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Coisotropic Hofer-Zehnder capacities and
non-squeezing for relative embeddings

SAMUEL Li1SI AND ANTONIO RIESER

We introduce the notion of a symplectic capacity relative to a co-
isotropic submanifold of a symplectic manifold, and we construct
two examples of such capacities through modifications of the Hofer-
Zehnder capacity. As a consequence, we obtain a non-squeezing
theorem for symplectic embeddings relative to coisotropic con-
straints and existence results for leafwise chords on energy surfaces.
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1. Introduction

Symplectic capacities are an important tool in the study of symplectic rigid-
ity phenomena. The first one was constructed by Gromov [16], and the notion
was subsequently axiomatized by Ekeland and Hofer [13]. Many such capac-
ities exist; indeed, each phenomenon of symplectic rigidity arguably gives
rise to its own capacity. A large number of examples are described in [9],
and relationships between them, notably energy-capacity inequalities, lead
to interesting connections between Hamiltonian dynamics and symplectic
topology.

Very little is known about capacities defined relative to special subman-
ifolds N < M of a symplectic manifold, and even in the Lagrangian case
there are many open questions. Barraud and Cornea introduced the first
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relative capacities for the Lagrangian case, the Lagrangian Gromov width
and relative packing numbers [3]. Upper bounds for the Lagrangian Gromov
width of the Clifford torus in CP™ were computed by Biran and Cornea
[5], and Buhovsky [7] later computed lower bounds for the Clifford torus.
Schlenk’s constructions [24] also work in the relative case, and therefore com-
pute the relative packing numbers for k < 6 balls in (CP2?,RP?). In [23], the
second author defined a blow-up and blow-down procedure for Lagrangian
submanifolds, and used it to compute the Lagrangian Gromov width of a
class of Lagrangians that are fixed point sets of real, rank-1 symplectic mani-
folds. In [26] 27], Zehmisch constructed a capacity of a manifold (M,w) from
embeddings of n-disk bundles over a Lagrangian submanifold and related it
to the geometry of the Lagrangian. In [6], Borman and McLean constructed
a spectral capacity for wrapped Floer homology, and used it to study the
Lagrangian Gromov width of closed Lagrangian submanifolds in Liouville
manifolds. Dimitroglou Rizell [11] gave examples of compact Lagrangians in
C3 with infinite Barraud-Cornea Lagrangian width, building on [14].

In this paper, we study a notion of a capacity relative to a coisotropic
submanifold, which we call a coisotropic capacity. In a heuristic sense, if
a symplectic capacity measures the ‘width’ of a symplectic manifold, a
coisotropic capacity similarly measures the symplectic ‘size’ of a coisotropic
embedding inside an ambient symplectic manifold. We construct a family
of such capacities, analogous to the Hofer-Zehnder capacity, indexed by a
suitable equivalence relation on the coisotropic submanifolds.

We recall that a coisotropic submanifold is foliated by the leaves of the
characteristic foliation. A Hamiltonian trajectory that starts and ends on
the same leaf of this foliation is called a leafwise chord. As an applica-
tion of the capacity we introduce, we obtain existence of leafwise chords for
the coisotropic submanifold for almost every energy level of an autonomous
Hamiltonian, under the assumptions of having a finite capacity neighbour-
hood and transversality of the level set to the coisotropic submanifold. (See
Theorem [4.2])

Leafwise chords have been studied extensively in the literature, perhaps
first appearing in the work of Moser [22]. We mention a few works that
similarly approach this problem from an energy—capacity—inequality point
of view, notably Hofer [18], Ginzburg [15], Dragnev [12], Ziltener [29], Giirel
[17], Albers and Frauenfelder [1], Albers and Momin [2], Usher [25] and Kang
[20].

Of particular relevance to us are [I5, Theorem 2.7] and [17, Theorem 1.1].
These papers show that in the case of coisotropic submanifolds of restricted
contact type, there is a lower bound on the leafwise displacement energy
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of the coisotropic submanifold coming from the symplectic area of a disk
tangent to a leaf of the characteristic foliation.

Definition 1.1. Let
1) Rvk —{xERQ”]:L“—($1,...,:L“n,yl,...,yk,(),...,())}
2) W(R —{xl,...,xn,yl,...,yn)E]RZ"|x%+y%<R20ryn<O}
3) W™F(R) := W(R) NR™*

)

4) B(a,r) is the open ball of radius r centered at

a = (O,,O,bn) €R2n7

and B(r) is the open ball of radius r centered at the origin.

5) B™k(r) .= B(r) nR™k

Definition 1.2. Let (M,w) be a symplectic manifold and let N C M be
a submanifold. Then, N is coisotropic if the symplectic orthogonal TN% C
TN.

The restriction w|y defines a distribution on NN, consisting of the kernel
of w|y. By the Frobenius integrability theorem, this distribution is integrable
and integrates to the characteristic foliation. The leaves of this distribution
are the isotropic leaves.

Example 1.3. Let wy denote the standard symplectic form on R?”, and
recall that R™¥ is the linear coisotropic subspace of (R?",wp) consisting of
the first n + k coordinates, i.e.

Rk — {xeRQ” | ac:(:cl,...,xn,yl,...,yk,O,...,O)}.
Let Vy be the linear subspace
Vo={zeR*™ |2 =(0,...,0,241,...,20,0,...,0)},

and note that any leaf F' in the characteristic foliation F of R™* has the
form z + Vj, for some z € Rk,

Definition 1.4. A coisotropic equivalence relation on N is an equivalence
relation ~ with the property that if x, y are in the same isotropic leaf, then
T ~y.
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In particular, the leaf relation, given by x ~ y if and only if x, y are in the
same isotropic leaf, is the finest coisotropic equivalence relation. The trivial
relation defined by x ~ y for every pair x,y € N is the coarsest coisotropic
relation.

Note that if IV is a connected Lagrangian, there is only one coisotropic
equivalence relation since there is only one leaf.

Definition 1.5. Let (My,wp) and (M;,w;) be symplectic manifolds and
let No, N1 be coisotropic submanifolds of My, M7 respectively. Let ~¢ and
~1 be coisotropic equivalence relations on Ny, Nj.

Then, an embedding : My — M is a relative symplectic embedding,

w: (M07 NvaO) — (Mla Nl,(x)l)

if ¥*wy = wp and wil(Nl) = Ng.

The embedding 1 respects the pair of coisotropic equivalence relations
(~o0,~1) if furthermore, for every =,y € C, if ¢¥(x) ~1 1(y) then x ~¢ y.

If : (Mo, No,wp) < (My, N1,w1) is a relative embedding, we define the
pull-back relation ~, on Ny by

T~y y = Y(x) ~1 U(y).

Thus, v respects the pair (~g,~1) if ~g is a coarser relation than the pull-
back ~y,.

In particular, if Ny, N1 are Lagrangian, this recovers the definition of a
relative symplectic embedding, first introduced (without the terminology)
in Barraud-Cornea [3], Section 1.3.3, and formally defined in Biran-Cornea
[4], Section 6.2. Observe also that 1) respects the relations ~y and ~; by
construction of the pull-back. If ~, &~ are two equivalence relations on the
coistropic submanifold N, the identity on (M, N,w) respects ~,= if and
only if ~ is coarser than ~.

Example 1.6. The first class of non-trivial examples comes from consider-
ing a properly embedded coisotropic submanifold C' in an ambient symplectic
manifold, say R?". We now consider all pairs (U, N) so that there exists an
embedding v: U — R?" for which ¢(N) = C N+ (U). Then, we may take the
coisotropic equivalence relation on N to be the pull-back of the leaf relation
on C by 9. Described more concretely, we say « ~ y for z,y € N if ¢)(x) and
¥ (y) are in the same leaf of C.
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Definition 1.7. A coisotropic capacity is a map
(M7 N7 w? N) H C(M7 N7 w? N)

which associates to a tuple (M, N,w,~) consisting of a symplectic mani-
fold (M, w), a coisotropic submanifold N*** < M, k < n, and a coisotropic
equivalence relation ~, a non-negative number or infinity and satisfies the
following axioms:

1) Monotonicity. If there exists a relative symplectic embedding, respect-
ing the coisotropic equivalence relations ~g, ~; on Ny, Ny

o: (Mo, No,wo) — (My, N1,wr)
for My and M of the same dimension, then
c(Mo, No, wo, ~0) < ¢(My, N1,wr, ~1).
2) Conformality. For fixed (M, N,w,~),
c¢(M,N,aw,~) = |a|lc(M,N,w,~),a € R\{0}.

3) Non-triviality. With ~ denoting the leaf relation (see Definition [L.2)),
¢ (B(1), B™*(1),wo, ~) =c (W (1), W™*(1),wo, ~) =m/2, where W (1),
W™*(1) are as in Definition .

In general, a coisotropic capacity may not be defined for all possible
tuples, but only for a distinguished class. In particular, most of our examples
will be of this nature.

Remark 1.8. When the symplectic form and the equivalence relation ~ in
(M, N,w) are understood, we will abbreviate this to (M, N).

