section 2.

We begin with a preliminary statement, that is the key result for finding invariant
measures with vanishing asymptotic Maslov index.

ANNALES HENRI LEBESGUE



Vanishing Maslov index 309

THEOREM 1.1. — Let L C M be a Lagrangian graph. Let (¢;) be an isotopy
of conformally symplectic diffeomorphisms of M such that ¢y = Id. Then there
exists a smooth closed 1-form n: M — M and a Lipschitz function v : M — R that
is C' on an open subset U C M of full Lebesgue measure such that

VgeUp:=o¢;" (n(q) + du(q)) € L and DMI(TPE, ((/55)86[071]) = 0.

This theorem has important consequences concerning the so-called asymptotic
Maslov index.

DEFINITION 1.2. — Let (¢;) be an isotopy of conformally symplectic diffeomor-
phisms of M such that ¢y = Id .

(1) Let L € TM be a Lagrangian subspace that is transverse to the vertical
foliation. Whenever the limit exists, the asymptotic Maslov index of L for
(¢t> jS

DMI(L, (¢)s
DMI. (L, (¢;)) := lim (L, (9o)se o)

t— +oo t

We will prove (see Corollary 5.15) that if L, L' C T, M then
DMIo (L, (é1)) = DMI(L', (¢4))-

This allows us to introduce the following.

(2) Let (¢;) be an isotopy of conformally symplectic diffeomorphisms of M such
that ¢g = Idyq. Let © € M. Then, the dynamical asymptotic Maslov index at
x for (¢;) is denoted by DMl (x, (¢;)) and is the asymptotic Maslov index
of L for every Lagrangian subspace L of T, M.

The definition of (asymptotic) dynamical Maslov index first appears in the work
of Ruelle [Rue85]: the author introduces the notion of rotation number for surface
diffeomorphisms that are isotopic to identity and for 3-dimensional flows, and
extends this to symplectic dynamics. He proves that if (¢;) is an isotopy such
that ¢9 = Idy and ¢p11 = ¢ 0 @1, then for every probability measure p invariant
by ¢1 with compact support, DMl (z,(¢;)) exists at p-almost every point and
x — DMIy(z, (¢:)) is a measurable and bounded function. Then he defines the
asymptotic Maslov index of such a measure.

DEFINITION 1.3. — Let (¢;) be a conformally symplectic isotopy of M such that
oo = Idyg and @411 = ¢ 0 ¢1. Let p be a ¢i-invariant probability measure with
compact support. Then, the asymptotic Maslov index of u for (¢y) is

DMI(, (6)) i= | DML(r, () dp(x).

If 1 is a ¢i-invariant ergodic measure with compact support, then for p-almost

every x € M it holds
DMIeo(, (¢1)) = DMI(p, (1)) -

Proposition 5.6 states this and the proof that we will give elaborates on a result
of Schwartzman, [Sch57].

Our first corollary gives the existence of invariant probability measures with a
vanishing asymptotic Maslov index. A priori, this doesn’t imply the existence of
points with vanishing dynamical Maslov index.
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COROLLARY 1.4. — Let (¢¢) be a conformally symplectic isotopy of M such that
oo = Idpg and ¢y 1 = ¢p 0 1. Let L C M be a Lagrangian submanifold that is
H-isotopicV) to a graph and such that

U (L)

t € [0,400)

is relatively compact. Then there exists at least one ¢-invariant probability measure
i whose asymptotic Maslov index is zero and whose support is in

M U )@(ﬁ).

T€[0,+00) t€ [T o0
Moreover, if (¢;) is a flow, then pu can be chosen (¢;) invariant.

This result applies in the autonomous conservative Tonelli case —where the Hamil-
tonian is a proper first integral— or in the discounted autonomous case —where there
is a proper Lyapunov function defined in the complement of some compact subset—.

As T?? can be obtained as the quotient of T*T? by a discrete group of transforma-
tions, we obtain also a result for T??. In the following statement, the leaves of the
reference Lagrangian foliation are the d-dimensional Lagrangian tori {0} x T¢.

COROLLARY 1.5. — Let (¢;) be a symplectic isotopy of T?® such that ¢y = Idrea
and ¢;11 = ¢y o ¢1. Then, there exists at least one ¢,-invariant probability measure
1 whose asymptotic Maslov index is zero.

In the latter corollaries, we cannot ensure that the measure is ergodic and then
we don’t know if there is at least one point with zero asymptotic Maslov index. Now
we will give sufficient conditions to obtain such ergodic measures and such points.

DEFINITION 1.6. — A Darboux chart F' = (Fy,Fy) : UC M — R? x R? is
vertically foliated if

e its image is a product I¢ x J% where I and J are two intervals of R;
e Ve Z/{,F(T;‘(x)MﬂZ/l) = Fy(x) x J

DEFINITION 1.7. — An isotopy (¢;) of conformally symplectic diffeomorphisms
of M twists the vertical if at every point (to,zo) € R x M, there exists
e c>0;
e a vertically foliated chart F' = (Fy, Fy) : U — R?? such that xg € U, F(U) =
(—a,a)? x (—a,a)® and F(zy) =0
that satisfy for all t € (to — €,tg + €)
® G := (0 ¢y, )(F ' ({O0ra} x (=5, %)) CU;
e [(G;) is the graph of a function p — q = dg;(p) where
(1) for t € [to,to +€), g: Is a convex function;
(2) fort € (to — e, t], g¢ is a concave function'® .

WA H-isotopy is a Hamiltonian isotopy.
(2)We don’t assume the strict concavity or convexity.
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Example 1.8. — Assume that ¢ : I — R and H : I x M — R are smooth
functions and let us use the notation Hy(x) = H(t,z). We assume that the Hessian

of H restricted to every vertical fiber is positive definite®®. We define the time-
dependent vector field X; of M by

ix,w =dH; —a(t)\.

Then the isotopy defined by X; is conformally symplectic and twists the vertical, see
Proposition 2.17. A subclass of examples is the class of discounted Tonelli flows, see

e.g. [MS17].

Remark 1.9. — In Proposition 2.15 we will prove that, when the isotopy (¢;)
twists the vertical, all the dynamical Maslov indices are non positive.

THEOREM 1.10. — Let L C M be a Lagrangian submanifold that is H-isotopic
to a graph. Let (¢;) be an isotopy of conformally symplectic diffeomorphisms of M
that twists the vertical.

Then there exists a constant C' € N* and a point x € L such that

¥t € [0,400), DMI(T,L, ()sepoy) € [-C,C].

In particular
DMI(z,(¢:)) =0.

Moreover, we deduce the following.

THEOREM 1.11. — Let L C M be a Lagrangian submanifold that is H-isotopic
to a graph. Let (¢;) be an isotopy of conformally symplectic diffeomorphisms of M
that twists the vertical and such that ¢1,; = ¢;0¢1. Let x € L be the point given by
Theorem 1.10. Assume that the positive orbit of x is relatively compact. Then there
exists an ergodic ¢1-invariant probability measure j with compact support such that

DMI(u, (¢1)) = 0.

Moreover, the support of i is contained in the w-limit set of x.

In lower dimensional framework, more precisely, for dissipative twist maps of T*T!,
Theorem 1.10 has been proved in [Flo22] through different tools. Corollary 1.13
explains why Theorem 1.11 is reminiscent of Mané and Mather theory for invariant
measures of Tonelli Hamiltonians flows.

DEFINITION 1.12. — A measure p is minimizing for a Tonelli Hamiltonian flow
if its dual measure v on T'M is such that
Ldv = inf Ldp,
™ P JTm
where L is the associated Lagrangian function and the infimum is taken over all
measures on T'M invariant by the Euler-Lagrange flow.

COROLLARY 1.13. — Let L C M be a Lagrangian graph. Let (¢;) be a Tonelli
Hamiltonian flow. The invariant measure j» with compact support of zero asymptotic
Maslov index given by Theorem 1.11 is a Mather minimizing measure.

(3) Observe that such a fiber is a linear space, hence the Hessian has an intrinsic meaning at every
point.
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QUESTION 1.14. — In the symplectic Tonelli case, when L is not a graph, espe-
cially when its graph selector is not semi-concave, does Theorem 1.11 always give a
minimizing measure?

QUESTION 1.15. — Without the Tonelli hypothesis, can we characterize the
invariant measure of zero asymptotic Maslov index given by Theorem 1.117

Example 1.16. — At the beginning of this introduction, we dealt with the com-
pletely integrable case, where M is foliated by invariant graphs and where there
are minimizing invariant measures in each of these graphs. But there are dissipative
examples where there is only one measure with zero asymptotic Maslov index. In
the case of the damped pendulum, see e.g. [MS17], there are only two invariant
measures, one supported at a sink with non-zero asymptotic index and one measure
supported at a saddle hyperbolic fixed point, which has zero asymptotic Maslov
index. Moreover, the only points that have zero asymptotic Maslov index are the
points that belong to the stable manifold of this saddle point. In this case, the
Hausdorff dimension of the set of points with vanishing asymptotic Maslov index is
1. The next statement explain why it cannot be less in this setting.

COROLLARY 1.17. — Let (¢;) be an isotopy of conformally symplectic diffeomor-
phisms of M that twists the vertical. Assume that there exists n closed 1-forms
M, -..,Nn of M such that no non-trivial linear combination of them vanishes, i.e.,

k=1

Then
dimH<{x € M; DMI(z, (¢1)) = 0}) > n,

where dim g (U) denotes the Hausdorff dimension of a set U.

Remark 1.18. — When M is the d dimensional torus, this statement allows to
bound from below by d the Hausdorff dimension of the set of points with zero
asymptotic Maslov index.

We now give a by-product of the proof of Theorem 1.1. This proof relies on spectral
invariants that come from the symplectic topology, in particular graph selectors that
were introduced by Chaperon and Sikorav, see [Cha91, OV94] or [PPS03]. We will
see in the proof that the closed 1-form n and the Lipschitz function w in Theorem 1.1
only depend on ¢;(£) and not on the isotopy and will deduce, after introducing in
Section 5 the angular Maslov index, the following statement, which expresses the
independence of the dynamical Maslov index from the isotopy.

PROPOSITION 1.19. — Let (¢1,) and (¢2,) be two isotopies of conformally sym-
plectic diffeomorphisms of M such that ¢1o = ¢20 = Idy and ¢11 = ¢21. Then for
every Lagrangian subspace L of T /M such that L and D¢, (L) are transverse to the
vertical foliation, we have

DMI (L, (¢1,t>t€ [071}) = DMI (L7 (¢2,t)t€ [0»1]) :
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Remark 1.20. — For ease of reading, we have chosen not to deal with angular
Maslov index in this introduction. The statement given in Section 5 is more precise,
because it deals with the angular Maslov index for every Lagrangian subspace of

TM.

Organisation of the paper

Section 2 is devoted to the definition of the Maslov index and the dynamical
Maslov index. We show that the twist hypothesis forces the index to be non pos-
itive. The invariance under symplectic reduction of the Maslov index is discussed
following [Vit87]. In Section 3 we prove that any Lagrangian path contained in a
Lagrangian submanifold and whose endpoints project on the graph selector has zero
Maslov index. This result is fundamental to prove Theorem 1.1, whose proof occu-
pies Section 4. The angular Maslov index is introduced in Section 5, where also its
relation with the Maslov index is detailed. Finally, Section 6 is devoted to the proofs
of the main statements presented in the introduction.
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2. On Maslov index

2.1. Some reminders on Maslov index

Let M be a 2d-dimensional symplectic manifold that admits a Lagrangian foliation
V. We denote by V(z) = V, := T,V its associated Lagrangian bundle. Let p : TM —
M be the canonical projection. Let A(M) be the Grassmannian of Lagrangian
subspaces of M. We recall that A(M) is a smooth manifold with dimension 2d +

@. The fibered singular cycle associated to V is the set

S(M) ={L e AM): LN Vyr) #{0}}

Every fiber ¥, (M) of (M) is a cooriented algebraic singular hypersurface of A, (M),
see e.g. [MS16, RS93]. Hence ¥(M) is a cooriented singular hypersurface of A(M).

The singular locus of ¥(M) is then {L € A(M) : dim (L N V) = 2} and the
regular locus is

(2.1) Yp:={LeA: dim (LNVyy) =1}

Once a coorientation of (M) is fixed, it is classical to associate to every continuous
loop I' : T — A(M) its Maslov index MI(T"), that satisfies the following properties:

e two homotopic loops have the same Maslov index;
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e if [" is a loop that avoids the singular locus and is topologically transverse to
the regular one of (M), then MI(I") is the number of signed intersections
of I" with (M) with respect to the chosen coorientation;

e every loop is homotopic to a smooth loop that avoid the singular locus and
is transverse to the regular locus.

An arc in A(M) is an immersion I' : [0, 1] — A(M). In particular, I'(]0, 1]) does not
have self-intersections. By smooth arc, we mean a C* arc. When I' : [0, 1] — A(M)
is an arc whose endpoints are in A(M)\X(M), following Duistermaat [Dui76, p. 183],
we can concatenate I' with an arc I'; that connects I'(1) to I'(0) in A(M)\X(M).
The Maslov index of I" is the Maslov index of this loop, which is independent from
the choice of I'y since I'y is in A(M) \ ¥(M).

Remark 2.1. — If I' : [0,1] — A(M) is an arc contained in A(M) \ ¥ (M), i.e.,
I'(t) N Xporw = {0} for every ¢, then its Maslov index MI(I") is zero.

2.2. Coorientation of !

We now give some details concerning the singular and regular loci of ¥(M) and
explain our choice of coorientation of ¥(M). For more details, see for example [Dui76].
For ease of reading, we denote (M) (resp. A(M)) by X (resp. A).

Then ¥ is an algebraic subvariety of A that is the union of

e the regular locus that is the smooth submanifold of codimension 1 and is
defined in (2.1),

e the boundary of ¥y, i.e. the singular locus ¥ \ X!, that is a finite union of
submanifolds with codimension at least 3.

