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ABSTRACT. It’s known from [I1] [0} [2] that in a contact manifold equipped with either a nondegenerate
or Morse-Bott contact form, a finite-energy pseudoholomorphic curve will be asymptotic at each of its
nonremovable punctures to a single periodic orbit of the Reeb vector field and that the convergence is
exponential. We provide examples here to show that this need not be the case if the contact form is
degenerate. More specifically, we show that on any contact manifold (M, &) with cooriented contact structure
one can choose a contact form A\ with ker A = £ and a compatible complex structure J on & so that for the
associated R-invariant almost complex structure J on R x M there exist families of embedded finite-energy
J-holomorphic cylinders and planes having embedded tori as limit sets.
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1. INTRODUCTION AND STATEMENT OF RESULTS

The study of punctured pseudoholomorphic curves in symplectizations of contact manifolds was introduced
by Hofer in [7]. Specifically, considering a contact manifold (M,£ = ker \), Hofer introduced a class of R-
invariant almost complex structures and a notion of energy for a pseudoholomorphic map @ = (a,u) : C —
R x M and showed that if the energy of a pseudoholomorphic plane is finite, then there are sequences s — oo
so that the sequence of loops

t € S' & R/Z s u(e2™ (s +it)
converge in C*°(S!, M) to a periodic orbit v of the Reeb vector field of the contact form \.

In [II, Theorem 1.2/1.3], Hofer, Wysocki, and Zehnder further show that if the periodic orbit v is

nondegenerate, then the maps u(s) : S' — M defined by u(s)(t) = u(e*T%) satisfy

ILm u(s) = in C>(S', M)

and in fact the convergence is exponential [I1, Theorem 1.4]. There, immediately following the statement of
Theorem 1.2, the authors mention that they expect this need not be the case in the event that the periodic
orbit v is degenerate, but that they didn’t know of an explicit example. To date no examples have appeared
in the literature, and whether or not it is possible for a finite-energy plane to have multiple periodic orbits
as asymptotic limits has remained an open questionEl We present some examples here. The examples we
construct can be localized to any arbitrarily small neighborhood of a standard model of a transverse knot
and since transverse knots exist in abundance in any contact manifold, we can prove the following.

Date: July 1, 2016.
I fact, a claimed proof that no such examples exist has appeared in a recent (now-withdrawn) arXiv preprint.
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Theorem 1.1. Let (M, &) be a contact manifold. Then there exists a contact form A on M and a compatible
complez structure J on & so that there exist finite-energy pseudoholomorphic planes and cylinders for the
data (A, J) whose limit sets have image diffeomorphic to the 2-torus.

We give a brief outline of what follows. In Section [2] we begin by recalling some basic notions from
contact geometry and pseudoholomorphic curves. Then, in Section 3] we explain a correspondence between
gradient flow lines on exact symplectic manifolds and pseudoholomorphic cylinders in contact manifolds
constructed as circle bundles over those symplectic manifolds. From this construction it is clear that one
can construct pseudoholomorphic cylinders having more than one limit orbit by constructing gradient flow
lines in a symplectic manifold having an alpha or omega limit set consisting of more than a single point. To
this end, we construct in Section 4] a function on the cylinder R x S* which will have the circle {0} x St as
the omega limit set of any nontrivial gradient flow line with respect to any Riemannian metric and which
can be chosen to be linear in the R-variable and independent of the S!-variable outside of any desired
neighborhood of {0} x S!. Finally, in Section [5|, we apply the results of Sections [3| and |4/ to construct
finite-energy pseudoholomorphic cylinders and planes having tori as limit sets. We comment that while the
construction of a pseudoholomorphic cylinder with tori as limit sets is a straightforward application of the
results in Sections [3] and [4] applying these results to construct a plane with multiple limit orbits is a bit
trickier and requires finding a situation where these results can be applied to construct a cylinder with a
removable singularity.

We close this section with a remark about notation. In most of what follows we find it convenient to
consider the circle as R/27Z, although at some points — specifically when considering domains of pseudo-
holomorphic cylinders or periodic orbits — we will find it more convenient to consider the circle to be R/Z.
To avoid ambiguity we will use the notations S! = R/27Z and S' = R/Z to distinguish between the two.