Remark 1.9. The non-triviality axiom is subtly different from the one
required for a symplectic capacity (as in [19]). Let Z(1) = B?(1) x C*!
be the standard symplectic cylinder, and let Z™*(1) := Z(1) N R™k. For a
symplectic capacity cg, the non-triviality axiom is ¢o(B(1)) = co(Z(1)) = ,
and rules out the volume. The non-triviality axiom for a coisotropic capacity
serves to rule out taking a standard symplectic capacity: for any standard
symplectic capacity cg, co(W (1)) is infinite. If we replaced this axiom with
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a weaker one, for instance requiring instead

c(Z(1), 2™ (1)) =

s
92 )

we would be able to take a standard symplectic capacity co(M,w) and define
c(M,N,w) = %C(M,w).

Observe also that by considering embeddings of the form Id x where
¥: R? — R? is symplectic, we may construct an embedding of Z(1) to W (1)
so that Z™k(1) is mapped to W™¥(1), and thus the weaker condition is
implied by the stronger one.

The point of the non-triviality condition |3|is thus to rule out the triv-
ial examples of rescaled symplectic capacities, but also implies the weaker
(perhaps more natural seeming) non-triviality condition.

The coisotropic capacities that we will introduce are constructed simi-
larly to the Hofer-Zehnder capacity, and depend on several classes of Hamil-
tonians that we define below.

Definition 1.10. An autonomous Hamiltonian H: M — R is simple if

1) There exists a compact set K C M (depending on H) and a constant
m(H) such that K C M\ OM, ) # KNN C N, and

H(M\ K) = m(H).

2) There exists an open set U C M (depending on H ), with ) #U NN C
N, and on which H(U) = 0.
3) 0 < H(x) <m(H) for allz € M.

Denote the set of simple Hamiltonians by H(M, N).
We now define a return time relative to a coisotropic equivalence relation.

Definition 1.11. Let (M,w) be a symplectic manifold, let N < M be a
coisotropic submanifold and let ~ be a coisotropic equivalence relation on
N. Let Xy denote the Hamiltonian vector field of the function H: M — R.
Suppose v(t) is a solution to 4 = Xy (), with v(0) € N.

The return time of the orbit ~, relative to N and ~, is defined by

T, =inf{t|t > 0,7(t) € N with v(0) ~ ~(¢).}

We define the infimum of the empty set to be +oo.
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Notice that if ~ is the trivial equivalence relation, this is a return time to
the submanifold NV itself. If ~ is the leaf relation, this measures the shortest
non-trivial leafwise chord.

We now define admissibility for a simple Hamiltonian, and use this to
define a Hofer-Zehnder-type capacity. We will find this particularly useful
in the case of coisotropic submanifolds equipped with equivalence relations
induced from an ambient coisotropic submanifold, as in Example [1.6]

Definition 1.12. Fix (M, N,w, ~). A function H € H(M, N) will be called
admissible for the coisotropic equivalence relation ~, if all of the solutions of
4= Xpu(v),7(0) € N are either such that (i) v(¢) is constant for all ¢ € R,
or (ii) T4 > 1, i.e. that the return time of the orbit v relative to (IV,~)

is greater than 1. We denote the collection of all admissible functions by
Ho (M, N,w,~).

We now define the map

Definition 1.13. ¢(M,N,w,~) =sup{m(H)|H € H,(M,N,w,~)}.
Our main theorem is then:

Theorem 1.14. The map c is a coisotropic capacity.

An application of this theorem together with a computation of capacities
is the following non-squeezing result for coisotropic balls and cylinders which
is the natural analogue of the Gromov non-squeezing theorem [16]. To the
best of our knowledge, this gives the first relative embedding obstruction
with coisotropic constraints which are not Lagrangian.

Corollary 1.15. Let B(a,1) C R?" be the (open) ball of radius 1 cen-
tered at a = (0,...,0,—la|), let r satisfy |a|>+r? =1 (so that, in particular,
B™k(r) = B(a,1) NR™*), and suppose that k < n.

There exists a relative symplectic embedding

¢:(B(a,1), B (r),wo) = (W(R), W"*(R),wp),

such that any two distinct isotropic leaves of B"’k(r) are mapped to distinct
leaves of W™k (R) if and only if

arcsin(r) — r(1 —r?)1/2 < gRQ.
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Figure 1.1: The region W(R).

Remark 1.16. The significance of this lower bound becomes clear in the
2-dimensional case. Consider the disk B(a,1) C R? of radius 1 centered at
a, then B19(r) is (the interior of) a chord of the circle dB(a, 1). This chord
cuts the disk into two regions.

The quantity

arcsin(r) — r(1 — 7’2)1/2

is the area of the smaller of the two regions.

In this two dimensional case, W(R) is precisely the region shown in
Figure and R = R cuts the region into the lower half-plane and an
open half-disk of radius R. This half-disk has area wR?/2. This obstruction
is therefore obvious in dimension 2.

Thus, the content of this corollary is that this a priori two dimensional
area obstruction continues to hold in higher dimensions. The dynamical
origins of the left side of the inequality may be observed in Proposition
and its proof.

Observe that R?"~2 x W (1) has infinite Gromov width, so this embed-
ding is only obstructed by the coisotropic constraint.

Several additional applications also follow given the existence of the
coisotropic capacity ¢, again using techniques from [19]. We give a few of
these applications to the existence of chords in Section {4l In particular, we
have:
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£

Figure 1.2: The 2-dimensional case. The hashed area on the left must be
less than the hashed area on the right for the embedding to exist.

Theorem 4.2. Let (M,w) be a symplectic manifold. Let S — M be a com-
pact, reqular energy surface for the Hamiltonian H. Without loss of gener-
ality, S = H~Y(1). Let N < M be an (n + k)-dimensional coisotropic sub-
manifold transverse to S, and let ~ be the leafwise relation on N.
Suppose there is a neighbourhood U of S such that ¢(U, N,w,~) < 0.
Then there is a p >0 and a dense subset ¥ C [1 — p,1+ p| such that
X admits a leafwise chord on every energy surface of H with energy in X.

2. Capacities relative to coisotropic submanifolds

We now begin the proof of Theorem giving the monotonicity and con-
formality axioms, as well as a lower bound. We follow the construction of
the Hofer-Zehnder capacity from [19]. We also provide a proof of Corollary

Let (M, N) be a pair consisting of a symplectic manifold (M,w) and
a properly embedded coisotropic submanifold N < M, i.e. with ON C OM
(or ON = 0). All of our symplectic manifolds will be assumed to be of the
same dimension 2n.

We begin with a few definitions.

Definition 2.1. Recall that
R™F = {z e R™|z = (z1,..., T, Y1, Yk, 0,...,0)}

is an (n + k)-dimensional coisotropic linear subspace of R?", and that B(a, )
is the 2n dimensional symplectic ball of radius r centered at

a:=(0,...,0,b,) € R*",
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Figure 2.1: A schematic image of the embedding of B™*(r) into B(a, 1).

and B™*(r) c R™* as the coisotropic ball of radius 7 centered at 0 € R™*:
B"*(r) = {z e R"¥||z| < r}.
Recall that we likewise denote by
Z(a,r) = {x € R*™ |22 + (y, — bn)? < 1%}

the symplectic cylinder centered at a € R?", and by Z™*(r) the coisotropic
cylinder

Z”’k(r) ={x € R™F | |zn|< 7}

Remark 2.2. Note that B™(r) and Z™F(r) are properly embedded in
B(a,1), Z(a,1), respectively, when a = (0,...,0,b,) with |b,|< 1, and r? =

1 — |al?. See Figure

We will now study the properties of the map ¢(M, N,w, ~). We will show
that this satisfies the axioms for coisotropic capacities.

We prove the monotonicity and conformality properties below, which
proceed as in [19]. The proof of non-triviality will be completed in Section [3]
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Lemma 2.3. The map c satisfies the monotonicity axiom.

Proof. Let ¢: (M, N1, w1, ~1) = (Ma, Na,ws, ~2) be a relative embedding,
respecting the coisotropic equivalence relations, as in Definition [I.5 Define
the map ¢.: H(M;y, N1) — H(Ma, N2) by

Ho¢ ' e ¢(M)

o) = {m<H> v ¢ 6(0M)

Note that if A C M; \ OM; is a non-empty compact set and ) C AN Ny C
Ny, then ¢(A) C Ma\OM; and 0 C ¢(A) N Ny & No. By construction,
m(H) =m(¢.(H)). If U C M; is an open set on which H = 0, then, since
¢ is an embedding ¢(U) is an open set on which ¢.(H) = 0. Also, by con-
struction, 0 < ¢, (H) < m(¢«(H)), and therefore ¢.(H) € H(Ma, Nao,ws).

We now check that ¢u(Hq (M, N1, w1,~1)) C Ha(Ma, No,wsy, ~2). Let
H:M; — R be an admissible simple Hamiltonian. Since ¢ is symplectic,
0 (Xpg) = Xg. (). Furthermore, the Hamiltonian vector field Xy () van-
ishes outside the image of ¢. Thus, all non-constant trajectories of Xy ()
are conjugate to non-constant trajectories of Xp. In particular then, if
y(t) is a non-constant trajectory of X, gy with y(0) € N2, y(T') € N2 with
y(0) ~2 y(T'), then y(t) must be in the image of ¢ and thus there exists a
trajectory x(t) of Xg so that ¢(z(t)) = y(t).