Since every loop is homotopic to a smooth loop avoiding the singular locus and
intersecting transversally the regular one and since two homotopic loops have the
same Maslov index, we just have to define the coorientation at points of 3. To do
that, we introduce the notion of height in a symplectic vector space (E*?, ().

We fix a reference Lagrangian subspace V of E and denote by PV the canonical
projection on the quotient vector space E/V. If Ly, Ly are two Lagrangian subspaces
of E that are transverse to V', we define the height of L; above L, with respect to
V, see [Arn08], as follows.

DEFINITION 2.2. — Let Ly, Ly C F be two Lagrangian subspaces both transverse
to V. The height of Ly above Ly with respect to V' is the quadratic form

Qv<L1,L2> : E/V — R
defined by

Ve EJV,Qu(Ly, L) (v) = Q ((PV

) @ (P) @)

With the hypotheses of this definition, the kernel of Qy (L;, Ls) is isomorphic
to Ly N Ly. In particular, L; is transverse to Ly if and only if Qv (Lq, L2) is non
degenerate.

We have
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o If Ly, Ly, L3 are Lagrangian subspaces in F, all transverse to V, it holds,
see [Arn08|,

(2.2) Qv (L1, Ls) = Qv (L1, Ly) + Qv (Ls, Ls).

o if V. K, L are Lagrangian subspace of F such that each of them is transverse
to the two others, then Qy(K,L)o PV|, = —Qg(V,L) o PX|; and then
Qv (K, L) and —Qk(V, L) have the same signature.
Let us prove that Qy(K,L) o PV|, = —Qg(V,L) o PX|,. For ¢ € L, there
exists a unique pair of vectors v € V, k € K such that { = v+ k. then we have
— Qu(K, L) o P¥(¢) = Q(k, () = Qk,v);
- _QK(‘/a L) © PK(K) = —Q(U,f) = _Q(Ua k) = Q(l{,?})
e if [ and K are Lagrangian subspaces that are transverse to V and if ¢ :
E< is a symplectic isomorphism, then Qy (K, L) has same signature as
Qo(v)(P(K), p(L)).
We now describe the local coorientation of 3; that we will use. Let us fix Ly € ¥; and
let zg := p(Lp). We have dim (Ly N'V,,) = 1. We fix a Darboux chart F' = (F}, F3) :
U — R?? at x4 such that U is a small neighborhood of 2y in M, F(U) = [a, b]¢ x [a, b]*
and DFyp, is injective and

VeeU, FV(x)NU) = Fi(z) x [a,b]*.

Let us explain why such a chart exists. Using [Wei71, Theorem 7.1], we can map
locally the foliation V onto the vertical foliation of R?? by a symplectic chart (U, ®).
Then, composing with a symplectic isomorphism 9;(z,y) = (x,y + tz) of R? x R?,
for some ¢t € R, we obtain a new chart F' = (F}, F») that maps V onto the vertical
foliation such that DF(Ly) is transverse to {0} x R? and then DFyr, is injective.

We denote by K the Lagrangian foliation with leaves F~!([a,b]¢ x {yo}). Then it
is transverse to the vertical bundle V. Moreover, T, K and L, are transverse, since
DFyp, is injective. We denote by K the tangent bundle to K. Because dim (LoNV') =
1, the kernel of Qx (V, Ly) is 1-dimensional. We denote by n the index™® of Qg (V, Lo).
We define

Pr={LeA\X; p(L) eU, LMK, index Qx(V,L) =n}
and
Py={L e AN\S; p(L) €U, Lh K, index Qu(V,L) =n +1}.

Observe that P; and P, are connected and that P; U Py U Xy is a neighbourhood
of Ly in A. Hence P; and P, define locally a coorientation® of ¥, at L. To be
sure that we obtain a global coorientation of >, we have to prove that this local
coorientation is independent from the choice of our foliation KC. We just have to look
at what happens in the fiber A, for different choices of K,,. In other words, we will
prove a result in a fixed symplectic vector space (E, ().

@ The index of a quadratic form is the maximum dimension of a subspace of E on which the
quadratic form is negative definite.

(5) Let v C Py UP; UX; be a path from Py to Py, crossing 3y transversally once at v(t). Then
~'(t) € Ry N, where N is a normal vector field to 3; and determines a coorientation of ¥; at L.
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ProrosiTION 2.3. — Let V, Ly be two Lagrangian subspaces of E such that
dim (LoyNV) = 1. Let Ky, Ky be two Lagrangian subspaces of E that are transverse
to Lo and V. We denote by n; the index of Q. (V, Ly). There exists a neighbourhood
U of Ly in the Lagrangian Grassmannian of E such that

{Lel; Lt K, index Qk,(V,L) =n; + 1} =
{LelU; LK, index Qk,(V,L) =ny+ 1}

and

{LelU; LK, index Qk,(V,L) =n1} =
{LeU; LK, index Qg,(V,L) =nay}.

Proof. — Because, for j = 1,2, V and K are transverse Lagrangian subspaces,
every basis (ej, ..., eq) of V can be completed in a symplectic basis (e, f/) =
(€1, ..., €q, ff, cee fj) of E such that ff € Kj. Then, every Lagrangian subspace
L of E that is close enough to Ly is the graph in this basis of a d X d symmetric
matrix S ]L that continuously depends on L and is close to SjLO. We identify V' with
R? via the basis (e;).

As dim ker S = 1, we have R = R(;(Lo) + E;(Lo) where ker S}° = R(;(Lo) and
E;(Lo) = (R¢;(Lg))™ is the orthogonal of ker SJL ° for the usual euclidean scalar prod-
uct, i.e., the sum of the eigenspaces for the non-zero eigenvalues. Observe that we
can choose ¢1(Lg) = l2(Ly). For L in some neighbourhood U of Ly, SjL has a spectral
gap with one eigenvalue /\(S]-L) close to 0 and the others far away from 0. Hence
we can continuously extend ¢;(L) and E;(L) for L close to Ly in such a way that
¢;(L) is an eigenvector for the eigenvalue that is close to 0, and F;(L) is (R¢;(L))*.
Moreover, the signature of the restriction of S ]L to E;(L) remains equal to its value
for L = Lg if U is small enough.

The matrix of Qg (V,L) in the basis (P*i(e1), ..., PXi(eq)) of E/K; is S} and
then to estimate the index of Qg (V, L), we only need to know the sign of A(SF).
We recall that when L € U is transverse to V, we have Qg (V, L) o (PXi[,)™! =
—Qy(K;, L) o (PY]|)~". The matrix of —Qy(K;, L) in the basis (P (f}), ...,
PY(f})) is (SF)~! and thus we are reduced to estimate the sign of the eigenvalue
of (Sf)~! that has the largest absolute value. Observe that PV (f!) = PV (f?). We
denote by S the matrix of Qy (K7, K3) in the same basis and we deduce from (2.2)
that

(2.3) —(quL)_1 - —(55)_1 s

Let us denote by || - ||2 the usual Euclidean norm on R? and let us endow the set of
d-dimensional matrices with the associated norm defined by

15 = sup |[Svllz.

[[v]l2=1

Then if U is small enough, there exists C' > ||S|| such that for every L € U, (A(S}))~"
is the only eigenvalue of (SF)~" whose absolute value is larger than 3C' and C' is an
upper bound of the modulus of all the other eigenvalues of (SJL )L
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Let us prove that A(S¥) and A(S¥) have the same sign. Let v € R? be an eigenvector
of SL for the eigenvalue A\(SE). Then there exists vy, v, € R? that are mutually
orthogonal such that v = v; + vy, Skv; = )\(SQL)vl and vy is orthogonal to the
eigenspace of S for A\(SL). Using (2.3), we obtain

AR oyl V3 (aryl U2 v’ v
A 0) -0 60) o~ R Tk TR
Observe that the absolute value of the right-hand term is less than 2C. If \(ST)
and A(SL¥) have different signs, then the absolute value of the left-hand term is
larger than the absolute value of (A(SF))™!, then larger than 3C, which provides a
contradiction. O

In order to define the Maslov index, we first introduce the notion of positive (resp.
negative) arcs. Recall that K denotes the tangent bundle to K, where K is the
Lagrangian foliation with leaves F~1([a, bl x {yo}).

DEFINITION 2.4. — With the same notation, an arc I' : (—&g,9) — A such that

I'((—20,20)) N E =T((—20,20)) N E1 = {T'(0)} = {Lo}
and that is topologically transverse to X' is positive if there exists € > 0 such that
e for every t € (—¢,0), index(Qx (V,T'(t))) = index(Qx (V, Lo)) + 1;
o for every t € (0,¢), index(Qx(V,I'(t))) = index(Qx(V, Lo)).
Respectively, an arc I' : (—eg,£9) — A is negative if I o (—1d) is positive.

Remark 2.5. — This is equivalent to
o for every t € (—¢,0), index(Qy (K, I'(t))) = d — index(Qx(V, Ly)) — 1;
o for every t € (0,¢), index(Qy (K, T'(t))) = d — index(Qx (V, Ly)).

DEFINITION 2.6. — Let I': [a,b] — A be an arc.
o At € a,b] is a crossing for I if I'(¢) € X.
e The arc I is in general position with respect to ¥ if I'(a),['(b) € A\ ¥ and
the path I' is topologically transverse to ..
e The arc T is in D-general position with respect to ¥ if I'(a),I'(b) € A\ ¥ and
the path I is transverse (in the differentiable sense) to 3.

Remark 2.7. — 1If I" : [a,b] — A is in general position with respect to ¥, then
cach crossing for I' is isolated. Let [a, b] be fixed and let £ € N* U {oo}. Then, the
set of C* arcs I' : [a,b] — A that are in D-general position with respect to X is open
for the C'-topology.

Let I : [a,b] — A be an arc in general position with respect to 3. A crossing
t is called positive, respectively megative, if there exists € > 0 such that the arc
Dlt—ettq @ [t — €t + €] = A is positive, respectively negative.

DEFINITION 2.8. — Let I' : [a,b] — A be an arc in general position with respect
to . The Maslov index of I' with respect to'V orV is
MI(T") :=

Card{t : t is a positive crossing for I'} — Card{t : t is a negative crossing for I'} .
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The notion of Maslov index can be extended to Lagrangian paths that are not in
general position.

DEFINITION 2.9. — Let I' : [a,b] — A be a path such that I'(a),I'(b) € A\ X (not
necessarily in general position with respect to ¥). Let T': [a,b] — A be a smooth
arc that is C'-close to I' and is in general position with respect to ¥.. Then

MI(T) := MI(T).

For the existence of the perturbation [ of T and for the independence of the

previous definition from the choice of I' we refer to [MBAT72] or [CLM94].

Remark 2.10. — Let ¢ be a conformally symplectic diffeomorphism on M. Let
I': [a.b] = A be a smooth path such that I'(a),I'(b) ¢ X. Then

D¢(I) : [a,b] 5t — Do(I'(t)) € A
is still a smooth path such that D¢(I")(a), Do(I')(b) do not belong to

{LeA: LNDs(V)yu) # {0}}
where D¢(V), is the tangent bundle associated to the Lagrangian foliation ¢()).
Then the Maslov index MI(T"), calculated with respect to the Lagrangian foliation V,
is equal to the Maslov index MI(D¢(I")), calculated with respect to the Lagrangian
foliation ¢(V).
Moreover, if ¢p(V) =V, then
MI(T") = MI(D¢(T")) .

In particular, for M = T* M, the Maslov index is invariant under vertical translations,

that is by any diffeomorphism of the form ¢(p) = p + 1o w(p), where 7 is a closed
1-form on T*M.

2.3. Dynamical Maslov index

We now give the definition of dynamical Maslov index.

DEFINITION 2.11. — Let (M,w) be a symplectic manifold that admits a La-
grangian foliation V. Let (¢;) be an isotopy of conformally symplectic diffeomor-
phisms of M. Let L € A and [«, ] C R be such that D¢, (L), Dos(L) ¢ ¥. Then

DMI (L7 (¢t)t€ [a,ﬂ}) = MI(F) )

where I' is the Lagrangian path [a, ] 3 t — I'(t) := D¢y(L) € A and the Maslov
index MI(T") is calculated with respect to the Lagrangian foliation V.

2.4. Twist and Maslov index

In this section, we work in 7*M and we denote V(z) = T M.

In the introduction, we gave the definition of an isotopy which twists the vertical.
We can enhance this in the following way (we adopt the same notations F', g; and
G, as in the definition of twist of the vertical).
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DEFINITION 2.12. — An isotopy (¢;) of conformally symplectic diffeomorphisms
of M strictly twists the vertical if it twists the vertical and at every to € R

o forallt € (to,to+¢€) the image F(G;) is the graph of a function p — q = dg;(p)

where g, is a strictly convex function, i.e., such that d?g, is positive definite;

o forallt € (ty—e,to) the image F(G;) is the graph of a function p — q = dg,(p)

where g; is a strictly concave function, i.e., such that d*g, is negative definite.

Observe that the condition of convexity depends on the charts we choose (even if
the property of twisting the vertical is invariant under symplectic conjugation that
preserves the vertical foliation). This is a motivation to provide a result on the twist
property that doesn’t rely on any specific chart.

PROPOSITION 2.13. — Let (¢;) be an isotopy of conformally symplectic diffeo-
morphisms of T*M that twists the vertical. Let x € T*M and let ty, € R. We denote
x; = ¢(x). Let K be a continuous Lagrangian bundle that is defined in a neighbour-
hood of x;, and is transverse to the vertical bundle. Then, there exists € > 0 such
that

oV t € (to,to + €), Qr(z)) (Dt © (Depyy) 'V (24,), V(24)) is a negative semi-
definite quadratic form;
o Vi€ (to—e,t), Qr(z)(Dpro(Dgyy) 1V (x4,), V(24)) is a positive semi-definite
quadratic form.
Moreover, when (¢;) strictly twists the vertical, the considered quadratic forms are
negative definite or positive definite.