Since ¢ is a relative embedding with ¢~!(N2) = N1, we have that
x(0),z(T) € N;. Since the relative embedding ¢ respects the coisotropic
equivalence relations, if y(0) ~2 y(7T") then it must hold that x(0) ~q =(T).
As H € Ho(My, Ny, wi,~1), it follows that T > 1. Hence, it follows that
O H € Ho(Ma, Noywa, ~9), as desired. O

We now give a slight extension of the above monotonicity, which will be
of use to us in the proof of Theorem [3.26

Lemma 2.4. Let (M,w) and (M’ ") be symplectic manifolds, let N C M
and N' C M’ be coisotropic submanifolds equipped with coisotropic equiva-
lence relations ~ and ~'.

Suppose that for every compact set K C M, there exists an open neigh-
bourhood U D K and a relative symplectic embedding : (U, N NU,w|y) —
(M, N,w) that respects the pair of coisotropic equivalence relations (~,~").

Then, ¢(M,N,w,~) < c¢(M',N', ', ~').

Proof. Let H: M — R be a Hamiltonian with 0 < H < m(H) and that
m(H) — H is compactly supported in M. Then, by hypothesis, there exists a
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neighbourhood U of the support of m(H) — H and a symplectic embedding
Y:U — M'. Let G = H o~ defined on ¢(U) and then extend G to all of
M’ by setting G(z) = m(H) for all z ¢ ¢(U).
Proceeding as in Lemma it follows that G is simple if and only if
H is simple, with m(G) = m(H). Furthermore, X¢ = Xy on ¢(U) and
vanishes outside ¢ (U). Thus, arguing as in Lemma G is admissible if
and only if H is.
Thus for any H € H,(M, N,w,~), there exists G € Hy(M', N' ', ~")
such that m(H) = m(G). The desired inequality now follows immediately.
O

Remark 2.5. The monotonicity of the capacity depends in an essential
way on the coisotropic equivalence relation. Indeed, if no condition is put on
the relative embedding ¢: (M7, Ni,w1) — (Ma, No,ws), it is easy to imagine
a situation in which two or more leaves on N; are mapped to the same
leaf in Ns. For instance, there are many examples of compact hypersurfaces
in R?" for which there is a dense leaf in the characteristic foliation — in
this case, this is about dense orbits in a Hamiltonian system with compact
energy level. One possible construction is originally due to Katok [21], as
is used in [8]. In particular, Katok’s construction can be done as a small,
locally supported perturbation of the unit sphere in R?". This construction
of Katok’s also shows that the existence of leafwise chords must see the
entirety of the coisotropic submanifold.

As discussed in Example a natural class to consider is to consider
a fixed (compact) coisotropic submanifold N in R?". We then consider only
symplectic manifolds that are open subsets U C R?” and coisotropic sub-
manifolds N = N N U. The coisotropic equivalence relation is that x ~ y if
and only if z, y are in the same isotropic leaf on N. Then, all of the inclusion
maps respect the equivalence relation, by construction.

A very simple example of this phenomenon occurs even with Lagrangians.
Let (M N ) be the pair consisting of the unit disk in R? and the z-axis. Let
M be an open annulus centred at the origin. Then, N = N N M is the dis-
joint union of two line segments.

In M, each line segment is its own leaf: an admissible Hamiltonian for
the leafwise relation, just considered relative to N, would allow for a finger
move that pushed centre of the segments almost all the way around the
annulus.

Notice however that the inclusion of (M, N) < (M,N ) does not respect
the leafwise relation! The two leaves of N are both mapped to the unique
leaf of N. Relative to the equivalence relation induced from the leafwise
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relation on N, however, these chords from one segment to the other would
be eliminated.

We thank Kaoru Ono and Yoshihiro Sugimoto for pointing out that
our original version of this capacity ¢ overlooked this point and implicitly
required the embeddings to respect the leaf relation.

Lemma 2.6. c satisfies the conformality axiom.

Proof. Let a # 0. Define a map ¢: H(M, N) — H(M, N) by
Y(H) = |al-H,

and let H, denote 1 (H).

Note that 9 is clearly injective, and m(H,) = |a|m(H), so the lemma
follows if

(4

HG,(M,N,M,N): Ha(M, N,w, N) — HQ(M, N, aw, N)

is a bijection. Let X  be the Hamiltonian vector field generated by H,

with respect to aw, in other words such that aw(Xpy_,-) = —dH,. Hence,
aw(Xp,,) = —|ajdH w(Xg,, ) = —MdH.
Q

Thus, Xy = £Xp, depending on the sign of a. Therefore, the Hamiltonian
flows for H and H, have the same orbits. In particular, the constant chords
are the same for the two Hamiltonians. A non-constant chord for one of
them, 2(0) € N, z(T) € N with 2(0) ~ x(T), will be a chord for the other,
by considering x(¢) itself if @ > 0 and the time reversal t — z(T — t) if « < 0.
Their return times are thus the same. ]

In the next proposition, we give a lower bound for ¢ (B(a, 1), B™*(r), wo)

with r = /1 — |a|?.

Proposition 2.7. Let a = (0,...,0,b) € R?", and set r> =1— |a|*=1—
2. For k€ {0,...,n—1},

¢ (B(a’ 1), Bn’k(r)7w0> > arcsin(r) — r(1 — 7«2)1/2'

Proof. We consider first when |a|> 0. We suppose, without loss of generality,
that b < 0 and thus b = —|al.
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We will construct a family of Hamiltonian functions all of which are
admissible and whose maximum is arbitrarily close to arcsin(r) —r(1 —
r2)1/2. First, decompose R?*" = R" @ JR" = (21,...,Zn,Y1,-- -, Yn), Where
J: R — R?"

J(0,...,0,2;,0,...,0) = (0,...,0,%,0,...,0)

2.1
21) J(0,...,0,1:,0,...,0) = (0,...,0,—;,0,...,0),

and we understand JR"™ to indicate J applied to the first n dimensions of
R?". Choose € > 0, and let £:[0,1] C R — R be a function with the following
properties:

f(t)=0 for ¢t € [0, |a|+el,
0 < f'(t) < arccos <‘\2> for ¢t > |a|+e,

f(t) = max f for t € [1 —¢,1].

Let H:R?" — R be the Hamiltonian defined by H(z) == f(|z — a|?).

We will first observe that H is simple. Note first of all that H =0 in
an open ball around a, and this ball intersects B"’k(r), as required. Also
observe that H = max f once |z — a|>> 1 — ¢, so this gives H = max f in a
collar neighbourhood of the boundary of B(a,1) as required.

We will now show that any such Hamiltonian H will be admissible.

We consider the associated Hamiltonian ODE given by

i = JVH(z) =2f"(|z — a*) J(z — a)

where J:R?" — R?" is the standard almost complex structure defined by
Equationabove. Since (Jx,z) = 0, we see that |z — a|? is constant along
solutions of the equation. Thus, with z(t) := x(t) —a we have for k=
2'(|=(0)%) = 0,

(2.2) Z=rkJz.

Thus, z(t) = e/t 2(0).
If a trajectory z(t) starts on the coisotropic submanifold, we then have
the initial conditions
2(0) € R™F,

To verify admissibility, we will show that every non-constant trajectory
starting on the coisotropic submanifold has (non-leafwise, coisotropic) return
time greater than 1.
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B(a,1)

/ Bn’k(r)

Figure 2.2.

Let z(t) be such a non-constant trajectory, with z(0) € B™*(r). It follows
then that x # 0. Now consider the triangle formed by the origin, a, and
¢c=1(0,...,—7,0,...,0), where the —r is in the n-th position. Note that, if
we consider the plane defined by these three points, then any flow z(¢) with
2(0) on the line from a to ¢ flows counterclockwise in this plane. Since f is a
radial function, we may, without loss of generality, simply consider any such
flow z(t) with z(0) on this line.

Let p = +/|z(0)]?+|a|?> = |2(0)|> |a|, and let # be the angle so that
|z(0)|= pcos(f) and |a|= psin(#). See Figure for an illustration. Hence,
0 = arcsin(‘%'). If T is such that z(T) belongs to R™* we have sin(kT + 0) =

sin(f) = %, which holds if and only if kT € 27Z or kKT = —26 + k7 for some
k odd. In particular then, if x < m — 20, there can be no chords of length at
most 1. Recall now that k = 2f/(|2(0)|?). Thus, the condition is satisfied if
we have 2f'(p?) < m — 20 for each p,. This is achieved if

7T |al
f'(p*) < = — 6 = arccos ()
(") <5 p

However, by assumption, f’(p?) < arccos (%) Observe now that by choos-

z

ing € > 0 sufficiently small, we may arrange for f(1) to be arbitrarily close
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to

1 ‘a’ arccos(|al)
/ arccos () dt = / 2|al?a cos(ar) 73 sin(a)dox
laf? Vit 0

arccos(|al)
= |a|*(a cos(a) % — tan ) .

= arcsinr — rv/1 — r2.

(Recalling that a® + 72 = 1.)
From this, we conclude

c(B(a, 1), B™*(r),wo) > arcsin(r) — r(1 — r)'/2,

as desired, in the case that |a|> 0.

If a = 0, we observe that for each § > 0, we may set p = (0,...,0,—0)
and then we consider the inclusion of the ball B(p,1—4) C B(0,1). The
intersection of B™*(r) with this smaller ball is given by B™*(y/1 — 25) + p.
After a translation of the origin, this gives a relative embedding of the pair
(B(—p,1 —6), B™*(\/1 — 25)). Let r5 = v/1 — 2. Then, applying the above
construction and the Monotonicity Axiom (Lemma , we have for each
0 >0,

¢(B(0,1), B"’k(l),wo) > arcsin(rg) — rs(1 — r§)1/2

Taking § — 0, we obtain ¢(B(0, 1), B™*(1)) > arcsin(1) = Z, proving the re-
sult. O

Proof of Corollary[I.15 By the non-triviality and conformality axioms for
the capacity, we obtain that ¢(W (R), W™*(R)) = ZR>.

The monotonicity of the capacity ¢ and Proposition then give that
a relative embedding (B(a, 1), B™*(r)) < (W(R), W™*(R)) respecting the
leaf relations exists only if

arcsin(r) — r(1 —r?)Y/2 < ZR2,

T
2
To prove that this suffices, we will construct an embedding for any R
that satisfies
arcsin(r) — r(1 — )2 < gRQ.

By a slight abuse of notation (since a € R?"), let D(a, p) C R? be the
disk of radius p centred at (0, —|al).
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First, we notice that the ball embeds in an appropriate polydisk:

B(a,1) € D*(0,1) x ...D?*(0,1) x D*(a,1)
={(z1,.- s Tn, Y1, -+, Yn) |
iyl <1, 22 R <1 (z,+a)?+y2 <1}

This respects the leaf relation on R™F.
We will now construct an embedding

¢: D*(0,1) x ... D*(0,1) x D*(a,1) — W(R)
of the form

w(xh oy Tn—1,Tn, Y1, - - '7yn—17yn)

= (:L'la sy Tp—1, f(xTL)yn)a Yty .- 7ynflvg($n7 yn))

for a suitable choice of map

¢:R* = R?, ¢(z,y) = (f(z,9), 9(x,y)).

Let W2(R) := {(z,y) € R? |22 +3? < R? or y < 0}. Observe now that v is
symplectic if and only if ¢ is area preserving. Furthermore, i gives a relative
embedding of the polydisk into W(R) (with coisotropic submanifold given
by the restriction of R™* to each) if and only ¢:(D(a,1),RnN D(a,1)) —
(W2(R),RNW?2(R)) is a relative embedding. Finally, we observe that if
¢ is such a relative embedding, it immediately follows from the explicit de-
scription of the leaf relation in Example[I.3|that ) respects the leaf relation.

It suffices therefore to find an embedding ¢: D(a,1) — W?(R). By a
standard Moser-type argument, this exists whenever the area of the smaller
of the two connected components of D?(a,1)\ R is strictly smaller than
the area of the upper half disk in W?2(R)\ R. The result now follows by
computing this area, as in Remark O

3. An upper bound for ¢ (U(r), U™*(r), wo, ~)

In the following, we will write ¢(M,N) = ¢(M, N,w,~) since we are con-
sidering subsets M C R?" with respect to the standard symplectic form.
Furthermore, we will take the equivalence relation to be the leafwise equiv-
alence relation.
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In order to show that c is a coisotropic capacity, we must establish the
non-triviality axiom. Recall that we have defined

W) ={(z1,-- -, Zn, Y1, Yn) ER®™ |22 +y2 <lory, <0}

and W™k(1) = W (1) NR™, with R™* the standard (n + k)-dimensional
coisotropic subspace of R?", given by

R™ = {(z1,. ., Tos Y15+ Yk, 0,...,0)}.
By the relative symplectic embedding of the ball
(B(1), B™(1)) = (W (1), W™H(1)),

and monotonicity (Lemma [2.3), together with Proposition , it suffices to
prove the following inequality:

(W (1), Wk (1)) < g
For our analytical set-up, it is most convenient to work with the region
U(1) in R?*" given as the union of the disk with a half-infinite strip

U(1) =R* 2 x {(z,y) eR*|2? +y?* <lor —1 <z <1andy<0}

and U™k(1) = U(1) NR™F. In the following, we will write U = U(1) and
Uk = Uk (1),
We claim that the relative capacities of these two domains are the same:

(W (1), W™ (1)) = e((U(1), U™*(1))).
Observe that there is a relative embedding
(U(1), U™ (1)) = (W(1), W™ (1))

by inclusion, showing one inequality. The other inequality is by applying
Lemma Indeed, for any compact set K C W(1), by a Moser argument,
we may find an open neighbourhood V' and a symplectic embedding V —
U(1) that may be taken to the the identity in the region y,, > —¢ for 6 > 0
sufficiently small, and hence is the identity on the coisotropic submanifold.
The existence of such a symplectic embedding for each compact K C W(1)
then verifies the hypotheses of the Lemma, and the claim follows.
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Proposition 3.1. The map c verifies
(U, U™ < I,
2
As explained above, this will then prove Theorem The remainder
of this section will prove Proposition

3.1. The analytical setting

Definition 3.2. We recall from Example [1.3|that wy denotes the standard
symplectic form on R?", and that R™* is the linear coisotropic subspace of
(R?"™,wy) consisting of the first n + k coordinates, i.e.

R™F = {:U eER? |z = (xl,...,mn,yl,...,yk,o,...,O)}.
Let Vp, Vi and Wy be the linear subspaces

Vo={zeR*”|z=(0,...,0,211,...,20,0,...,0)},
m:{xeR2n|x:('rl?“'7xk707---707y17’"Jykvo‘”vo)}
WOZ{GRQ”\x:(0,...,0,yk+1,...,yn)}.

Remark 3.3. As noted in Example any leaf F' in the characteristic
foliation has the form z + Vj, for z € R™F,

Let C>9 ([0,1]) denote the space of smooth maps ¢ : [0,1] — R?" such
that ¥(0), w(l) € F C F for some isotropic leaf F' in the characteristic foli-
ation F of R™*. Let {-,-) be the standard inner product on R?", and define
the functional ®p: Cp9 ([0, 1]) — R by

1 1
B e =g [ 0.0 [ H@e)

In order to study the critical points of ® g, we will extend the definition
of @ to the Hilbert space of H'/2 paths. The Hilbert space is constructed so
the paths have boundary in R™* even though H'/2 does not embed in C°,
and thus a pointwise constraint cannot be imposed. The key observation we
use is that R™* is the fixed point locus of an involution on R?", which then
induces an isometry on H 1/ 2(S' R?™). Our path space is then an eigenspace
of this isometry, though we also describe it explicitly.
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We first show the following.

Lemma 3.4. Any element v € Cp5, ([0,1]) is given by

(3.2) y(t) = Zekm]tak + Z elmrjtbk

kez ke2z
where
(3.3) ap € Vo C R™* c R?™, and
by € Vi C R™F c R?™,
Equivalently,

’Y(t) — Z ZkekﬂJt

keZ
with zx, € Vo for odd k and z € Vo @ Vi for even k (i.e. zr = ay + by, with
b, =0 for all odd k).

Proof. We begin by identifying R? with C, and we consider a smooth map
y(t) : [0,1] — C such that v(0),v(1) € R C C. We now extend this map to
a piecewise smooth map af(t) : S' — C by

v(2-2t) te(3,1],

where the bar indicates complex conjugation. Note that a(t) is continuous
by definition. Writing a(¢) in terms of its Fourier decomposition, we have

Oé(t) _ Z eQm‘ktak'
k

However, since «a(t) = a(1 — t), and therefore

§ :627Tiktak — § :6727m'k(17t)a—k
k

k
_ Z e—27rik€27rikta—k
k
_ z eQwikt@’
k

which implies that ax = ag, and therefore a € R C C. Our original function
v(t) is recovered by y(t) = a(t/2) = 3, e™ktay, where a; € R.
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Now consider a function «(t) : [0,1] — R?" such that v(0),v(1) € F,
where F is a leaf of the characteristic foliation of R™F. Write a point
x € R?" by (z1,...,%n,Y1,---,Yn), Where wo(a%i,a%i) =1, Ja%i = 8(?;1" for

J the standard complex structure on R?”?, and define Cnk R?" — R?" by

Cn,k(x) = (.Tl, s Iy Yty - -5 Yk —Yk+1, _yn)
Recall that R™* is the set of points
R™F = {z € R*|z = (z1,...,Zn, Y15 Ygs 0,...,0)}.

In the special case of a Lagrangian, i.e. for R™", we note that Ccn,0 1s a real
structure for wy, i.e. c;;yowo = —uwp.
Any leaf F' of F is a set of the form

{xER”’k x=(0,...,0,Zk41,--,2n,0,...,0) 4+ 2}

for some fixed z = (21,...,2£,0,...,0,41,...,Yk,0,...,0). We may write
~v(t) as a function ~(t) = z1(t) + 22(t) + - - - + 2z,(t), where each function
2:[0,1] = R?™ is a map t +— (0,...,0,24(¢),0,...,0,5:(¢),0,...,0) for real
functions z;,y; : [0,1] — R.