Proof of Proposition 2.13. — We fix ¢ > 0 and a vertically foliated chart F' =
(Fy, F5) : U — R** such that xy, € U, F(x,,) =0 and for t € (ty —e,ty + ¢)
o Gi = (d 0y, )(F'({0pa} x (=5,8)%)) C U
e [(G;) is the graph of a function p — ¢ = dg;(p) where
(1) for t € [to,to + €), g¢ is a convex function;

(2) for t € (ty — &,to], g: is a concave function.

As previously, we denote by K the Lagrangian foliation with leaves F~!([—a,a]? x

{yo}) and by K its tangent bundle. For ¢t € (ty, to+¢€) (resp. (to—¢, o)), the quadratic
form

Qrctary (D (010 83" ) V() Vi) = — Qi (V) D (¢ 0 8" ) Via))

expressed in the chart F is just —D?%g,(Fy(ry,)) that is a negative (resp. positive)
semi-definite quadratic form because the isotopy twists the vertical.

When the isotopy strictly twists the vertical, we obtain in this case a negative (resp.
positive) definite quadratic form.

Observe that the bundle K that we use in the proof is not necessarily the same
bundle as in the statement. But because the two are transverse to the vertical
foliation and we consider the height between the vertical and Lagrangian subspaces
that are close to the vertical (¢ is small), the two indices are the same (we can build
an isotopy between the two bundles that won’t change the signature). 0

PROPOSITION 2.14. — Let (X;) be a conformally symplectic vector field that
generates an isotopy of conformally symplectic diffeomorphisms of T*M . We assume
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that for every x € T*M, there exists a vertically foliated chart F = (Fy, Fy) : U —
R?? such that when we express the vector field X = (X,, X,) in this chart, then
0,X,, which is always symmetric due to the symplectic nature of the vector field, is
positive definite.

Let x € T*M and denote x; = ¢y(x). Let ty € R. Let K be a continuous Lagrangian
bundle defined in a neighbourhood of z;, and transverse to the vertical bundle. Then
there exists € > 0 such that

o Vit e (to,to+¢e), Qrun(Dor o (Doyy) 'V (wy,), V() is positive definite;
o Vi€ (to—e,t0), Qr(a) (Do o (D) 'V (x4,), V(xy)) is negative definite.

Proof of Proposition 2.14. — As noticed in the proof of Proposition 2.13, we only
need to prove the result for the tangent space K to Lagrangian foliation I with
leaves F'1([—a, a]? x {yo}).

In the chosen chart, the Jacobian matrix of X is

_ (0 Xq(zty)  0pXq(2t)
DX(mto) - <8qXp<I‘t0> apo<xto)>

and if we denote

Déy(z) (qutg)il(xto) = (at ZZ)

Cy

then we have

(2.4) b; = 0,X by + 0,X,d,
‘ dt — 8qXpbt ‘I— 8podt .

Hence uniformly in z it holds d; = 1440(t—to) and b, = (t—1t9)9, X, (x4, ) +0((t—10)?),
which gives b;(d;) ™! = (t — t9)9, X, (24,) + o((t — t0)?). Because b;(d;)" is the matrix
of

—1
Quce (Dovo (Dén) V). V()
in the chart, this gives the wanted result. ([l

PROPOSITION 2.15. — Let (¢;) be an isotopy of conformally symplectic diffeo-
morphisms of T*M that twists the vertical. Then if L € A and [«, ] C R are such
that D¢, (L), Dop(L) ¢ 3, then

DMI (L, (th)te [mﬁ]) < 0.

Proof of Proposition 2.15. — Let us first assume that (¢;) is an isotopy satisfying
the conclusion of Proposition2.13 (with definite quadratic forms) in a neighborhood of
(D¢¢L)¢ ¢ (o5 Perturbing L, we can assume that (D¢ L); ¢ o5 intersects ¥ eventually
only at the regular locus ¥;. We will prove that this implies that (D¢yL);¢a,g) is
actually topologically transverse to > and that the Maslov index is non-positive.

Let ¢y € [a, B8] be such that D¢y L € ¥;. We introduce z¢ = p(L) and x; := ¢¢(xg).
Consider a continuous Lagrangian bundle K defined in a neighbourhood of z;, and
transverse to the vertical bundle. By hypothesis, there exists ¢ > 0 such that

o Vi€ (to,to+€), Qru)(Dor o (Dry) 'V (24,), V() is positive definite;
o Vi€ (to—e,to), Qr(a) (Do o (D) 'V (24,), V() is negative definite.
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Then, for t € [tg,to + €), if Ly = D¢, L, we have

QK(wt)(Lt7 V(It)) = QK(%) (D (¢t © QS;)l) Ltov D (¢t © ¢;)1) V<xto)>
+ QK(mt) (D ((bt © (b;]l) V(“Tto)’ V(xt>) :
Then:

e because of the invariance under symplectic diffeomorphisms, the signature
of Qx)(D(dr 0 ¢t Lig, D(dy 0 ¢y )V (14,)) is equal to the signature of
QD(qStOO(bt—l)flK(xt)(Lto, V(zy,)) and if we chose € small enough, this signature
is equal to the signature of Qg (s, )(Liy, V(74,));

e the quadratic form

Qrctany (D (610 63" ) V(). V() = — Qi (V). D (610 8" ) Vi)

is negative definite because we assume that the isotopy (¢;) strictly twists
the vertical.

Since the index of the sum of a quadratic form ) and a negative definite quadratic
form is at least the sum of the index and the nullity of ), we deduce that for
t € (to, to + ¢) the index of Qg (y,) (L, V(xy)) is at least the sum of 1, which is the
nullity of Qx (z,,)(Lte, V(74,)), and the index of Q) (Liy, V (20)). Moreover, as the
quadratic form — Q) (V (x¢), D(¢rody, )V (24,)) is close to 0 for € small enough and
because of the continuous dependence of the eigenvalues on the quadratic form, the
index of Qpc(s,)(Lt, V(2¢)) is exactly the sum of 1 and the index of Qg (40)(Lyy, V (0)).
A similar argument gives that for ¢ € (o — €,%o), the index of Qg (s,)(L¢, V(x)) is
exactly the index of Qg (40)(Lt,, V(20)) This proves that (L;);ca,g intersect ¥,
topologically transversally and in the negative sense and that the Maslov index is
non-positive.

Let now (¢;) be an isotopy that twists the vertical (with no further assumptions).
Consider the Lagrangian path (D¢yL);c[a.g-

CLAIM 2.16. — There exists an isotopy (¢;) of conformally symplectic diffeomor-
phisms of M such that

° (D(EtL)te[a,B] is a smooth perturbation of (D¢iL),c a3, and in particular,
NEI((D@L)te[aﬂ]) = MI((D¢1L)1 ¢ ()

e (¢,) is an isotopy that satisfies the conclusion of Proposition2.13 (with definite
quadratic forms) in a neighborhood of (D¢ L);ca,5)-

The claim immediately implies that the Maslov index of (D¢L)ic (o, is non-
positive, as desired.
Let us now prove the claim. Because (¢;) twists the vertical, we deduce from Propo-
sition 2.13 that there exists € > 0 such that
oV t € (to,to + €), Qr(a)(Ddr 0 (Dyy) 'V (xy,), V(24)) is a negative semi-
definite quadratic form;
o Vi€ (to—e ty), Qr(zr)(Dpro(Dyy) 'V (xy,), V(24)) is a positive semi-definite
quadratic form.
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If the vector field associated to (¢;) is written in the chart as X = (X,, X,,), we
deduce from equations (2.4) that

d
a(bt(dt)*) = 0, X by (dy) ™" + 0, X, — by(dy) 7 0, X by (dy) ™1 — by(dy) 1D, X, .
Since by(d;) " is the matrix of Qg (u,) (D¢ 0 (Dgzﬁto)—lV(xto), V(z¢)) and is zero for

t = tg, we deduce that

jt(bt(dt)l)t_to = 9,X,.

and then that 0,X, is a positive semi-definite quadratic form. We now add to X
a small Hamiltonian vector-field Y that is associated to a Hamiltonian H that is
strictly convex in the fiber direction. This implies that 0,Y} is positive definite and
so is 0,(X +Y). According to Proposition 2.14, the isotopy associated with X + Y

is the desired isotopy (¢). O

PROPOSITION 2.17. — Assume thata : I — R and H : [ XxT*M — R are smooth
functions and let us use the notation H(x) = H(t,x). We assume that the Hessian of
H restricted to every vertical fiber is positive definite. We define the time-dependent
vector field X, on T*M by

ix,w =dH; —a(t)\.
Then the isotopy defined by X; is conformally symplectic and strictly twists the
vertical.

Proof of Proposition 2.17. For (ty,xo) € I x T*M, we choose a vertically foliated
Darboux chart F = (F}, Fy) : U — RY x R? such that F(zg) = 0 and F(U) =
(—a,a)? x (—a,a)’.

We now work in this chart and denote by H the Hamiltonian in this chart, which has
a positive definite Hessian in the p direction. We chose €5 > 0 such that for all t €
(to—e0, to+0), Gr := (rody, ) (FH({0pa} x (—2,%)%)) C U and F(G;)' is the graph
of a function p — ¢ = dg;(p). We deduce from the Hamilton equations that there
exists € € (0,£) such that uniformly for y € (—%,%)% and ¢ € (to — €, t0 +£)\{to}
if we use the notation ¢:(0,y) = (¢:, p) then

2

D?g,(py) = (t — to) (%pl;l(to, 0,y) +O(t — t0)> .

This results in the (strict) twist property. O

2.5. Maslov index and symplectic reduction

On a cotangent bundle, the Maslov index is invariant by symplectic reduction. The
result is due to C. Viterbo [Vit87]. For sake of completeness, we recall here Viterbo’s
proof.

Let us start by showing the invariance of the Maslov index by symplectic reduction
on a symplectic vector space. Let (V,w) be a symplectic vector space of dimension 2d.

6) F(G,) is Lagrangian.
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Denote by A(V) the set of Lagrangian subspaces in V' and, for every subspace U C V,
by Ay (V) the set of Lagrangian subspaces L such that L NU = {0}.

Fix Ly € A(V)(D. Let W C V be a coisotropic (non-Lagrangian) vector subspace
such that

WtcLycW,
where W+ denotes the symplectic orthogonal with respect to w. Consider the quotient
map
My W — W/W+
v [o],
where [v] = [u] if and only if v—u € W+, Observe that IIyy 1 is a surjective linear map.
Then, the quotient space inherits a symplectic 2-form wyy from w, and (W/W=, wy)

is still a symplectic vector space. In particular, for every Lagrangian subspace L of
V the image Iy, (L N W) is still a Lagrangian space in W/W+=. Denote by

Pus : AV) = A (W/WH)
L My (LAW).
The following holds.
CrAmm 2.18. — The map Py . restricted to Ay, (V') is a submersion.

Proof of the claim. Let us fix L € Aw.(V) and let L' € A(V) be such that
W+ c L' cWand LNL = {0}. Theset U = {L € A(V) : LNL = {0}}
is an open neighbourhood of L. If L € U, then there exists a unique linear map
B = B;j : L — L' such that

L={v+Bvvel}
and B satisfies the symmetry condition

(2.5) V0,0 € Lw(t,Bl) +w(BL ) =0.

Moreover, if B : L — L' satisfies the symmetry condition (2.5), then the set L =
{v+ Bv;v € L} is a Lagrangian subspace of V' that is transverse to L'.

We denote by B the set of linear maps from L to L’ that satisfy the symmetry
condition (2.5). It is a finite dimensional vector space that is the image of the chart

LeUw B; €B.
Similarly, if L = Py (L) and L' = Py (L), the set
v={LeA(W/w");LnT = {0}}
is an open neighbourhood of L in AW/ W1). The map that associate to every L € V

the linear map B; : L — L' such that L = {¢{+ B;(; { € L} is a chart whose image
is the finite dimensional vector space B of linear maps B : L — T’ such that

V0,0 € T,ww(l, Bl +ww (Bl = 0.

(7) Lo is the Lagrangian subspace with respect to which we calculate the Maslov index in (V,w).
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In these charts, the map Py . is read ® : B — B where
®(B) = My 0 Blraw o Myt [paw)

Hence @ is a linear map. This is then a submersion onto its image that is a linear
subspace of B. If we prove that ®(B) = B, we will deduce that Py 1 is a submersion.
Thus, let By € B and let Ly be the graph of B. We choose a linear subspace L) of
L' that is transverse to W+ and define By : LNW — L} as

Vo€ LOW,Bi(v) =y |} o Byo iy (v).
When v,w € LN W, we have
w(v, Biw) +w(Byv,w) = w (v, Ty |} o Bolw]) +w (M| o Bo[v], w)
= ww ([v], Boluw]) +ww (Bo[e], [w]) = 0.

Hence By : LNW — L) satisfies the symmetry condition and then its graph Ly is
an isotropic subspace of (LNW)+L"C W such that Ly N L' = {0}. We can choose
a Lagrangian subspace L of V that contains L and is transverse to L': L is then
the graph of a map By : L — L' that satisfies the symmetry condition and contains
Ly. Then the graph of ®(B,) is a Lagrangian subspace of W/W+ that contains Ly,
hence is equal to Ly, from which we deduce that ®(B,) = By, demonstrating the
surjectivity of ®. 0

Denote by i : Ay (V) < A(V) the standard inclusion. This is a submersion.

LEMMA 2.19. — Let t € [0,1] = ~(t) € Ay (V) be an arc such that v(0) N Ly =
v(1) N Ly = {0}. Then
MI(iov) = MI (Pyr 07) ,
where

e the Maslov index MI(i o y) is calculated with respect to Ly in A(W);
e the Maslov index MI(Py1 o ) is calculated with respect to Py (Lg) in
AW/WH).