From the above, we see that if ¢ > k, then

Zz(t) = Z ejﬂjtam'
J

where a; ; = aje; for constants a; € R, e; a vector with 1 in the i-th position
and Os elsewhere. This then gives that a; ; € V4.
For ¢ <k, z;(0) = z;(1), and we have

ai(t) =) ey,
j

where a; ; = aje; with a; € C. From this, we have that a;; € V1.
The conclusion of the lemma now follows immediately. O

Remark 3.5. Note that if v € C°([0, 1], R?®) N L! and is of the form

"}/(t) — ZekﬂJtak + Z ekﬂthk

kEZ ke2Z

with a, by as in Equation above, then necessarily v(0),~v(1) € F.
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Definition 3.6. Let L%’k([(), 1]) be the Hilbert space

N = Zakekm]t + Z bkekﬂjt,

kEZ ke2Z
ai € ‘/07 bk € ‘/17

> law*+bkP< OO}

keZ

Ly = {7 € L*([0, 1],R*™)

with inner product

wwnh=(47wm¢wmﬁ3

Define H, ;. ([0,1]) to be the space

2,1@([07 1]) = {x € Li,k ([07 1])

S < oo}

keZ

where z;, € V for odd k and z, € Vp & Vi for even k.

In the following lemmas, we collect several standard results from [19]
concerning the spaces H? , ([0, 1]). The proofs are identical to those in [19],
replacing the spaces considered there with the corresponding spaces in our
setting. For the convenience of the reader, we have tried to keep our notation
compatible with the notation of [19] Sectionls 3.3, 3.4]. One notable change is
that we use X to denote the appropriate H > Hilbert space, which is denoted
by E in [19]. Some of the more immediate results are stated without proof.

Definition 3.7. Denote by

X = H,/2(0.1)).

For v € X, we have

= Z spekmt

keZ
where z; € Vj for odd k and z, € Vi & Vi for even k.
We take the norm on X to be given by

s
Ill= lzol*+5 Y Ikl
keZ
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Lemma 3.8. For each s >0, H ,([0,1]) is a Hilbert space with the inner
product

<d)7 ¢>(s,n,k) CL[), a() Z‘k|2s ak‘) ak
k;éo
Furthermore, if s > t, then the inclusion of Hy ([0,1]) into H}, ,([0,1]) ds
compact.
In particular, (X, ||-||) is a Hilbert space.

Proof. Recall that H*(S,R?") is a Hilbert space. The involution on R?"
given by

(xlw'wxnayl)'"ayk)yk-i-l)’"uyn) —
(xla"'7xn>y17"'7yk7_yk+17"'>_yn)

induces an isometry on H*(S',R?") by acting on each Fourier coefficient.
Observe now that H?,([0,1]) can be identified with the 41 eigenspace of
this operator, and thus identifies H »%([0,1]) as a closed subspace of a Hilbert
space.

The compactness of the inclusion follows by considering the finite rank
truncation operators

Py: sz ek7rJt — Z 2k ekﬂ'Jt

k|<N

Let ¢ denote the inclusion u: H | — Hfl - Then, in the operator norm for «,
Py:Hp o — Hfl e 1PN —1]|< CN'=*, and thus the inclusion is the uniform
limit of finite rank operators, and is thus compact. O

Lemma 3.9. Lets>t. If j:H; ([0, 1]) — Ht » ([0,1]) is the inclusion op-
erator, then the Hilbert space adjomt J ([0, 1]) — H;, ,.([0,1]) is com-
pact.

Lemma 3.10. Ifz € Hf;’k([O, 1]) for s > % + r, where r is an integer, then
T < C;;,k([ov 1])

Lemma 3.11. j*(L?) C H', and ||5*(y) |l < ||yl 2-
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Definition 3.12. The Hilbert space X = H, L/ 2([0, 1]) admits a decomposi-
tion into negative, zero and positive Fourier frequencies:

X = { 1/2 [0,1]) \x—Zx e”kt}

k<0
X0 = {x e HY2(0,1]) |z =1 € ]R””f}

Xt = {x e H)/2(10,1]) |z = kaei”kt}

k>0

Let P~,PY and P* denote the orthogonal projections onto each of these
subspaces and we denote x* := P¥(z) and 2 := P(z).

3.2. An extended Hamiltonian

Given a simple Hamiltonian H:U — R with m(H) > 7, we will analyze an
associated Hamiltonian H:R?" — R, and find a solution of & = X z(z) which
is also a non-trivial solution of & = Xg(x). In the following, we construct
the Hamiltonian H.

We consider n, k fixed and the simple Hamiltonian H with m(H) > §
fixed.

Definition 3.13. We now set some notation.
1) R2" = {z € R¥|y, > 0}, R?" := {2z € R*|y, < 0},
2) Uy = UNRY.
3) Let ¢ : R?® — R be the quadratic function

k
1
q(fﬂ)=($i+yi)+ﬁ4z (27 +97) + ch +y).

Let g2 : R?® — R be defined by

x> fory <0

n

2 +y2 fory>0
@2(r) =
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and gop—2 : R?™ = R be given by

k
q2n— 2 - 2 Z :Ij' +yz Zx +yz

i=k+1

Define now
qu(z) = q2(v) + g2n—2().
Choose N sufficiently large so that

suppdH C q;;'([0,1)).

Observe that ¢ is a C! function with a jump discontinuity it its
second derivative.

Now, given a small € > 0 such that § + ¢ < m(H), we define f : R = R
to be a function such that

fr m(H) for r <1

f(r) e)rforallreR

| V

-
0= 3+

e) r for r large

—~

f'(r) < ( e) for r > 1.

We define the extended Hamiltonian H by

(3.4) H(z) = {H (z) ?f q(r) <1
flan(z)) if gu(z) > 1.

In the next lemma, we give a criterion to show that certain orbits of the
Hamiltonian H are actually orbits of H.

Lemma 3.14. Suppose z(t),t € [0,1] is a solution of & = X such that
z(0),z(1) € R™F. If ®5(x) > 0, then x(t) is non-constant and x(t) is an
orbit of H.

Proof. Let the functional ®5:C>% ([0,1]) = R be defined by Equation
Note first that if x is constant, then ® () <0, since H > 0.

To show the orbit of H is an orbit of H, we will show that g < 1 at
each point of the orbit. We will show instead that a chord x(t) of H for
which there exists a time at which ¢r(x(¢)) > 1 must have negative action.
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Let 2(t) be such a trajectory, with z(0),z(1) € R™* and qr(z(t)) > 1 for
some time t. Notice that by construction, the region {z € R?"|gn(x) > 1}
is flow invariant. Thus, the trajectory z(t) has gr(z(¢t)) > 1 for all time.

We will first argue that any such trajectory must lie in the upper half-
space {(T1, ..., Zn,Y1,---,Yn) | yn > 0}. Indeed, since grr(x(t)) > 1, we have
that the Hamiltonian vector field is explicitly given by

(t) = f'(qn(z(t))) TVan(z(t)).

For all times ¢ at which y, < 0, we have

Zn(t) =0 gn(t) = 2f (qu(@(t)))2n.

In particular, z,, is constant and y, is either monotone non-increasing or
monotone non-decreasing, depending on the sign of z,. In particular then,
it is impossible for both y,,(0) = 0 and y, (1) = 0 if there is a time 0 < ¢t < 1
at which y,,(t) < 0. The claim that the chord must lie in the upper half-space
now follows.

Now, observe that on the upper half-space, we have ¢r(x) = q(z),
and hence the Hamiltonian vector field on IR?[L\UJr is given by Xz =
f'(q(x))JVq(z), and thus g(x) is an integral of motion in this region. It
follows that g(x(t)) =7 > 1 for all t € [0, 1]. Also notice that since ¢(z) is
quadratic, we have (x,Vq(z)) = 2¢(z). From this, we obtain:

1
B () :/0 —%(Ji,m) ~ A(x(t)) dt
1
- | 3 @) (Vata).) - ) i

1
- /0 F(Pala () — f(r) dt
— f(r)r -

f(7)
<0

which completes the proof. O
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3.3. The action functional

Definition 3.15. For ¢,¢ € Cp9.([0,1]), we define

Lt
o) =5 [ (=Io )t
We show the following simple lemma.

Lemma 3.16. For any e; = (0,...,0,1,0,...,0) € R*™ e {1,...,2n},

1
/ <6k:7rjteivel7rJtei> dt = 6y
0

Proof. First, note that, if 0 < i < n,
eF™te; = (0,...,0,cos(kxt),0,...,0,sin(knt),0,...,0),
and if n +1 <14 < 2n, then
e*™te; = (0,...,0,—sin(knt),0,...,0,cos(krt),0,...,0).

In either case, we have
1 1
/ <ek”‘]tei,el7rjtei> dt :/ cos(kmt) cos(Imt) + sin(knt) sin(lnt) dt
0 0

= /1 cos((k — l)mt) dt
0

= 0k

Lemma 3.17. For ¢, € C39.([0,1]),

(3.5) a6, ) = 5 DIkl wn) = 5 [kl )
k>0 k<0

where

(3.6) ¢ = Z €™t and = Z wyeFmt.

keZ k€EZ
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Proof. First, recall that, by Lemma that for ¢, € ks the Fourier
expansions ¢ =, 2ieF™t and ¢ = > okez wieF™* have that z, wy € Vo
for odd k and z,wy € Vy @ V4 for even k.