Proof. — By slightly perturbing the path, we can assume that v is in D—general
position with respect to ¥ := {L € A(V); LN Ly # {0}}. The subspace Lj, :=
Py (Lgy) of W/WH is Lagranglan and we denote ¥ = {L' € A(W/W); L' N L, #
{0}}. Observe that P, (X) C & because W+ C L.

Since the maps 7 and Pw . are submersions, we have

e the path i oy is in D-general position with respect to 2;
e the path Py . o is in D-general position with respect to X.

Moreover, the choice of a coorientation of ¥ determines a coorientation both on
i~1(X1) and on Py1 0i~1(2). Following [Vit87], we claim that

CLAIM 2.20. —
iTN(E) =Pl (E) N AL (V).
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Proof of the claim.We first observe that on one side
i(2) = {LeAV): LW ={0} and LN Lo # {0}} .
On the other side we have
Pt () Ao (V) =
{LeAwe(V); (LW +Why/Wh)n ((Len W + W) /Wh) # {03} ;

since W+ C Ly C W, we have Ly = Ly N W + W* and any L € P,/ (X)NAy- (V)
is so that
(LW 4+ WH) /W) N (Ly/ W) =

(LALenW + W) /Wt = (L0 Lo+ Wh) /Wt # {0}
Since LNW+ = {0}
(LALo+ W) /Wh#£{0} & LN L+#{0}.
We so conclude that
Pt (O)NAwo (V) = {L e A(V): LOW! = {0} and LN L, # {0} ]
=i '({LeA(V): LNLo#{0}}) .

O

Since 7 is a submersion, the number of crossings of v with i~}(X) is equal to the
number of crossings of o~ with X. Since Py, 1 is also a submersion and Py (X) = X,
we conclude that the number of crossings of v with i~!(X) is equal to the number of
crossings of Py, 1 o7 with 3.

Since the coorientation on :=}(¥) and on Py. o i~ (2) is determined by the
coorientation of 3, we conclude that actually the number of positive (resp. negative)
crossings of ¢ oy corresponds to the number of positive (resp. negative) crossings of
Pw . o~. By the definition of Maslov index, we obtain the sought result. 0

We want now to prove the invariance of the Maslov index by symplectic reduction
on the cotangent bundle M, endowed with the symplectic form w. Let V be the
Lagrangian foliation whose fibers of the associated tangent Lagrangian bundle are
the vertical Lagrangian subspaces. Let W C M be a coisotropic submanifold and let
iy : W — M be the canonical injection; the characteristic foliation of W, denoted
by W+, admits for tangent bundle T,,( W) =ker(i}yw)(x) = (T, W)*.

Assume that, for every x € W it holds

(T,W)*: C T,V C T,WV.

We assume that the symplectic reduction of W is a true symplectic manifold that
we denote by R : W — W/W. When z € W and L € A1 (T, M), we denote

P(L) = DR(x)L = (L + TW*) /T W+ € A (W/WH).

Then P is a submersion from Ay, (M) to AW/ W),
We denote ©(M) = {L € AM); LNTypV # {0}} and SW/WH) = {L €
AW/WH);: LN Ty P(V) # {0}} .
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LEMMA 2.21. — Let I : [a,b] — A(M) be a smooth arc such that
o T(a),T(b) & S(M);
e ' is in D-general position with respect to the fibered singular cycle 3(M);
e at every point the path has trivial intersection with the tangent bundle of the
characteristic foliation of W, i.e.

INGIR (Tp(p(t))W)L ={0} Vtelabl.

Then
MI(T) = MI(PoT),
where

e the Maslov index MI(I") is calculated with respect to TV in A(M);
e the Maslov index MI(P o) is calculated with respect to P(V) in A(W/W™1).

Proof. — Since P is a submersion and P~H(S(W/W)) N Appyr (M) = (M),
the path P oI is also in D-general position with respect to S(W/W=). In order
to conclude, it is then sufficient to calculate the Maslov index of a sub-path of T,
around a (isolated) crossing t. Let U C M be a neighborhood of p o I'(t) and let

Dlpmeprqg : [t — €6t +€¢ = AU),
be a Lagrangian path with only an isolated, transverse crossing at t. Let us trivi-
alise A(U) as U x A(T,or)M). Similarly, trivialise the image P(A(U)) as P(U) x
AN TyoriyW/(Tpor@yW) ™). Up to restrict the neighborhood U, the Maslov index of
the path F|[t_€’t+4 with respect to V corresponds to the Maslov index of F][t_€7t+€],
seen as a Lagrangian path in the symplectic vector space Tpor) M thanks to the
trivialization, with respect to Tpr()V. Similarly, the Maslov index of the path
P(L|t—et4¢) with respect to P(V) is actually the Maslov index of the Lagrangian
path P(Llj—ci1q), seen in TporpyW/(LporW)* through the trivialization, with
respect to P(T,or()V). By applying Lemma 2.19, we can then conclude. O

3. Maslov index along a Lagrangian submanifold that
admits a generating function

Let £ C T*M be a Lagrangian submanifold. The goal of this Section is to prove
that every arc I' : [a,b] — T'L whose endpoints project on 7T*M on the so-called
graph selector of £ has zero Maslov index.

3.1. The relation between the Maslov index and the Morse index

Let us recall the definition of generating function for a Lagrangian submanifold £
of T*"M.

DEFINITION 3.1. — A C" function withr > 2 function S : M x R¥ — R generates
a Lagrangian submanifold £ of T*M if
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e using the notation

Cs = {(%5) €M xR": g?(q ) = 0}

at every point of Cg, the map %‘g is a submersion; in this case, Cg is a d-
dimensional submanifold of M x R;
e the map js : Cs — T*M defined by js(q,&) = g—g(q,ﬁ) is an embedding such
that ]S(CS) =L.
The generating function S is quadratic at infinity (GFQI) if there exists a compact
subset K C M x R¥ and a non-degenerate quadratic form @) : R* — R such that

V(q,€) ¢ K,5(q,¢) = Q(§).

The generating function quadratic at infinity S is of index m if the non-degenerate
quadratic form () has index m.

A result due to Sikorav [Bru91, Sik87] asserts that every H-isotopic® to the zero
section submanifold of T*M admits a GFQI.

Notation 3.2. — If we denote as before the Liouville form on 7*M by A and
the Liouville form on T*(R*) by A, the product manifold N' = T*M x T*(R*) is
endowed with the symplectic form Q = —Pjd\ — P5d\; where P; is the projection
on the i*? factor.

THEOREM 3.3. — Let L C T*M be a Lagrangian submanifold that admits a
generating function S(q,&) : M x R¥ — R. Let (¢;,&) € M x R* i = 1,2 be such
that

%(%’7&) =0, ie (¢:;,&) €Cs;
e if we use the notation p; = %2(%, &;), the submanifold L is transverse to the
vertical fiber T M at p; in T* M.

Then, ker ggf(qi, &) = {0} and for every arc ~y, joining 7o(0) = py to Yo(1) = pe in L,

the Maslov index of t € [0,1] — T £ with respect to the vertical is equal to the
difference of the Morse indices index(g%f(qg, &)) — index(23 852 S(q1,&1)).

Proof of Theorem 3.3. —
LEMMA 3.4. — Let p = %(q,ﬁ) € L. Then L is transverse to Ty M at p if and
only 11%67“(852 (q,€)) = {0}.

Proof of Lemma 3.4. — Let us fix p € £ and let ép € T,(T*M). We use the
notation ¢ = w(p) € M and dq = dr(p)dp € T, M.
Then 6p belongs to T,,L if and only if there exists 06 € R* such that
o D(%)(5g,6¢) =§;§§(q £)6q + 58(¢,£)06 = 0;
o Djs(3q,6¢) =0p = 55(q,£)0q + Sea- (4, €)5¢.

(8) This means Hamiltonianly isotopic
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Observe that ﬂ(a—s(q €)) = q and then

%S %S
(3.1) Dr <8q2<q, s)aq) —4g and Dr ( o <q,5>65) 0
We deduce
028 S
o € ker <0§2> \{0} < (0,0¢) € ker (D (8&)) \{0}
= Djs(0,66) € TL\{0} = ggg 5¢ € TL\{O}.

Using (3.1), we conclude that ker(a—gs( €)) # {0} if and only if £ is not transverse
to Ty M at %(q,f). d

In N = T*M x T*(R*), endowed with the symplectic form Q= —Pjd\ — Pid\;,
we consider the coisotropic foliation into submanifolds

W, =T"M x R x {x}

for x € R*. The characteristic leaves of W, are the submanifolds Wy, = {p} X
R* x {x} with p e T*M.

We will use also the Lagrangian foliation F of N with leaves F, , =T, o M % R*x {x}.
Then we have W ) © Firp)) C Wy We denote by Fi,¢ ) the tangent space to
the leaf Fix(p)) at the point (p, &, Xx)-

The graph G = graph(dS) C N of dS is a Lagrangian submanifold of N that is
transverse to W, and such that G N W, is diffeomorphic to £ by the map

R:(p.&0) €Wy p.

Observe that R is the symplectic reduction of W,. We denote by R the restriction
of R to GNW,.

We use for o, ¢i, ps, & the same notations as in Theorem 3.3. Then I'y = R~ o v,
is an arc on G N W, such that I'y(0) = (p1, &1, 0) and T'o(1) = (p2, e, 0). We have

LEMMA 3.5. — Let I'(t) = (p(t),&(t), x(t)) € G be an arc in G such that at I'(0)
and T'(1), the quadratic form gig is non-degenerate. The Maslov index of the arc of
Lagrangian subspaces t € [0,1] — TG with respect to the fibered singular cycle
associated to F is

index (25 (1), 1)) ) — inde (25 0), 00
<ag 23

Proof of Lemma 3.5. — Up to a small perturbation, we can assume that S is
smooth. The proof is divided into two steps. First, we will perturb the Lagrangian
submanifold £ (i.e., its generating function) and I" on it so that I" is in D-general
position with respect to the fibered singular cycle associated to F. Then, we will
prove the lemma.

Step 1. — As Trp)G and Tr1)G are transverse to Fp( 0), Fr(1) respectively, there
exists € > 0 such that for all ¢ € [0,e]U[1 —¢,1], Ty is transverse to Fp). We use
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the notation ¢ — ((t) := (mop(t),&(t)) € M x R*. We now choose a neighbourhood
U of {([e,1 —¢]) in M x R¥ and a diffeomorphism 1 : U — R? x R* such that

Vielel—e, () =(t0,...,0).

Let s : ¥ (U) — R defined by s(y) = S o4~ (y). Then in the neighborhood of
(6,0...,0)and (1—¢,0, ..., 0), we know that graph(D?s) and D1(F) are transverse.
We can slightly perturb the path of matrices t € [,1 — €] = D?s(£,0, ..., 0) in a
path t — A(t) of symmetric matrices such that

o A(t) = D?s(t,0, ..., 0) in a neighbourhood of € and 1 — ¢;

e the path ¢ — graph(A(t)) is in D-general position
We now define for z; in a neighborhood of [g,1 — €]

o §(z1) = [F(A(0) — D*s(0,0, ..., 0))(1,0, ..., 0)do;

€

o v(xy) = [M0(0)(1,0, ..., 0)do;
e in a neighbourhood of [, 1 — €] X {Opa-1 gk},

w(xy, ooy Tagk) = S (21, oy Targ) Fo(z1) +0(21) (0,29, . ., Tgsk)
1
+ 5("4(3:1) - DQS(x17O7 SR 0))((0,1'2, BRI xd-i—k‘)? (vaQa BRI xd-i—k‘))‘

Then u is C? close to s and we have
Vo, € [e,1—¢], D*u(x1,0, ..., 0) = A(xy).

We then use a bump function 1 with support in a neighbourhood of [e,1 — €] x
{Oga-14rr } and that is equal to 1 in a smaller neighbourhood of [e,1—¢] x {Oga-1ygx }
We define

g(l'l, cey xd+k) =
(1 - 77(3:17 SRR Id-‘rk))s(xl? BRI 'Id-‘rk’) +77(5E17 sy xd-i—k)u(xlv SRR xd-i—k)'

As 3is equal to u in [, 1 — ] X {Oga-1gr }, D?3 is in D-general position with respect
to Dy(F) along the lift of this arc in graph Du. In addition, as 5 is C?%-close to
s, D?3 is transverse to D (F) along the lift of ([0,e] U [1 —&,1]) X {Oga-1xgr} in
graph Ds.

Finally, define the function S to be equal to S outside Y~ U) and to o1 in
=Y (U). Thus, S is C? close to S, DSo( is C' close to DSo( =T and t — DS o((t)
is in D-general position with respect to the fibered singular cycle associated to F. As
the new generating function S is C?2 close to S, the number index(2:5(¢(1),£(1))) —

€2
index(g%‘g(q(()),f(()))) does not change.
This will allow us to assume that the path ¢ — TG is in D-general position with

respect to the fibered singular cycle associated to F.

Step 2. — We then look at what happens at a crossing ['(t). We choose a chart
close to %(q(t), &(t)) and we assume that we work in coordinates : ¢ € U C R™ and
(p1, - .., pn) are the dual coordinates defined by (¢, ¥ p;dg;) € T*U.

In these coordinates for (¢,p) = (q, %‘j(q,f)) € U x R", we use the linear and
symplectic change of coordinates
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2

(6g,0p) <5Q =dp+ <1n - gqf(q,é)> 0q,0P = —5q> :

In the extended space TN with linear coordinates (6Q, 0P, 0&,0x), the equation of
Fr is (6P,0x) = (0,0), i.e., Fr is the graph of the zero function. The equation of
TG is

(3.2)

{513 = —6Q + %50¢

928 028 025 928
0X = 5g9g0Q + (a? ~ Bg0¢ 8saq> 0¢

and this is also a graph. We then compute the change of Maslov index with respect
to Fr(;) with the help of the height of TG above the vertical L with respect to F, i.e.,
Or(L,TG), where L has equation (6Q,d¢) = (0,0). Observe that, for ¢ close to ¢, F
and L are transverse and the projection Pp : TN — TN /F restricted to L is an
isomorphism. Therefore, we can take (6P, dx) as coordinates in TA//F. Additionally,
for t # t close to t, F' and T'G are transverse, because crossings of a path in general
position are isolated. Moreover, note that, for ¢ close to t, L and T'G are transverse.
If we introduce the matrix

. 9%s
(33) M(t) - (6215'” (825' 86362(15 825)) <Q(t)7£(t))7

9q06  \ 02~ 9q0€ D€Dq

as the equation of T'G is (we write in coordinates)

P\ aQ
(i) = ().
the matrix M(t) is invertible for ¢ # ¢ and we have

Qr(L,TG)(6P. %) = ((0.0.6P,0v), ((6P.8x) (M) 6P.6x) ).
Hence the matrix of Qr(L,TG)(6P,dx) in coordinates (§P,dy) is M(t)~'. The

change of signature of M(t)~! at t is exactly the same as the change of signature of
M(t).

Let us introduce the matrix

Pt) — <1n §§§q<q<t>,£<t>>> |

0 1

Then we have

0q0¢ 1,

_ (‘3” g?g(q(g),f(t») |

Hence the change of signature of M(t) at t = t along the path T is equal to the
925
e
subspaces t € [t — e,t + €| — TG with respect to Fr).

change of signature of This is exactly the Maslov index of the arc of Lagrangian

O
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We deduce that the Maslov index of T'G along the arc 'y with respect to F' is
index (93 (g2, &)) — index(23 (a1, €1))-
We have noticed that W(?x) C Firp)) C Wy. Also, because G is Lagrangian and
transverse to W, at every point of intersection, the intersection of the tangent
subspaces to G and Wy, is {0}. The path ¢ — T'(t) can be put in D-general
position with respect to JF, as done in the first step of the proof of Lemma 3.5.
Thus, we can apply the results concerning the Maslov index that are given in [Vit87,
Section 2|, see here Lemma 2.21 and Subsection 2.5.
As the curve I'y is contained in GNW,, the Maslov index of T'G along I'g with respect
F is equal to the Maslov index of (T'(G N W,))/TWy with respect to F/TW;-. We
have (T(GNW,))/TWys = TR(G) = TL and F/TWg(T'(t)) = o) (TrongyM) is
the vertical V. This proves the Theorem 3.3. O

3.2. Maslov index along graph selectors

Let us assume that the Lagrangian submanifold £ of T*M admits a generating
function quadratic at infinity. We recall the construction of a graph selector u : M —
R. Such a graph selector was introduced by M. Chaperon in [Cha91] (see [PPS03]
and [Sib04], too) by using the homology. Here we will use the cohomological approach
(see e.g., [AV17]). We now explain this.

Notation 3.6. — Let S : M x R¥ — R be a function generating a Lagrangian
submanifold. For ¢ € M and a € R a real number, we denote the sublevel with
height a at ¢ by

Se={¢eRY S(q,9) <a}
and we use the notation S, = S(g, .).

When S is quadratic at infinity with index m, there exists N > 0 such that all
the critical values of S are in (=N, N). Observe that, since S is a GFQI, S;N is
the sublevel of a non-degenerate quadratic form of index m. Thus (see, for example,
[Mil63]), the De Rham relative cohomology space H*(RF, Sy N is isomorphic to

H(R™) = {IR({) if x £ m.

We denote by «, a closed m-form of R* such that ayg-~ = 0 and 0 # la,] €

H™(RF, S;N).

If a € (—N,N), we use the notation i, : (52, S;V) < (R*, S ) for the inclusion

and then i} : H™(R*, S V) — H™(S¢,S,Y). The graph selector u: M — R is then
defined by:
u(q) = sup {a € R; [i30q] = 0} = inf {a € R; [i70] # 0}

The following result is classical (see [AV17] for a proof in our setting).
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PROPOSITION 3.7. — Let L C T*M be a Lagrangian submanifold admitting a
GFQI S : M x R¥ — R of regularity C" withr > 2 and let u : M — R be the graph
selector for S which is a Lipschitz function. Then u is C" on the open set

U:= {q € M, £— S(q,€&) is Morse excel]ent('g)}
which has full measure, and for all ¢ in U, the following hold:

o du(q) € L;
o u(q) = Sojg' (du(q)).
Remark 3.8. — Let £ be a Lagrangian submanifold admitting a generating func-

tion S : M x R* — R. Then, for any C! path ~: [0,1] — L,
5 (15" (1)) = (55" () = [ &

As a consequence, we can describe the open set U without mentioning the generating
family:

U= {qEM, TyM th £ and for all path v : [0,1] — £
with distinct endpoints in ;M M L, / A #£ O.}
Y

Indeed, the transversality condition is equivalent to (g,&) — S(g,&) being Morse,
and the condition on the path ensures that the values of S above two different critical
points of the generating family are necessarily distinct.

From Theorem 3.3 and the latter proposition, we deduce

PROPOSITION 3.9. — We use the same notations as in the previous proposition.
Then if q1,q2 € U and if 7 : [0,1] — L is a continuous arc joining du(q;) to du(qs),
the Maslov index of the arc of Lagrangian subspaces t — I, L with respect to the
vertical is zero.

Proof of Proposition 3.9. — We recall some well-known facts about Morse func-
tions. Consider a Morse function f : R¥ — R that is quadratic at infinity and has dis-
tinct critical values at its critical points. We use the notation f* = {z € R*, f(z) < a}
for the sublevels of f. Then, for every critical point ¢ such that D?f(c) has index p,
for £ > 0 small enough, the De Rham relative cohomology space H*(ff(©)+e, ff(c)=e)
is isomorphic to R for * = p and trivial if x # p.

Now, consider ¢ € U. As S(q, .) is Morse, with different critical points corresponding
to different critical values, there is only one &, € R¥ that is a critical point of S(q,.)
such that S(q,&,) = u(q). By definition of u, we have

o for every € >0, 0 # [iy ), . € H”‘(S;‘(‘”*i S ™)

e for every € >0, 0 = [i},)_.ag] € Hm(Sua)=s 5N,

We recall the notation for maps of pairs in relative cohomology. The notation
f:(M,N)— (V,W) means that f: M — V with f(N) C W.

We introduce the maps associated with the inclusion S N c Sf;(q)*e C S;‘(q)+€.
More precisely, we denote by j; : (Sy@*e, SN) — (Sua+e Sua==) and j, :
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(Su@=e S N) — (Sp@te §N) the two inclusion maps. We now use the exact

cohomology sequence induced by these maps (see [God71]):
m u u(q)— Ji m u —-N J3 m u(q)— —N
H (Sq(q)+575q(q) 8) LI (Sq(q)Jrs?Sq ) oq (Sq(q) .S, )
Then [i},,), .4 is a non-zero element of H™(Su@te 5N) and its image by jj is
0. Because the sequence is exact, [i}, .., is a non zero element of the image of

Ji. This implies that Hm(SZ;(q)*E, S;‘(q)*e) # {0}, and then the index of the critical
point £, of S(q,.) is m.
Hence, we have proved that for every ¢ € U, if du(q) = %(q, &,) where %(q, &) =0,

the index of ‘?;Tg(q, &,) is m. We deduce from Theorem 3.3 the desired result. 0]

4. Dynamical Maslov index, graph selectors and proof of
Theorem 1.1

4.1. Graph selector techniques adapted to conformal symplectic
isotopies of the zero section

Let (¢;) be a C™! isotopy of conformally symplectic diffeomorphisms of T M
with r > 2 such that ¢g = Idp<),. We want to apply the results of section 3.2 to the
images ¢;(Ly) of the zero-section and obtain results for the dynamical Maslov index

DMI (T.L, (6s)sc o) -

As every ¢, is conformally symplectic, there exists a(t) €]0, +oo[ such that ¢jw =
a(t)w. Then the form 5; = ¢; A —a(t)A is closed. The projection 7 : T*M = M — M
inducing an isomorphism in cohomology, we can choose, in a C" way, a closed 1-form
n, on M such that 7*n; — [, is exact and 1y = 0. If the symplectic diffeomorphism
fi : M — M is defined by f;(p) = p — n:, we have

fix=A—mn.

If (¢0;) is the isotopy of conformally symplectic diffeomorphisms defined by ¢, = f;0¢;,
then we have

A= 6= wm) = A+ (6 = dimm).
The action of ¢; on cohomology is trivial because ¢; is homotopic to Id,. As
™, — By is exact, we deduce that ;A — a(t)\ is exact. Hence the image by v, of
every H-isotopic to the zero-section submanifold £ is also H-isotopic to the zero-

section, see [AF24, Corollary 3]. It admits a generating function quadratic at infinity
S, : M x R¥ — R and a Lipschitz continuous graph selector u; : M — R.

Remark 4.1. — The generating function S; is not unique. For every segment [a, b
of R, we can choose an integer k£ € N uniformly in ¢ € [a,b] and in a C" way a C"
generating function S; : M x RF — R for £; = ;(£). Then the associated graph
selector!®) w4, also depends in a C” way on t.

(101t can be proved that up to a constant, u; is independent of the chosen generating function Sy

of ¥ (L).
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As in Proposition 3.7, we define U, := {q € M, £ — Si(q,&) is Morse excellent},
which is an open set of M with full Lebesgue measure, on which wu; is C" and

(4.1) VqgeU, du(q)e (L) ie. n:(q)+ dui(q) € dr(Lo).
PROPOSITION 4.2. — The set U =J U, x {t} is an open set of M x R, on which
t
the function (q,t) — w(q) is C".

Proof. — The set W = {(q,t) € M x R;TyM h L} is open thanks to Thom’s
transversality theorem. Hence, for every (qo,to) € U, there exists an open subset U
of W that contains (qo, to), an integer N > 1 and N C" '-maps z; : U — T*M such
that

o mowxi(q,t) =g
o Vi# jiai(q,t) # x(q;t);
o TxMN Ly ={r:(q,t);...; vn(g, 1)}
As S depends in a C" way on (q,t), the map Y : W — R defined by

Y(Q> t) = (St (]S_l(xl(qvt))> ) St (jgl(x]\f(%t))) )

is continuous. Therefore
UNU ={(q.t) € U;¥ i # 5,8 (45" (@i, 1)) # St (55" (w(q.1)) }

is open because it is the preimage by Y of an open subset of RY. We have then
proved that U is open.

Let qo € U, for some t;. By definition of the graph selector, there exists &
such that uy(q0) = Sy, (g0, &) and %(qo,é’o) = 0. Since Sy, (qo,-) is Morse, we
may apply the implicit function theorem to obtain a C" function (g,t) — £(q,t)
solving %‘?(q,f(q,t}) = 0 on an open connected neighbourhood of (go,%y) in U.
By the continuity of (¢,q) — wu:(q) and since we excluded the case where Si(q, -)
attains a critical value more than once, we also have u;(q) = Si(q,£&(t,q)) on this

neighbourhood. Thus, (¢,q) — u(q) is C" at (g, qo), hence on the whole set . [

4.2. Proof of Theorem 1.1

Let us begin with the case where L is the zero section, denoted by Ly. With the
notations that we introduced in the previous paragraph, we are reduced to prove
that DMI(T, Lo, (¢s)seo.q) = 0 for every = € 1, (graph(duy,)). This is a result of
the two following lemmata for which we provide proofs.

LEMMA 4.3. — There exists an integer n; such that
Voe w;l (graph (dut‘Ut)) DMI (Tzﬁo, (Vs)se [o,t}) = n,.
LEMMA 4.4. — The map t — ny is locally constant.

Proof of Lemma 4.3. — We fix t € R. Let y: [0, 1] — ¥+(Lo) be a path such that
fori = 0,1, ¢ = 7(v(i)) € Uy and (i) = dus(g;). For 7 € [0, 1], we define a loop
I'=T, by
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o (v()
-1
v (1(0)) Tr o £

Figure 4.1. The loop T';.

e Vsel01
o Vsell,2
o Vse[2,3
e Vsc [3,4], T(S) = D¢(4—s)t(Tw;1(7(o))£0)-

Along I'jjo,1}, the Maslov index is zero because the path is on the zero section
Ly. Along I'j[1 9, the Maslov index is MI(<D¢S(T¢;1(7(T))LO)SE 0,4)- Along I'j2 5 the
Maslov index is —MI((Ty(s%:(Lo))sc[0,77)- Along I'jj3 4, the Maslov index is

—MI ((Dws (7o 60n50)), . [o,ﬂ) '

Hence the total Maslov index along I'; is

M (D (T o)) ) = ME((Tn(2)), )

— MI ((D% (Ty %)), . [o,ﬂ) '

As 7 — I', is an homotopy, the total Maslov index along I'; does not depend on 7.
Observe that

e for 7 = 0, this index is 0;
e thanks to Proposition 3.9, we have MI((T}%:(Lo))sco,1)) = 0. Hence the
total Maslov index along I'; is

0= MI ((Dws (To-banLo)) . [0,t]> - MI <<D U (T aanlo)) . [o,t}) '

[ Tr(8) = Ty 1y smp Lo
]’ FT(S) = Dw(sfl)t<Tw;1(7(7))‘Co);
J,I'(s)

r

Y

U

Proof of Lemma 4.4. — Let us fix (qo,t9) € U. By Proposition 4.2 and the
continuity of (1), there exists ¢ > 0 such that

Vi€ (to— e to+e), (r (v oty (du(q))) 1) €U.