Substituting Equations into the expression for a and using

Lemma [3:16] we get

a(,) = 5 3 k(i w)
k

-1 (Z|ky<zk,wk> - Zykuzk,ww) -

k>0 k<0

0

Definition 3.18. Given ¢, € HTll/kQ([O, 1]), we define a(¢,v) by Equa-

tion and a(¢) == a(e, ¢).
Remark 3.19. Lemma [3.17] gives that Definitions and are con-

sistent, i.e. they coincide for smooth paths, ¢, € Cgfk([o, 1]). Recalling the
norm on X given in Definition the function a: X — R given by

a(@) = lo*|*—¢~ |17
is therefore differentiable with derivative

da(¢)(v)) = (PT = P7)¢,1))

and therefore the gradient Va is
Va(¢) = (PT =P )p=¢" —¢~ € X.

For ¢ € C25.([0,1]), consider the expression

o) = [ ()

Since, by construction, |H(z)|< M|z|? for gn(z) large, we have that b
may be extended to L2, and therefore also on H'Y/2 ¢ L?. The following
results follow immediately from the proofs in [19].
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Lemma 3.20 ([19], Section 3.3, Lemma 4). The map b: X — R is dif-
ferentiable. Its gradient is continuous and maps bounded sets into relatively
compact sets. Moreover,

IVb(z) — Vb(y)|[< Mllz —y||

and |b(z)| < M|z, Jorallz,y € X.

Remark 3.21. We now see that the functional @ : HYIL{;([O, 1]) — R given
by

O (x) = a(x) - b(x)
is well-defined. Furthermore, since H € C1([0,1],R?") and a and b are dif-
ferentiable, ® 7 is differentiable with gradient

Vog(z) =2 -2~ — Vb(x).

The results below summarize some of the properties of ® 5 that we will
use in the following sections. The proofs follow those given in [19]. Let S =

Lemma 3.22. Assume z € X is a critical point of &g, i.e. VOg(x) =0.
Then z is in CL,([0,1]). If, in addition, z(t) € R US for all t € (0,1)
then z € C79.((0,1]).

H

Proof. The proof given in Hofer and Zehnder [19], Section 3.3, Lemma 5
also applies in this case. That is, we write z and V(H(z)) € L2, by their
Fourier series, we have

T = Z 6k7rJtIEk
k
VH(z) = Z ek,
k
Since d®g(x)(v) = 0, this implies that
1 —
(P* = PO)av), —/ (VH(2(t)), v(t)) dt = 0, Yo € X.
) 7 O
Substituting the Fourier series of # and VH(z) into this expression, we

obtain

krx, = ag.
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Therefore ag = 0 and

> kPlaRP< ) lan)*< oo

k

We conclude that x € H}l’k([o, 1]), and therefore z € Cg,k([07 1]) by
Lemma It follows that VH (z(t)) € C’gvk([O, 1]), so

(1) :/0 JVH(z(s))ds € C1(R).

However, it follows from the Fourier expansions that £(t) = z(¢) — 2(0), and
therefore z € C'([0,1]) and solves

i(t) = JVH(z(t)).

If 2(t) € R3" U S for all ¢, then JVH (z(t)) € Cik([(), 1]), so ¢ € Cg7k([0, 1]).
Repeating this, the second part of the lemma follows. [l

Lemma 3.23. ®5 satisfies the Palais-Smale condition.

Proof. We recall that, for ® 5 to satisfy the Palais-Smale condition, we must
have that, for every sequence {z,,} with V® 7 (x,) — 0, there exists a conver-
gent subsequence. If ||z, || is bounded, then this follows from the compactness
of Vb and of PY.

We now assume that the sequence of norms ||z, || is unbounded. Consider
the rescaled paths y, == =1, so that ||y,||= 1. Now, by assumption,

IEX
_ - 1 _
(PT — P )y —j <VH(azk)> — 0.
k||

Now note that there exists an M such that |VH(z)|< M|z| for all z € R?".
It follows that the sequence

VH
M c L2
[zl
is bounded in L?.
Since j* : L? — X is compact, (PT — P7)yy is relatively compact, and
yg is bounded in R?", it follows that the sequence v}, is relatively compact
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in X. Let € > 0 be as in the definition of H in Equation Define

T
Q@) = (5 +¢) an(a).
After taking a subsequence we may assume that y; — y in X and therefore
yr — y in L2. Note that, since VQ defines a continuous operator on L?, and
also that, for A > 0,

VQ(A\z) = A\VQ(x).
It follows that

|20 | < |Fan

Lz HHkaH ~ V) L2

+ [IVQ(ykr) = V)| 2

1 —
il IV H (21) = VQ(1)]| -

+IVQ(yx) = VW)l -

Since, furthermore, [VH (z) — VQ(z)| < M for all z € R*", we may conclude
that

[l

VH ()

— VQ(y) in L*.
k|

Therefore,

Vb(z) _ <VH(QZk)
[z ll (B

It follows from this convergence that y satisfies the following system of equa-
tions in X:

)—wwvmw>mx.

yT -y —jVQ(y) =0,
Iyl = 1.

As in Lemma we now have that y € C1([0,1],R*") and that y also
satisfies the Hamiltonian equation

(3.7)

By construction of @, however, there are no non-trivial solutions of (3.7).
This, however, contradicts the assumption that ||y||= 1, and we conclude
that the sequence x; must be bounded, proving the lemma. O



850 S. Lisi and A. Rieser

Lemma 3.24. The equation
t=-Vog(x), zeX
defines a unique global flow R x X — X : (t,x) — ¢'(z) =z - t.

Proof. This follows immediately from the global Lipschitz continuity of V& 5
as a vector field on X. (]

Lemma 3.25. The flow of the ODE & = —V® g(x) has the following form
(3.8) o(z) = etz + 2% +etaT + K(t, 2),

where K : R x X — X is continuous and maps bounded sets into precompact
sets and = = P~ (x), 2° = PY(z) and z7 = P*(x).

Proof. The proof of this lemma follows exactly the proof in Hofer and Zehn-
der [19], Section 3.3, Lemma 7. The key point is that if we explicitly define
K by the formula

¢
K(t,x) = —/ (P~ + P+ e "5PT) Vb(z - 5) ds,
0
we may verify directly that this has the required properties. ([

3.4. Existence of a chord

We will now complete the proof of Proposition [3.1} To do this, we will prove
the following:

Theorem 3.26. If H is a simple Hamiltonian on (U, U™*) and m(H) > %,
then there exists an orbit of the system & = Xp(x) with return time T =1
and ®g(z) > 0.

The remainder of this section will prove the theorem. The proof follows
closely the proof of [19], Section 3.1, Theorem 2, though it introduces some
new subtleties. We start by recalling the Minimax Lemma (see [19], page 79
for a proof), which will play a key role.

Definition 3.27. Let f: X — R be a differentiable function on a Hilbert
space X, i.e. f € CY(X,R), and let F be a family of subsets F' C X. We call
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the value
o(f, F) = ;Ielffilelgf(w) € RU{oo} U{—oo}

the minimax of f on the family F.

Lemma 3.28 (Minimax Lemma). Suppose f € C'(X,R), where X is a
Hilbert space, and that f satisfies the following conditions:

1) f is Palais-Smale,
2) x = =V f(z) defines a global flow ¢y(x) on X,

3) The family F is positively invariant under the flow, i.e., ¢(F) € F
for all F € F and all t > 0,

4) —o0 < c(f, F) < oo,

then the real number c(f, F) is a critical value of f, that is, there exists an
element z* € X with Vf(x*) =0 and f(z*) = c(f, F).

We will use the Minimax Lemma above over the family of sets F =
{¢'(3;)} to establish the existence of a critical point of the action functional.
As established in Lemma [3.14] it suffices to show this for the Hamiltonian
H, as the resulting orbit will be an orbit of H.

The plan of the proof is as follows. In Lemmas and we prove a
pair of technical inequalities on the polynomial part of H. Then, we produce
two “half-infinite” dimensional subsets of X, ¥ and I', and in Lemmas
and we show that the action ®;7]pn< 0 and that the action ®z|r> 0,
respectively. We then use the a Leray-Schauder degree argument in Lemma
to show that the flow of ¢;(X;) intersects I, for all ¢ > 0, and finally,
we apply the Minimax Lemma to the union of the sets ¢(3;), which proves
the result.

We begin with the following lemma.

Lemma 3.29. Let H € H(U, U"’k). Then there exists a compactly sup-
ported Hamiltonian diffeomorphism 1p: U — U with p(U™*) = U™* such that
H o € H(U,U™F) and H o 1) vanishes in a neighbourhood of 0.

Proof. Observe that in order for a Hamiltonian K to have a Hamiltonian
vector field whose flow preserves U™, the following derivatives

0
8.%'2'

K(x1, .. Tpy Tty s Ty Y1y -+ -5 Yk, 0,...,0) =0 fori>k+1
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must vanish along U™,

By hypothesis, H is admissible, so there exists an interior point p € U™F
in whose neighbourhood H vanishes. Let V be a neighbourhood of the ray
{rp|7 € [0,1]} that is invariant under the involution

(39) Cn,k* (3}17 o Ty Yy e Yk Y415 - - - 7yn)
— (.Z'l,. ey Ty Y1y Yk —YR+1y - - _yn)

Let p be a ¢, j-invariant cut-off function, identically equal to 1 on the neigh-
bourhood V' and whose support is compactly contained in the interior of U.
Now define a Hamiltonian by K: Z(1) — R by

K:z— p(2)(z,—Jp).