We denote () = ¥y 0 ¥y, (dugy (qo)) and L, = 14(Lo). Then, the arc ¢ € (tg —e,to +
e) = T Ly does not intersect the singular cycle. Hence, the map ¢ € (to—¢,to+¢) —
ny is constant. ]
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Observing that ng = 0, we combine the two lemmata for ¢ = 1 to deduce
that DMI(T,. Lo, (¢s)se 1) = 0 for all @ € ¢7 ' (graph(duyp,)) = ¢1 ' (graph((m +
duy)u,)). Since 9 is obtained by composing ¢ with a vertical translation (see para-
graph 4.1), the Maslov index is the same for ¢; and 1; (see Remark at the end of
section 2.10), and Theorem 1.1 is proved in the case where L is the zero section,
taking u = uy, n =1 and U = Uj.

Let us now assume only that £ is a Lagrangian graph, i.e., the graph of a closed
1-form v. We recall that all the diffecomorphisms T} : M defined by T;(p) = p + tv
are symplectic.

Using (73) and (¢¢), we will define an isotopy (F}):c 0,1 such that Fy = Ida¢ and
Fi(Ly) = ¢1(L). Let a : [0,1] — [0,1] be a smooth non-decreasing function such
that a(0) = 0, «(1) = 1 and « is constant equal to 5 when restricted to some
neighbourhood of . We then introduce (F}) as follows:

o for t € [0,3], F; = Thoag);

o forte [%7 1], Fy = ¢aa)—1 0 1h.
The isotopy (F}) is an isotopy of conformally symplectic diffeomorphisms such that
Fy = Id . Applying the first case of this proof, there exists a closed 1-form n of M
and a Lipschitz map v : M — R that is C" on an open subset U of M with full
Lebesgue measure such that

graph(n + du)jy C Fi(Lo) = ¢1(L)

and
V2 € Fy ' (graph(y + du)y),  DMI(T.Lo, (Fi)iepp) = 0.

Observe that the path (DFthEO)te[o,%] = (DTQa(t))tE[Q%} has zero Maslov index
since all these Lagrangian subspaces are transverse to the vertical. Hence

DMI (T,.Lo, (F)ie o) = DMI (T @)L, (F)yepay) -

The isotopy (F1);¢ 1 4] 18 just a reparametrization of the isotopy (¢):c0,1], hence we
obtain finally

VqeUp:=d¢; ' (nq)+du(g) € L and DMI (Tpﬁa (¢s)se[o,11> = 0.

5. Angular Maslov index
There are different approaches to Maslov index, at least three of these are contained
in [BG92]. To prove some of our results, we will use the second approach that we
explain now.
5.1. Definition of the angular Maslov index
In this section as in sub-section 2.1, we assume that (M, w) is a 2d-dimensional

symplectic manifold that admits a Lagrangian foliation V. We denote by V(x) =
V, =T,V its associated Lagrangian bundle. We equip M with an almost complex
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structure J : T M that is compatible with w. We briefly recall that this means
that

o for every z € M, J, : T, M is linear and J? = —Idpag;

e for every x € M, the symmetric bilinear form w(., J,.) is positive definite.

We denote g := w(., J.).
Note that each J, is symplectic. The complex structure is then defined on every
T, M by
V(A=A +iX,v) € C X T M, v=X\v+ A Jv.
The equality
Ve MVuveT,M,0(u,v)=g(uv)+iv(u,v)

defines a positive definite Hermitian form on 7, M. We denote by U(M) the fiber
bundle whose fibers U, (M) are the unitary transformations of 7, M. Observe that
a real d-dimensional linear subspace L of the complex space T, M is Lagrangian if
and only if the Hermitian form O, restricted to L is real (and then O, is a real
scalar product). Hence the group U (M) acts on the Lagrangian Grassmannian A.
As established in classical literature (see (see [BW97, Lemma 3.10] or [Aud03]), the
action of U, (M) on A, is transitive.

If Stab, is in the stabilizer of V(z), then Stab, preserves the scalar product that
is the restriction of O, to V(x), i.e., is an orthonormal transformation of V(x).
Moreover, every orthogonal transformation of V(x) can be extended to a unique
unitary transformation of 7, M. We denote by O(M) the fiber bundle whose fibers
O,(M) are these transformations that we call orthogonal transformations of 7, M.
There is a natural bijection between U, (M)/O,(M) and A, that maps Stab, on V;.
This bijection sends each [¢] € U, (M)/O.(M) to the Lagrangian space ¢(V,) € A,
where ¢ € U, (M) is a representative of [¢]. We denote by R, : A, — U, (M)/O(M)
its inverse bijection.

The map 6, : U, (M) — C* defined by 6,(¢) = (dety)? is a morphism of groups
whose kernel contains O, (M) and whose range is the set U(1) of complex numbers
with modulus 1. Therefore, we define 8, : Uy,(M)/Oz(M) — U(1) and subsequently,
A=560R:A—U(L).

DEFINITION 5.1. — Let I' : [a,b] — A be a continuous map. Let 0 : [a,b] — R be
any continuous lift of A o', i.e., such that

Vit € [a,b],exp(if(t)) = A(T'(t)).
Then the angular Maslov index of T is
0(b) — 6(a)
2m '

DEFINITION 5.2. — Let (¢;) be an isotopy of conformally symplectic diffeomor-
phisms of M. Let L € A(M) and t > 0. Define the path

s €[0,t] = Do L € A(M).

The dynamical angular Maslov index of L at time t is

DaMI (L, (s)s e M) = aMI ((ngsL)Se [O,t]) .

(5.1) aMI(T) :=

TOME 7 (2024)



338 M.-C. ARNAUD, A. FLORIO & V. ROOS

Whenever the limit exists, the asymptotic angular Maslov index of L is

D MI L s)s
DaMloc (L’ (¢S)SE[0,+oo]) = lim aMI(L, (¢s) G[O,t])'

t— 400 t

Remark 5.3. — 1In fact, the existence of a Lagrangian foliation implies that the
bundle A is trivial, being diffeomorphic to M x U(d)/O(d), where U(d) and O(d) are
the groups of d x d unitary and orthogonal matrices respectively (see, e.g., [CGIP03,
Section 1.2]).

Remark 5.4. — Observe that the angular Maslov index is continuous with re-
spect to the path I'. Consequently, the dynamical Maslov index at a fixed time ¢ is
continuous with respect to L € A(M), as long as the isotopy (¢;) is at least C.

The following result is classical, see [CGIP03, Lemma 2.1].

PROPOSITION 5.5. — Let (¢;) be an isotopy of conformally symplectic diffeomor-
phisms of M. Let v € M and let Ly, Ly € A,. Then, for every t > 0,

IDaMI (L, (65)scns) — DaMI (La, (6s)sc o] < 8d.

In particular, whenever the asymptotic angular Maslov index at x exists, it does not
depend on the chosen Lagrangian subspace L € A, .

That is why we will often mention the asymptotic Maslov index at a point.

PROPOSITION 5.6. — Consider an isotopy (¢;) of conformally symplectic diffeo-
morphisms of M, where ¢g = Idy, and ¢y11 = ¢y © @1 (resp. (¢y); is a flow). If p is
a Borel probability measure with compact support invariant by ¢ (resp. by (é:):),
then the asymptotic Maslov index exists at pu-almost every point x € M.

Proof. — The proof uses methods of [Sch57, Section 4]. We assume that pu is
ergodic: if not, using ergodic decomposition theorem (see, e.g., [Man87]), we deduce
the result for p from the result for ergodic measures.

We start by considering the case when (¢;); is a flow. The map D¢, : A — A
defines a flow on A. Let x € M be a regular point for y, i.e., such that the family
of measures [z]r defined by [z]7(f) = %fOT f(¢i(x))dt tends to [, fdu for every
continuous f : M — R. Recall that u-almost every point x € M is regular for pu.
Fix Ly € A, and let v be any limit point at infinity of the family of measures [Lo|r

defined by
1 T
v F € C°(AR), [LoJr(F) = - /0 F(Dé:Lo)dt.

Then v is an invariant measure for (D¢;), see [KB37], such that p.v = u, where p:
TM — M is the canonical projection. We have defined on A the continuous function
A: A — U(1). A direct result of [Sch57, Section 4], is that DaMI.o (L, (¢s)se[0,400])
exists and is finite at v-almost every point (z,L) € A. Since the asymptotic an-
gular Maslov index of L does not depend on the chosen Lagrangian subspace (see
Proposition 5.5), we conclude that it exists at p,v = p-almost every point x € M.
When ¢;11 = ¢ 0 ¢1, we define a flow (F}) on T x A by Fy(s,L) = (t + s, Dy ©
(Dg¢s)~'L). Then we apply Schwartzman’s result to the function (¢, L) — A(L), this
gives the wanted result. O
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5.2. The angles of a Lagrangian subspace

Let (M,w) be a 2d-dimensional symplectic manifold that admits a Lagrangian
foliation V. Let J be an almost complex structure compatible with w. We introduce
the notion of angles of a Lagrangian subspace L € A with respect to J) . For details,
we refer to [LMS03].

Notation 5.7. — For every x € M, we denote by JV (z) the image of the La-
grangian subspace V' (z) = T,V under the isomorphism J,.

PROPOSITION 5.8 ([LMS03, Section 1.4]). — Let (E??,w) be a symplectic vector
space, endowed with a complex structure compatible with w. Fix a Lagrangian
subspace H C FE. For every Lagrangian subspace L C E there exists a unique
unitary isomorphism of I/ denoted by ®p 1, such that

[} (I)H,L(H) =L 5
o &y 1 is diagonalizable relatively to a unitary basis of EJ whose vectors are in
H, with eigenvalues of the form €%, j = 1,...,d, with
T

0; E}—;r, 2} forj=1,...,d.
In the sequel, we apply Proposition 5.8 to each symplectic vector space (T, M, w,),
endowed with the almost complex structure J. The fixed Lagrangian subspace H in

each T, M is JV (x).

DEFINITION 5.9. — Let L € A,. The angles of L with respect to JV (z) is the
equivalence class

(Qi]V(x),L’ L ejv(x),L> /~

where
o (va(m)’L, . HdJV(x)’L) €] — %, %% is the d-tuple composed by arguments of
the d eigenvalues given by Proposition 5.8 applied to T, M with respect to

JV(x) and L;
e ~ is the equivalence relation obtained from permutations over the d-entries.

Let us denote by

{e1(x), ..., eq(z)}
a unitary basis of T, M contained in JV (z) and given by Proposition 5.8. We have
Cer(z) ® - - @ Cey(z) =T, M,
where T, M is viewed as a complex vector space. In particular,
{e1(x), ..., eq(x), Jper(x), ..., Jpeq(x)}

is a symplectic basis of T, M, seen as a real vector space of dimension 2d.

Observe that for every z € M and every v € T, M it holds J,v = iv = e'zv.
Referring then to notations introduced in Subsection 5.1, the image R, (JV (x)) is
the equivalence class of J, € U,(M). Thus, for L € A, we have that R, (L) is the
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equivalence class of the unitary transformation ® () 1 o J,. Consequently, since

A, = 0, 0 Ry, it holds

=1

d
(5:2)  Au(L) = (det (PryLo Jx))Q = exp (2@ 3 93]%)@) exp(i dr) .

Let T : [a,b] — A be a continuous map.

Notation 5.10. — To ease the notation, for every t € [a, b], we denote the angles
of T'(t) (with respect to JV(poT'(t))) as

(67 @), . 0T @®) )~

The angular Maslov index aMI(T") differs by an integer from the angular quantity
1 (& v JV,T
(5.3) p (Z (67" () = 6] (@) |

since the angular Maslov index is a continuous lift of the function A and because
of Equation (5.2). The next paragraph will demonstrate that this integer is, in fact,
MI(T).

Remark 5.11. — We have that dim (L NV (z)) = k, for some 0 < k < n, if and
only if exactly & angles of L with respect to JV(z) are equal to 7.

5.3. Relation between Maslov index and angular Maslov index

The following proposition clarifies the relation between Maslov index and angular
Maslov index.

PROPOSITION 5.12. — Let I' : [a,b] — A be a smooth path such that
Fla)NV(poT(a)) =T(b)NV(poT(b)) ={0}.
Then
(5.4) aMI(T) = 1 (Ed:(@jjv’r(b) - ejV’F(a))) + MI(T).

™ j=1

Proof. — Without loss of generality, assume that the path I" is in general position
with respect to X(M) = {L € A(M) : LNV(p(L)) # {0}}. Let ¢t €la,b] be
crossing. Since I' is in general position, I'(¢) has exactly only one angle equal to
with respect to JV. Up to a permutation of angles, we can assume that 6‘1] V’F(t) =

Let € > 0 be small enough such that

o for se [t —et+¢€\{t}it holds T'(s)NV(poT(s)) ={0}
o for s € [t —¢,t + €] it holds that, for all j > 1,

077" ()| > |07 (s)] -

SIERVEIES)
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It will be sufficient to show that Equation 5.4 holds for the subpath I'\;_c ;4.
Let us start by calculating the angular Maslov index of I'|j;_c¢44:

aMI (F|[t—s,t+e}) =

07V (t+e)— 0]V (t —¢)
m

1 d
e (z 07V (¢ 1 ) — 07V (1 - ) Tk,
j=2

where
+1 if — g <0/"Tt+e) <0</ (t—e¢) < g,
k=
-1 if — g <0V t—e) <0</ (t+e) < g
Let us now calculate 1\~/[I(F‘[t,6,t+€]). We can smoothly perturb the path I'|;—c 4

into a Lagrangian path I' : [t — ¢,t 4+ ¢] — A(M) such that
(i) MI(FHtfe,z‘%e}) = MI(F)Q N
(ii) T is in general position with respect to X, I" has a crossing at 0 with ¥ and
T(s)NV(poT(s)) = {0} for s € [t —e, t +¢]\{t};
(iii) T is in general position with respect to {L € A(M) : LN JV(p(L)) # {0}}
and T(t) N JV (poL(t)) = {0}

Conditions (i) and (ii) can be obtained easily, see Section 2, and they are stable
under small perturbations. Moreover, since being in general position is a dense and
open condition, we can assume, up to perturb I', that the initial path is also in
general position with respect to {L € A(M): LN JV(p(L)) # {0}}.

To obtain f‘, we need to perturb I'j;_c ;¢ so that the new path I does not intersect
the horizontal JV at time ¢.

Two cases can happen.

(1) T(t) N JV(poI'(t)) = {0}. Then we conclude by defining T' =T

(2) I'(t) N JV(p o I'(t)) # {0}. In this case, because of the general position
assumption, the subspace I'(t) N JV (p o I'(t)) is 1-dimensional, generated by
one vector w. Let 0 < # < 1, complete w to a unitary basis and consider
the unitary transformation R that rotates by e the vector w and that is
the identity on the other vectors of the basis. Up to selecting ¢ small enough,
the Lagrangian path I' := RoI" is a small perturbation of I'\;_ ;4. Up to

selecting a subpath of T, the defined path satisfies all the required conditions.

To calculate the Maslov index MI(I'|;—c4), we calculate MI(I') due to condi-
tion (i). In particular, up to selecting a subpath, we can assume that

U:t—et+e — AM)

is in general position with respect to 2, has a unique crossing with the vertical at
s =t,and for all j > 1 and all s € [t —¢,t + €], it holds

01V (s)] > {67 (s)|

and T(s)NJV(poT(s)) = {0} for all s € [t — e, + €.
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For every s € [t — ¢, t + €], by Proposition 5.8, we have a unitary basis of TyisnM

whose vectors are in JV (p o I'(s))

{v1(8),v2(5), ..., va(s)}

‘er,f“

made up of eigenvectors relative to the eigenvalues e"i () 7 =1,...,d, such that

N JV,T ~
(""" ®y;), which is also a unitary basis of T (s))M, 1s a basis of I'(s) over R.
Now, we want then to consider the variation of the index of the quadratic form

QJV(pof‘(s)) (V(p ° f(s))> f(3)> .
Up to a sign change, we can work with the quadratic form
Q :QJv(pof(s)) (f(s), Vi(po f(s))) .

In the sequel, we denote by @) both the quadratic form and the associated bilinear
form. We consider the basis

= JV,T
(Ej)léjéd _ (PJV(I)OF(S)) (ezﬁj (S)Uj(S))>

of T, psyM/JV(po I(s)). Then we have for all j, k

pol
Q(Ej, Ek> = ; (w (eiefv’f(s)vj(s),isin (QgV’F(S)) vk)
+w (ei"fiv’f(s)vk(s), isin (ij’f(s)) Uj>>
We deduce that (E;)1<j<q is orthogonal for ) and that for all j € {1, ..., d}
QE;, Ej) =w (em;v’f(s)vj(s), isin (H;W’f(s)) vj)
=w (cos (va’f(s)) vj(s) + sin (va’f(s)ij(s), sin (ij’f(s)) ij(s)>>
= COS (ij’f(s)) sin (ij’f(s)) = ;sin (QQjV’f(s))

1<j<d

We can thus conclude that
MI(F“tfe,tJre}) ==

it =T <0/ T (t+e) <0< (t—e)< T,

MI(T") =
1 if —T </ t—e) <0<t (t+e)<Z. O
From Proposition 5.12 we immediately obtain the following result.
COROLLARY 5.13. — Let M be a 2d-dimensional symplectic manifold that admits

a Lagrangian foliation. Let (¢;) be an isotopy of conformally symplectic diffeomor-
phisms of M. For every L € A(M) and t > 0, the following inequality holds

(5.5) [DaMI (L, (¢)ac0.) = DMI (L, (6:)sc o) < d-
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In particular, when the asymptotic angular Maslov index exists at x € M, it does
not depend on the chosen Lagrangian subspace and the equality

DaMI(z, (¢)) = DML (z, (¢))
holds.

5.4. Independence of the asymptotic Maslov index from the isotopy

The index DaMI does not depend on the chosen conformally symplectic isotopy.

PROPOSITION 5.14. — Let ¢ be a conformally symplectic diffeomorphism isotopic
to the identity on M. Let (¢¢)ic0,1], (¥¢)ic(0,1) be isotopies of conformally symplectic
diffeomorphisms such that ¢q = 1/10 = Idp«ps and ¢y = 91 = ¢. Then for every L € A

DaMI (L, (de)ie [0,1]) = DaMI (L, (Ye)e [0,1]) :

Extend then each isotopy on [0, +00) by asking that ¢4 = ¢y 0 ¢ and Y14 = 1, 0 .
Thus, whenever the limit exists, the asymptotic angular Maslov index does not
depend on the chosen isotopy, i.e.

Proof. — Since ¢; = 1, = ¢ and from (5.3), for every L € A it holds

DaMI (L, (¢,)ie (o) = DaMI (L, ()re o) + 2k,

for some k;, € Z. The function
L = DaMI (L, (¢1)re o)) — DaMI (L, (¥1)e o))

is continuous. Therefore, the constant k = k; € Z does not depend on L € A. To
conclude, it is sufficient to find L € A such that

(5.6) DaMI (L, (¢1)ie o) = DaMI (L, ()iepoy) -

Consider then a Lagrangian graph £ C M. By Theorem 1.1, with n, U and u defined
as in the statement of Theorem 1.1, for every € ¢~*(graph((n + du);y/)) it holds

(5.7) DMI (T,.L, (1) o) = DMI (T,L. (¢4 o) = 0.

Let then & be a point in ¢~*(graph((n + du)y)) C L. From Proposition 5.12 and
from (5.7), it holds

DaMI (Tiﬁ, (D)ie [0,1]) — DaMI (Ta;ﬁ, (Ve)ie [0,11) =

1 (& Ve Tsr JV, Dy (Ta Lo
= (Z 93' &t (Ts )(1) o 93’ ¢e(T: )(0>
=

(Zd: JVDU% Tz L ) QJV,D%(Txﬁ)(O))
j .

Since D¢y (T5:L) = Dy (T:L) = Dp(T3L), the second term of the last equality is
zero, as required. O
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We may now deduce the

Proof of Proposition 1.19. — Since the difference between the angular Maslov
index and the Maslov index in Proposition 5.12 only depends on I'(b) and I'(a), the
results of Proposition 5.14 also hold for Maslov index. 0J

From Corollary 5.13 and Proposition 5.5, we deduce the following result.

COROLLARY 5.15. — Let (¢;) be an isotopy of conformally symplectic diffeomor-
phisms of M. For every x € M the asymptotic Maslov index, when it exists, does
not depend on the chosen Lagrangian subspace L € A,.

Moreover, the following holds.

COROLLARY 5.16. — Let (¢1.4)t, (¢24): be two isotopies of conformally symplectic
diffeomorphisms of M such that ¢19 = @20 = Ida, 1.1 = @21 and @144 = Pir © Pin
for i = 1,2. Then for every x € M, when the limit exists,

DMT (2, (¢14)) = DMI(z, (¢2y)) -

6. Applications and proofs of main statements

This section is devoted to the proofs of the main statements presented in the
introduction and further interesting applications.

6.1. Proof of Corollary 1.4

Let (¢¢)ier be a conformally symplectic isotopy of M such that ¢y = Idy and
Ori1 = ¢ 0 ¢1. Let L C M be a Lagrangian submanifold that is Hamiltonianly
isotopic to a graph and such that

U &(£L)
t €[0,400)

is relatively compact.

More precisely, let Lo C M be a Lagrangian graph and let (h;); ¢ p,1] be a Hamiltonian
isotopy such that hg = Ida and hy(Ly) = L. Let a : [0, 1] — [0, 1] be a smooth non-
decreasing function such that a(0) = 0 and « is constant equal to 1 when restricted to
some neighborhood of 1. Let 3 : [0, 1] — [0, 1] be a smooth non-decreasing function
such that  is constant equal to 0 on some neighborhood of 0 and equal to the
identity on some neighborhood of 1. Define then (1) co,400) as

ha(t) for t € [O, 1] ,
¢t = ¢B(t71) o hl for t € [1, 2] ,
¢r_o0hy fort e [2,400).

Then (¢) is an isotopy of conformally symplectic diffeomorphisms such that 1y =
Idy and ¥4(Ly) = ¢r—o(L) for t > 2.
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Applying then Theorem 1.1 to the Lagrangian graph £, with respect to the isotopy
(1), for every t € [1,+00) there exists at least one point z; € Ly such that

(6.1) DMI (T, Lo, (¥e)se o) = 0.

Due to the compactness of Ly, the relation between DMI and DaMI (see Corol-
lary 5.13) and the continuity of the angular Maslov index, there exists a constant
C > 0 such that for every x € Ly, it holds

(6.2) ‘DMI (Tx£07 (¢t)te[0,1}>‘ <C.

From (6.1) and (6.2), for every ¢ € [0,400) we then have a point z; := hy(x441) €
hi(Ly) = L such that

(6.3) IDMI (T, £, (¢)se04)| < C-

Consider then the sequence (z,),en in L. For every n € N, we define the following
probability measure on A(M):
=
Hn = n ; OD¢:(T L) 5

where 6, is the Dirac measure supported on * € A(M). Since U, e o 100) :(L) is
relatively compact, we can extract a subsequence (i, )ren that converges to a
probability measure i on A(M). The measure i is D¢;-invariant. The projected
measure [, := p,ft is a ¢i-invariant probability measure on M.

By Corollary 5.13 it holds

DMI(1, (¢4)) =
/. DML (. () du(a) = [ DaMl(x, () du(a).

Since the asymptotic angular Maslov index does not depend on the chosen Lagrangian
subspace, we have that

[, DaMluc(a, (60 du(x) = [ | DaMIo(p(L), (60)) di(L).

Birkhoff’s Ergodic Theorem, applied at the function L — DaMI(L, (¢¢)¢c0,1)) and
at the probability measure i on A(M), assures us that

oy DOMI (L), (90)) di(L) = [ DM (L, (6ec o) d(L)

Since (pn, )xen converges to ji, it holds

~ . 1 ng—1
/A 1y DM (L. (@ecion) di(L) = lm - > DaMI (Do (T.,, L), (d0)ic o)

, 1
= lim —DaMI (Tznkﬁ, (¢t)te[0,nk]) :

k— 400 Ny

From (6.3) and from Corollary 5.13, we have that for every k € N
IDaMI (T, £, (¢)seom)| <C+d.
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Thus, we conclude that

1
DMI(, (60)) = lim _—-DaMI (T, £, (9)reom) =0
as required. Observe that the support of the measure p is contained in

ﬂ U &({zn: neN}) C ﬂ U &(L).

T € [0,400) t € [T, +00) T € [0,400) t € [T,+00)

Let now (¢;) be a conformally symplectic flow on M. We can then consider for
every t € [0,400) the measure on A(M)

1 /t
(6.4) e = [z = ;/0 5D¢5(th£) ds.
Observe, as before, that from the choice of z;, for every ¢, it holds
(6.5) IDaMI (T, £, (¢)se )| < C+d.

Consider then an accumulation point i of (p);e [0,400) in the space of measure on
A(M), which exists because Uy ¢ (o, +o0) ¢+(£) is relatively compact. More precisely, let
(tn)neN be a sequence such that ¢, = +o0 and p;, — 1 as n — 400. The measure
@ is (D¢y)-invariant. The projection p = p.pu is then a ¢;-invariant measure on M.

We denote by F' the derivative of the function A that we introduced in section 5
in the direction of the vector field x, where y is the vector field associated to the
flow (D¢g) : A(M)©. Then, for every L € A(M) and every t, it holds

DaMI(L, (6s)s ¢ jo.1) /FqubS L)ds.

By Birkhoff Ergodic Theorem for flows (see [NS60, Page 459]), the following integral
exists i almost everywhere

F(L):= lim f/ F o Dé,(L) ds = DaMIL(p(L), (6))

t— oo t

and we have
/ZMAyF(L)du(L)==]£MAYF(L)du(L)-

Following then the same calculus as for the previous case, it holds

DMI(s. (60)) = [ DMIuo(a (60)) dp(a)
_ /M DaMI(z, (¢¢)) dp(z)
— [ F(L)du(L) = /A oy PO di(D).
Since 1 = lim,, _, o pt4,, because of (6.4) and from (6.5), we have that

/A o P (L) = T / FoDey(T,, £)ds

n—+oo t,

DaMI (t.,, £, (6:)sc o1,

= lim =
n — +0o tn

Thus, we conclude that DMI(y, (¢¢)) = 0, as desired.
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6.2. Proof of Corollary 1.5

Let (¢;) be a symplectic isotopy of T?? such that ¢g = Idpee and ¢yy1 = ¢; 0 1.
Using a covering I : T*T¢ — T??, we can lift the symplectic isotopy (¢;) on T? to
a symplectic isotopy (®;) on T*T? such that for every t € R

HO(I)t:¢tOH.

Let Z, C T*T? be the zero section, which is a Lagrangian submanifold. By Theo-
rem 1.1, for every n € N, there exists a point u,, € Zy such that

DMI (7., 20, (P1)sefon)) = 0.
Since the covering II is a submersion, for every L € A(T*T%) we have
DMI (DII(L), (¢1)ie o)) = DMI (L, (®e)ee o)

where the Maslov index in 7*T? is calculated with respect to the vertical Lagrangian
foliation V whose associated tangent bundle is T, 7*T¢, while the Maslov index in
T?? is calculated with respect to the image foliation IT()). Observe that the tangent
bundle associated to II(V) is ker (dp;), where p; : T?? — T? is the projection of the
first d-coordinates.

For every n € N define then U, := DII(T,, 2Z,) € A(T?) and the probability
measure on A(T?)

1 n—1

[ == ODgs(U) -
n o

Since A(T??) is compact, we can extract from (j,)nen @ subsequence converging to a
Dd¢,-invariant probability measure ji on A(T??). Using the projection p : A(T??) —
T2? and repeating the calculus done in the proof of Corollary 1.4, the ¢;-invariant
probability measure p = p,fi on T?¢ is then such that

DMI(u, (¢1)) = 0.