Let X be its associated Hamiltonian vector field and ¥ its time 1 map.
Observe first that the Hamiltonian vector field X g (z) = p for any z € V,
s0 ¥k (0) = p and thus H o ¢ i vanishes in a neighbourhood of 0.
A computation of 9, K for j > k + 1 shows that the vector field is tan-
gent to U™* (using both that p € U™* and that p is ¢, y-invariant). O

From now on, without loss of generality, we assume that H vanishes in
a neighborood of 0.

Proposition 3.30. There exists x* € X satisfying V®gz(z*) =0 and
(I)H(l'*) > 0.

The proof of Proposition follows from the following lemmas. We set
some notation for the discussion which follows.

Definition 3.31. 1) en:=(0,...,2, =1,0,...,0)T
2) et (t) == e™te, = (0,...,0, 2, = cos(nt),0,...,0,y, = sin(rt))T
3)

Y,={reX|z=2 4+2"+set 27 € X", z9 € X",
|z~ 4+ 2% <7, and 0 < s < 7}

4) Ty ={z € Xt ||z||=a}
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Lemma 3.32. Let u=(0,...,0,£0,...,0,7):[0,1] — R?" be a smooth
function, where (u(t),e,) = &(t) and (u(t),ean) =n(t) are the z, and yp,
coordinates, respectively, of u(t), and suppose that s > 0. Then

ga(u(t) + st (1)) = s* + 2s(e (1), ult)) +£(t)?,
where qo is as in Definition [3.15.

Proof. Recall that, for z € R?",

2 2 fe >0
= {0 o

x2 for y, < 0.

Let 7, : R?™ — R? be given by 7,(z) = (2, ¥n). We now calculate

52 + (2se™, > + 52(t) +n
if 7, ((se™ +u)(t)) €

52 cos?(mt) + 2s cos(mt)E(t ) + 52( t)
if T, ((se™ +u)(t))

g(set +u) =

If ¢ is such that 7, (se™(t) + u(t)) € R%, the result follows immediately.
We consider then the case when m,(se™(t) +u(t)) € R?. Equivalently, this
occurs when ssin(nt) + n(t) < 0.

We compute

s% cos?(mt) + 2s cos(mt)E(t) = s% cos®(mt) + 2s cos(mt)E(t)
+ 2ssin(wt)n(t) — 2ssin(wt)n(t)
= 5% cos?(mt) + (2se™t, u) — 2ssin(7wt)n(t)
= 52(1 — sin?(wt)) + (2se™, u) — 2ssin(nt)n(t)

= 5% 4+ (2seT, u) — ssin(wt) (ssin(wt) 4+ 2n(t)).

Observe now that we have ssin(nt) + n(t) < 0,but ¢t € [0,1] and s > 0, so
it follows that n(t) < —ssin(nt) < 0. Thus, ssin(7t) + 2n(t) < 0, and hence:

@ (x) = s* + (2seT,u) — ssin(nwt) (ssin(mt) + 2n(t)) + 2
> 5%+ 2s(e* (1), u(t)) + £(1)?,

proving the result. O
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Lemma 3.33. Fort>0andx =2~ + 2%+ set € &,

1 1 1
/OQH(SU)de/O qH(mo)dt+/O qu(se™) dt.

Proof. Recall that ¢ri(x) = g2(x) + gan—2(x), where

1 n—1 9 k
Gon—2(2) = e Z (27 +uf) + WZ@? +47)
i=k+1 =1

and ¢ is as in Definition [3.13
If x1 and z9 are in orthogonal subspaces of L2([0, 1], R?")

1
/0 (a1 (), 2a(8)) dt = 0,

it follows that
1 1
(3.10) / QQn_Q(CC) dt :/ qgn_Q(CCi) dt
0 0 ) )
+/ QZn—2(ﬂ30) dt+/ QQn_Q(I+) dt.
0 0

Now, consider a smooth element x of Li,k([o, 1]) of the form x =2~ +
29 4 set, with s > 0, and 2~ € X, 2° € X°. Let £ () be the projection of
27 (t) to the z,, coordinate, and similarly let £° be the projection of 2. Then,
E(t) = € (t) + £ is the projection of 7 (t) + 2°. Note that by Lemma

we have £° = qgpe,, and

E(t) = Z ay, cos(kmt),

k<0

where the real constants ag, ax, k < 0 are obtained as the projections to e,
of the terms z;, as given in Lemma [3.4]

By Lemma and using the fact that 2~ + z¥ is orthogonal to et, we
have

1
/ go(x) dt > /52+2s<e+,x + 20 + &2 dt
0

1 1
= / q2(se™) dt—|—/ €2 dt.
0 0
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Now, we observe that go(z") = (£°)2, since 2° € Vo N V4, and therefore

/Olfzdt:/01(£°>2dt+/01(5—>2dt
2/0 (€%)?
:/Oqu(xO)dt.

It now follows that

1 1 1
(3.11) /OqQ(:n)dtZ/O qz(se+)dt+/0 €2 dt
1 1
+ 0
2/0 q2(se )dt+/0 g2(z") dt.

Combining now the inequalities (3.10) and (3.11]), we obtain for smooth
r=12" +a°+ set:

1 1 1
/ qri(z) dt 2/ qr(se™) dt+/ qr(z®) dt.
0 0 0
It now follows by continuity for all z = 2= + 2% + se™ € Li,k. g
Lemma 3.34. There exists a 7° > 0 such that for 7 > 7%,
P lon, < 0.

Proof. First, recall that ®5(z) = a(x) + b(x). Since b < 0 and a|x-gx0< 0
we have that @ ;| x-gx0< 0. We now need to examine ® 5 on the boundary

regions, where either |z~ + 2°||= 7 or s = 7. We note that by the construc-
tion of H above, there exists a constant C > 0 such that

H(z) > (g v e) gui(z) — C ¥z € R?",

Therefore,

O () < alz) — (— + e) /01 a(z(t)) dt + C V€ X.
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We now estimate ®g(x) for z(t) = 27 (¢) + 2 + se* () with s > 0. Note
that by Lemma 20 ¢ Ri”. Lemma m gives

Pz~ + 2%+ seh)
1
<alz™ + 2% +seT) — (g + 6) / qu(set (t)) + qu(a®) dt + C
0
Using now Definition and Remark
1
_ T
< s2let|)P == |~ (5 + 6) / qri(se™(t)) 4+ qn(z®) dt + C
0

1
= C4 esP- o= (5 + ) @) - (5 +¢) [ aner(0)
0
Recalling the definition of the norm from Definition let]|?*= %,
fol qu(et)dt = 1, and qri(z°) = ||z°|?, it follows that

m
(0™ +a0 +5e%) < C— o7|2= (5 + ) I —es?

and thus there is a 7 > 0, such that ®57(z)|sx,. < 0. O
Lemma 3.35. There exists o and 3 such that ®g|r,> >0

Proof. The proof proceeds exactly as in [19], Section 3.4, Lemma 9. As they
observe, this lemma follows from the Sobolev inequality |lu|z:< Cllull; /2.
Since H vanishes at the origin, Taylor’s theorem and the fact that H is
quadratic at infinity implies that we may find a constant K > 0 such that
|H|< K|x|3, and therefore

1 1, _
Cp(@) > St P =5 llz [P -CK]lz]?.
For x € X with ||z|| sufficiently small, the result follows. O
Lemma 3.36. ¢'(X,)NT, #0, for all t > 0.

Proof. The proof of this lemma proceeds as in [19], Section 3.4, Lemma 10,
which we summarize here. We use the Leray-Schauder degree to show the
existence of an element in ¢!/(X) NT. (See Deimling [10], Theorem 8.2 or
Zeidler [28], Chapter 12, for properties of the Leray-Schauder degree.) Let
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F denote the space X~ + X + Ret. Using the expression in Lemma
we will rewrite the condition

(3.12) A(S)NTy #0
in the form x + B(t,z) = 0 for the operator B : R x F' — F defined by
Bt z) = (=P~ + PYYK(t,2) + P* (|6 (@) |—a)e* — ).

We remark that B is continuous and maps bounded sets into relatively
compact sets by Lemma We now recall that, since x € X, z =2~ +
20 + set, for some 0 < s < 7, so the system of Equations is equivalent
to

0=xz+ B(t,z)

3.13
( ) T EY,.

Let I denote the identity operator. By the Leray-Schauder degree theory,
for any fixed ¢ > 0, Equation has a solution x € X, if

deg(Dy, I + B(t,-),0) # 0.

Since, by Lemmas and #'(0X;)NT = for t > 0, there is no
solution of Equation [3.13] on the boundary 03,. Therefore, since the Leray-
Schauder degree is homotopy invariant, we have

deg(S,, I + B(t,),0) = deg(S,, I + B(0,-),0).

We see that K(0,2) =0, so B(0,z) = P ((||z]|—a)et — z). We define h :
0,1] x X — X+ by

b, x) = P+ ((ullal|-a)e* — )

and we claim that = + h(u, ) # 0 for z € 9%,

To see this, note first that if z € X, solves x + h(u, ) = 0 then z = se™,
s0 s((1 — u) + plle™|]) = a. Therefore, 0 < s < a, so x ¢ O, if 7 > «, which
is true by hypothesis. Furthermore, since 7 > «, ae™ € ¥, so by homotopy,

deg(zﬂ I+ B(ta ')7 O) = deg(E‘HI + h([)) ')a 0)
=deg(3,,I — ae™,0)
=deg(Z,, I, ae™)
= 1.
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This completes the proof. O
We now proceed with the proof of Proposition [3.30]

Proof of Proposition[3.30, Let « be such that 3, and T, satisfy the hy-
potheses of Lemmas and Let U be the union

u=J¢'=),
£>0
and define

c(g,U) = %rzlgx:};f%, D5 ().

We wish to apply the Minimax Lemma to ®5 and ¢(®7,U).
We first check that ¢(®z,U) is finite. Since, by Lemmas and
the hypothesis on «, we have ¢'(X;) N Ty, # 0 and ® 5|, > 3, we have

(3.14) B < inf ®z(x) < sup Pgz(z).
z€ly T€P(S,)

By Lemma ® 7 maps bounded sets into bounded sets. Therefore, for
each t > 0,

(3.15) sup Pgz(z) < oo.
T€PH(X,)

Combining the inequalitites and we see that for every t > 0,

—c0o < f< sup Pg(xr) <oo
z€P'(2,)
and therefore —oo < ¢(®,U) < co. By Lemma[3.23] ®; satisfies the Palais-
Smale condition, and by Lemma the equation & = V®z(z) gener-
ates a global flow, from which it follows that ¢'(i/) CU. By the Mini-
max Lemma, ¢(®7,U) is a critical value. There is therefore a point z* € X
with V@ g(z*) =0 and ®z(x*) = c(Pz,U) > § > 0, which completes the
proof. O

Theorem [3.26| now follows immediately.
4. Existence of chords near an energy surface
We give here a dynamical consequence of our constructions: that the ex-

istence of the capacity ¢ proven in Theorem [1.14] implies the existence of
Hamiltonian chords on a large family of energy surfaces.
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Definition 4.1. Let H: M — R be a Hamiltonian function on the symplec-
tic manifold (M,w) and A € R. We call S = H~1()\) a regular energy surface
with energy \ if dH (x) # 0 for x € S.

Theorem 4.2. Let (M,w) be a symplectic manifold. Let S — M be a com-
pact, regular energy surface for the Hamiltonian H. Without loss of gener-
ality, S = H=Y(1). Let N < M be an (n + k)-dimensional coisotropic sub-
manifold transverse to S, and let ~ be the leafwise relation on N.
Suppose there is a neighbourhood U of S such that ¢(U, N,w, ~) < 00.
Then there is a p > 0 and a dense subset ¥ C [1 — p,1+ p] such that
Xg admits a leafwise chord on every energy surface of H with energy in X.

Proof. The proof follows closely the proof of Theorem 1 in Chapter 4 of [19].
The new ingredient here comes from the fact that the admissible Hamiltoni-
ans in the coisotropic setting require that trajectories either be constant or
have positive return time (i.e. ruling out trajectories that have tangencies
to the isotropic leaves). This will be dealt with by Lemma below.

Denote level sets by Sy = H~!()\). Since S; C U, and since transversality
is an open condition, there exists a p > 0 such that for every energy \ €
(1—=p,14+p), Sy C U and S, is transverse to N.

By shrinking U as necessary, we may assume U = H~1(1 - p, 1+ p).
Monotonicity of the capacity gives that the smaller U also has finite capacity.

We will construct an auxiliary Hamiltonian function F' on U which is
constant on every surface Sy contained in U. Choose € in (0, p), and let
f :R — R be a smooth function such that

f(s)=c(U,N,w,~) +1 fors<l—eands>1+¢e
€ €
= forl—-—<s<1+ =
f(s)=0 or 5 S5< +2
f'(s) <0 forl—e<s<1—%
f'(s)>0 f0r1+§<s<1—i—e.

Define F:U — Rby F(x) := f (H(z)) forz € U, and extend F to F: M — R
by defining F'(z) := ¢(U, N,w,~) + 1 for z € M\U.

Observe that this function F is therefore simple (see Definition [1.10)).
The maximum of F', m(F') > ¢(U, N,w,~), so F' cannot be admissible. The
failure of admissibility either gives the existence of a short leafwise chord of
F or there is a non-constant trajectory that fails to leave its isotropic leaf.
We use the following lemma to rule out the latter case:
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Lemma 4.3. Let N C M be a coisotropic submanifold and H: M — R be
a function. If x € N satisfies that Ty N + ker dH, = T, M, then if Xg(x) is
tangent to the isotropic leaf through x, then Xg(x) = 0.

Proof. Let K denote the isotropic leaf through x. If Xy (z) € T, K, we then
have for any v € T, N,

0=w(Xpu(z),v) =—dH(x) - v.

By definition, we also have w(Xg(z),v) = 0 for all v € ker dH. By hypothe-
sis, T,M =kerdH, +T,N, so w(Xg(x),v) =0 for all ve& T, M, hence
Xpu(z)=0. O

To conclude the proof, we recall that, by assumption, N Sy for every
Sy CU,soateachxz € NNU, we have T, N + kerdH, = T, M. By the con-
struction of F', we have dF, = f'(H(x))dH, so ker dH, C ker dF,, and thus
the hypotheses of the lemma are verified for F'. It then follows that Xp(z)
either vanishes or points out of the isotropic leaf.

The remainder of the proof now proceeds as in [19]. We include it here
for the convenience of the reader. Since m(F') > ¢(U, N,w, ~), there exists
a nonconstant leafwise chord z(t) with return time 0 < 7' < 1 which is a
solution of the Hamiltonian system z(t) = Xp(x(t)). Since F = f(H), we
have

Xp(x) = f'(H(2)(Xn()) -

Also, note that, for a solution x(¢) of the Hamiltonian equation, H(x(t)) = A
is constant in ¢, since

& H(a(1) = dH(2(1)) - #(1) = J'(H)o(Xn, Xi) = 0.

Since xz(t) is non-constant we must have

F(H(x(t)) = f'(A) # 0.

From the definition of f, we see that A € (1 —¢,1 - §)U (145,14 ¢). Let
7:= f'()\). Reparametrizing, we define y: R — Sy by y(t) := x(%) This
curve has period 71 and satisfies the equation

(1) = ~3(t) = Xn(y(t),

and is therefore a solution of the original Hamiltonian equation on the energy
surface S). Since € is arbitrary, we have shown that there exists a sequence
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Aj — a of energy levels such that there is a leafwise chord on each S;. How-
ever, the same argument proves this for any A € I. Therefore, the theorem
is proved. O

Remark. This theorem only guarantees the existence of leafwise chords
near a given energy level and says nothing about the energy level itself.
However, if we add the assumption that the return times 7} of the solutions
x;j(t) on each Sy, are uniformly bounded, and that S and each S), are
compact, then a standard Arzela-Ascoli argument together with Lemma [4.3]
(which prevents the resulting limit from being contained in a leaf) allows us
to conclude:

Proposition 4.4. Let (M,w) be a symplectic manifold, N — M be a coiso-
tropic submanifold. Let H : M — R be a Hamiltonian function with Hamil-
tonian vector field Xy, and suppose there is an energy level S, which s
compact and such that N h S,. Furthermore, let \j — « and assume that
the return times Tj of the leafwise Hamiltonian chords x;(t) are bounded by
some 3 >0 and that the Sy, are compact. Then S = S, admits a leafwise
Hamiltonian chord which is a solution of the equation T(t) = Xg(x(t)).

Similarly, applying Lemma to obtain compactness for non-trivial
chords of bounded length, we may adapt many results proving the existence
of periodic orbits on energy surfaces to our context of chords on coisotropic
submanifolds. We finish by stating two such results here on the existence of
leafwise Hamiltonian chords on energy surfaces transverse to a coisotropic
submanifold N of (M,w). The proofs are modifications of the proofs of
Theorems 3 and 4 in [19, Chapter 4], using Lemmal[4.3|and the same strategy
as in the proof of Theorem We omit them here.

Before stating the next theorem, we recall two definitions from [19].
First, a parametrized family of hypersurfaces based on S is a diffeomorphism
Y :8 x 1 —UC M, where I is an open interval containing 0, U is bounded,
and 1(z,0) =x for all z € S.

Now suppose that each hypersurface S, in a parametrized family of hy-
persurfaces based on S bound a symplectic manifold U.. We say that S, is
of c-Lipschitz type if there are positive constants L and a such that

c(Uey, Nyw, ~) < ¢(Uex, Nyw, ~) + L(e — €)
for all €* < e < €* + L(e — €*).

When S is a hypersurface as above, and N is a coisotropic submanifold
such that S and N intersect transversally, we write C(S, N) to denote the
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set, of leafwise Hamiltonian chords on S for any Hamiltonian that has S as
a regular level set.

Theorem 4.5. Let N < M be a coisotropic submanifold of (M,w), and
suppose that ¢(M, N,w,~) < 0o. Let S < M be a compact hypersurface that

intersects N transversally and which bounds a compact symplectic subman-
ifold of M. If S is of co-Lipschitz type, then C(S, N) # ().

Theorem 4.6. Let N < M be a coisotropic submanifold of (M,w), and
suppose that ¢(M, N,w,~) < co. Suppose the compact hypersurface S — M
bounds a compact symplectic manifold. Let S¢, with € € I be a parametrized

family of hypersurfaces modelled on S, with S¢ transverse to N for each
e€l. Then

ple € IC(Se, N) # 0} = (D),

where 1 denotes the Lebesgue measure on R.
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