6.3. Existence of points and ergodic measures with vanishing asymptotic
Maslov index for conformally symplectic isotopies that twist the
vertical

In this subsection we are primarily concerned with proving Theorems 1.10 and 1.11.
Let us first recall that, in Proposition 2.15, we prove that, for an isotopy (¢;);cr
of conformally symplectic diffeomorphisms of M that twists the vertical, for every
L € A(M) and every [a, ] C R such that D¢, (L), Deg(L) ¢ (M) it holds

DMI (L, (¢1)refag) < 0.

Consequently, for every x € M we have

DM (2, (é1)10.400)) < 0-
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Moreover, from Corollary 5.13, we deduce that, for an isotopy (¢;);cr of conformally
symplectic diffeomorphisms on M = T*M that twists the vertical, for every L € A
and every x € M, it holds

DaMI (L, (¢t)te[0,1]) <d and DaMl (x (qst)te[oﬁoo)) <0,
where d = dim (M).

Proof of Theorem 1.10. — Let (¢;);er be a conformally symplectic isotopy of M
such that ¢g = Idy. Let £L C M be a Lagrangian submanifold that is Hamiltonianly
isotopic to a graph. Let £, C M be a Lagrangian graph, and let (h:);cp0,1) be a
Hamiltonian isotopy such that hy = Idy and hy(Ly) = L. Let o : [0,1] — [0, 1] be
a smooth non-decreasing function such that «(0) = 0 and « is constant equal to
1 when restricted to some neighborhood of 1. Let 8 : [0,1] — [0,1] be a smooth
non-decreasing function such that g is constant equal to 0 on some neighborhood of
0 and equal to the identity on some neighborhood of 1. Define then () c0,+00) a8

ha(t) for t € [0, 1] ,
¢t = ¢B(t_1) @) h1 for ¢ € [1, 2] s
¢Gr—o0hy forte[2,+00).

Then (¢4);c[0,4+00) is an isotopy of conformally symplectic diffeomorphisms such that
Yo = Idm.

Apply then Theorem 1.1 to the Lagrangian graph £, with respect to the isotopy
(V)1 eo,+00)- That is, for every ¢ € [0, +00) there exists at least a point 2, € Lo
such that

(6.6) DMI (7%, Lo, (¥s)se o) =0-

From (6.6) and the compactness of {hs(Lo) : s € [0,1]}, there exists an integer p > 0
such that for every t € [0, 4+00) there exists a point x; := 11(z41) = h1(2zi401) € L
such that

DMI (T4, £, (¢s)se o)) € [~ ).
Moreover, as (¢4) twists the vertical, we have in fact

(67) DMI (Txt'C? (¢s)s€ [O,t]) € [_pv 0] :

By compactness of £, we can extract from (2¢);e[0,400) & subsequence (), cn that
converges to a point x € L.

Fix N € N and ¢ > 0. By continuity of the angular Maslov index, there exists
n € N such that for every n > n it holds

(6.8) ‘Dal\/ﬂ (TZE, (hs)se [o,N]) — DaMI (Tzn£7 (¢s)sc [O,N]) ’ < €.

Since the isotopy twists the vertical, we claim that, for every n > max(n, N), it
holds

(6.9) DMI (T, £, (¢s)sc o) € [0, 0]

(ll)Actually there exists an open set whose projection on M has full Lebesgue measure.
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Indeed, if this does not hold, then for some n > max(n, N) from Proposition 2.15
we have that

DMI (T, £, (¢:)on) < —p— 1.
From (6.7) and since

DMI (T, £, (¢s)jo.n)) = DMI (T, £, (65)p.3) + DMI (Do (T, L), (6s)scomn-n7)

we contradict Proposition 2.15 because

DM (T, 68 (L) (64)c o) > 1.
From (6.8), (6.9) and Corollary 5.13, we have that for every n > max(n, N)

DaMI (T,.L, (65)sc o.v)|
< ’DQMI (ToL, (8)se o) — DaMI (T, £, (64)se [o,m)\
T ‘DaMI (Tznﬁ, (fs)se [o,m)(
<e+p+d,

where d = dim (M). Letting ¢ — 0 and once again applying Corollary 5.13, for every
€ [0, +00), we conclude that

DMI (T,.L, (¢)se o) € [-C.C],

where C' := p+2d. In particular, we deduce also that DMI (2, (¢4)ic(0,400)) = 0. O

Proof of Theorem 1.11. — Let (¢;) be an isotopy of conformally symplectic
diffeomorphisms of M such that ¢, = ¢; o ¢1. Observe that if (¢;) twists the
vertical, then, by Proposition 2.15, for every ¢;-invariant measure with compact
support u, it holds

(6.10) DMI(z, (¢1)) /DMI (60)dp(z) <0,

Since the function DMI(., (¢;)) is measurable and non-positive, this implies that

DMI(., (¢1)eo,400)) € L (1)

Let x € L be the point given by Theorem 1.10. The assumption that its positive
orbit is relatively compact enables us to find a ¢;-invariant measure p supported on
the closure of the orbit of x with vanishing asymptotic Maslov index.

By Ergodic Decomposition Theorem (see [Man87]), for u almost every y, the measure

exists and is ergodic, we have DMI(., (¢;)) € L*(p,) and

0 = DMI(k, (¢0)) = [, DMI(p1, (80))dp(y).

As the function in the integral is non-positive by (6.10), we deduce that for u almost
every y, the measure p, is ergodic and has vanishing Maslov index. O
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6.4. Autonomous and 1-periodic Tonelli Hamiltonian flow case

We can consider the particular case of a Hamiltonian 1-periodic Tonelli flow on a
cotangent bundle T M, where M is a d-dimensional compact manifold. Specifically,
let H:T*M x R/Z — R be a Tonelli 1-periodic Hamiltonian. Denote as (¢%,) the
family of symplectic maps generated by the Hamiltonian vector field of H.

Recall that any Tonelli Hamiltonian provides an isotopy of symplectic diffeomor-
phisms that twists the vertical, see Proposition 2.17. We know from Theorem 1.10
that on every Lagrangian submanifold that is H-isotopic to a graph, there exists a
point with vanishing dynamical asymptotic Maslov index. Let us now explain how
the weak KAM theory also provides such a point when the submanifold is a graph.

6.4.1. Introduction to 1-periodic weak KAM theory and proof of a partial version
of Theorem 1.10 via this theory

Let us outline some key results of the non-autonomous weak KAM theory. Most
of the results are due to Bernard, [Ber(8].
Recall that a Lagrangian function L : TM x R/Z — R can be associated with H,
defined by

L(CLU?t) = p£%§M (pU - H(Qap) t)) .

Then the map ¢ : T*M xR/Z — TM x R/Z defined by ((q, p,t) = (¢,0,H (¢, p, 1), t)
is called the Legendre map and it defines a conjugacy between the Hamiltonian maps
(¢f,) of H and the so-called Euler-Lagrange maps (fL,) of L.

An absolutely continuous arc v : [a,b] — M is minimizing if for every absolutely
continuous arc 7 : [a,b] — M such that n(a) = v(a) and n(b) = v(b), we have

/abL((v(tM(t),t)dt < [sz(n(t),ﬁ(t),t)dt_

The real numbers a < b and the endpoints being given, such a minimizing arc always
exists and then (v,%) : [a,b] — TM is a solution of the Euler-Lagrange equations
and (v, 9, L(7,7%,)) is a solution of the Hamilton equations for H. When a, b, are
integers, (y(k), 0y L(v(k),¥(k),k))a<r<s is a piece of orbit for the time-1 map ¢f;.
We will often say that such a discrete piece of orbit is minimizing. If we use the
notation (q,p) = (y(a),d,L(y(a),%(a),a)), it is then well-known that the arc of
Lagrangian subspaces (D¢{!, Tiqp) (T M));o,5-a) has zero Maslov index with respect
to the vertical bundle (this property is often referred to as ‘having no conjugate
vectors’).

The positive Lax-Oleinik operator T is defined on the set C°(M,R) of continuous
functions by

Tug= s (w0 - [ L)), )ds).

where the supremum is taken over the set of absolutely continuous arcs. Then there
exists a unique constant ¢ € R such that 7 + ¢ has a fixed point. Such a fixed point
is called a positive weak KAM solution. A positive weak KAM solution is always
semi-convex, implying that it is Lipschitz and differentiable at every point where its
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minimum is attained.(!?) Moreover, when w is such a positive weak KAM solution, we
have ¢, (graph(du) C graph (du) and the positive orbit of every point of graph(du)
is always minimizing and thus has zero dynamical asymptotic Maslov index.

If now w is such a weak KAM solution and v : M — R is a C? function, then u — v
is semi-convex. Let gy € M be a point where the maximum of u — v is attained. Then
u — v is differentiable and d(u — v)(qo) = 0, which implies that u is differentiable
at qo and du(qy) = dv(qo) € graph(dv). Hence, we have found a point of graph(dv)
with zero dynamical asymptotic Maslov index.

Using the same argument as in Theorem 1.11, we can deduce the existence of
measures with zero asymptotic Maslov index. However, our goal is more ambitious
because we plan to prove that all the measures given by this theorem are minimizing.

6.4.2. Introduction to autonomous weak KAM theory and proof of Corollary 1.13

In the case of an autonomous Tonelli Hamiltonian flow on 7% M, we can characterize
the invariant measure of vanishing Maslov index given by Theorem 1.11 with the
help of weak KAM theory.

To this end, let us outline some key results of the autonomous weak KAM theory.
Most of these results are due to Fathi, see [Fat08].

Recall that a autonomous Lagrangian function L : TM — R can be associated with
H, defined by

Ligv) = max (pv—H(q,p)).

Then the map ¢ : T*M — TM defined by ¢(q,p) = (¢,0,H(¢,p)) is called the
Legendre map and it defines a conjugacy between the Hamiltonian flow (¢f) of H
and the so-called Euler-Lagrange flow (fL) of L.

A function called the action is defined on the set M(L) of (fL) invariant Borel
probability measures by the equality

Aup) = [ Lia.v)dp(a.v)

This function has a minimum value —ap € R and g € M(L) is minimizing if
Ap(p) = —ap. Then the measure ¢*u is (¢f) invariant and is said to be Mather
minimizing.

The negative Lax-Oleinik semi-group (7});>¢ is defined on the set C°(M,R) of
continuous functions by

t
T'ul(g) = (ar() + [ (L), () + ao)ds)

where the infimum is taken over the set of absolutely continuous arcs. It is known
that for every ¢t > 0, T*u is Lipschitz. Moreover, when u is C?, i.e., when the graph
graph(du) is a Lagrangian submanifold, then T"%u it a graph selector of ¢ (graph(du))
(see [Jou91| or [Weild]). Also, in this case, we have

(6.11) Vt>s>0, (gbf{)_l (graph(dT*u)) C (qu)_l (graph(dT*u)) C graph(du).

inf
7:[0,¢] = My (t)=¢

(12) A semi-convex function is the supremum of a compact family of C''! functions that have
equibounded derivatives. Hence a C'*! function is semi-convex.
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A fixed point of the Lax—Oleinik semigroup is called a negative weak KAM solution
and Fathi proved that such solutions always exist. Moreover, Bernard proved in
(3.14) in [Ber08] that if u € M(L) has its support contained in graph(du), then p is
minimizing.

Fathi also proved that for every u € C°(M,R), the function T'u tends for the C°
topology to a weak KAM solution ug when t tends to +o0o. Also, the first author
of this article proved in [Arn05] that when ¢ tends to +oo, graph(dT*u) tends to
graph (dug) for the Hausdorff metric.

Now, let us prove that the invariant measure provided by Theorem 1.11 is a Mather
minimizing measure, as stated in Corollary 1.13.

Proof of Corollary 1.13. — We consider a C* map u : M — R and its graph
L = graph(du). We recall that the support of the measure provided by Theorem 1.11
is in the w-limit set of some x € L such that there exist a sequence (z;) € £ tending
to  and a sequence of integers(n;) tending to +oo such that ¢! (x;) € graph(dT™ u).
Because of Equation 6.11, and as zj, € ( T[Li )~ (graph(dT™u)), we deduce that

Vk> 2006 (6) (graph (4T u)):
hence

T = lemm zp € ) ((bf :>_1 (graph (thu)) =N (gbf)_l (graph (thu))

t>0 t>0

and then w(zx) is in the limit of (graph(dT"u));~ o for the Hausdorff topology when
t tends to 400, i.e., in graph (dug) for some weak KAM solution ug.

Hence, the supports of measures given by Theorem 1.11 are in graph (dug) and are
thus minimizing. 0]

6.5. Proof of Corollary 1.17

We endow M with a Riemannian metric.
We are assuming that

(6.12) V' (A1, ooy Ap) €ER"N\ {Orn},V g€ M it holds zn: Mk (q) # 0.
k=1
This implies that the map I from M x R"™ to M = T*M, defined by
(g, Aty ooy An) = kilAkﬂk(Q)7
is a bi-Lipschitz embedding. Indeed, it is a ﬁber;d linear monomorphism from M xR"

to T*M that continuously depends on the point ¢ € M. We denote by Q C M its
image I(M x R™). Then the map j : @ — R" defined by

J (Xi: Akﬁk(Q)) = (A1, s An)

is Lipschitz.

ANNALES HENRI LEBESGUE



Vanishing Maslov index 353

For every (A1, ..., A,) € R", consider the Lagrangian graph

Lo, i= {Z MNenik(q) 0 q € M} cM.
P

As (¢) is an ipy of conformally symplectic diffeomorphisms that twists the vertical,
by Theorem 1.10, there exists at least one point x € Ly, ,....,) With zero asymptotic
Maslov index. In particular,

j({p €Q: DMIoo( 7(¢t)t€[0,+oo)) = 0}) =R".

Because j is Lipschitz, this implies that
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