Acknowledgements. I would like to thank Luis Diogo and Urs Frauenfelder for helpful discussions. I also
gratefully acknowledge financial support from DFG grant BR 5251/1-1 and the Fakultét fiir Mathematik at
the Ruhr-Universitat Bochum.

2. PSEUDOHOLOMORPHIC CURVES IN CONTACT MANIFOLDS

Here we recall some basic notions, primarily for the purpose of fixing notation. Let M be an oriented
(2n + 1)-dimensional manifold. A 1-form A is said to be a contact form on M if

(1) A A dA" is a nowhere vanishing.
A contact form on M determines a splitting
(2) TM =RX\&¢
where & = ker A is a hyperplane distribution, called the contact structure, and X, is the Reeb vector field,
defined by
iXAd)\ZO and Z'X’\)\Zl.
We recall that if \ is a contact form on M and f : M — R is a smooth function, then ef\ is also a contact
form since d(ef)\) = e/ (df A X\ 4 d\) and hence
(e X) Ad(ef )™ = e DI XA dA.

We note for later reference that a straightforward computation shows that the Reeb vector field for the
contact form ef ) is related to the Reeb vector field for A by

(3) Xery = e (X = Xy)
where X is the unique section of £ satisfying
(4) ix,dN = —df +df (X))

That there is a unique section X of £ satisfying follows from nondegeneracy of dA on £ and the fact that
both sides of vanish on X.

Given a symplectic vector bundle (E,w) over a given manifold W, a complex structure J € End(E) is
said to be compatible with w if the section of E* ® E* defined by g; := w(-, J-) is symmetric and positive
definite on E. It is well known that the space of such J is nonempty and contractible (see e.g. the discussion
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following Proposition 5 in Section 1.3 of [13]). Given a contact manifold, (M, & = ker \), we then define the
set J(M, &) to be the set of complex structures on & compatible with dA|¢xe. We observe that if a complex
structure J € End(€) is compatible with d), then it is also compatible with d(ef)) since

d(efN) —efd\ = efdf AN
which vanishes on £ x £ = ker A x ker A. Therefore, the set J(M, &) depends only on a choice of conformal
symplectic structure on &, and not on the choice of a specific contact form inducing that structure.

Given a manifold M with contact form A and a compatible J, we can extend J to an R-invariant almost
complex structure J on R x M by requiring

(5) JO, = X and J

with a the coordinate along R and 7p; : R x M — M the coordinate projection. We consider quintuples
(%,7,T,a,u) where (X, 7) is a closed Riemann surface, I' C ¥ is a finite set, called the set of punctures, and
a:X\T = Rand u:3X\T — M are smooth maps. We say such a quintuple is pseudoholomorphic map for
the data (A, J) on M if & = (a,u) : ¥\ T — R x M satisfies the equation

(6) dioj=Jod

or, equivalently, if v and a satisfy

7

(™) u*Aoj=da
where m) : TM ~ RX) @ £ — £ is the projection of TM onto & along X,. The Hofer energy E(u) of a
pseudoholomorphic map (X, 4,T, a,u) is defined by

(8) Bw) = sup | LN = sup / et

pEE pe=

*
i€ :7TMJ

myoduoj=Jomyodu

where = C C*°(R,[0,1]) is the set of smooth functions ¢ : R — [0,1] with ¢'(¢) > 0 for all s € R,
limg—, — oo 0(8) = 0, and lims_, o0 (s) = 1.

To each puncture in a pseudoholomorphic map we will a assign a quantity called the mass of the puncture.
First, we will call a holomorphic embedding v : [0, +00) x St € C/iZ — ¥ \ T’ a holomorphic cylindrical
coordinate system around zp € I if limg_, o ¥(s,t) = 29. Given a holomorphic cylindrical coordinates
around z9 € I', we consider the family of loops v(s) = (uo¥)(s,-) : St — M and define the mass m(zg) of
the puncture zg by
(9) m(zp) = lim v(s)* A

s—oo [q1
The limit in this definition is well-defined as a result the compatibility of J with dA. Indeed, for s; > sg we
apply Stokes’ theorem to compute

(10) /S w(s1)"A /S v(s0)" A = /{SO,SW (w0 )*dA

:/ d\(ug,ug)ds A dt

[So,sl]Xsl

= / dA(WA(us),m\(ut)) ds N\ dt ’iXAdAZO
[SQ,Sl]Xsl

= / AN (us), Jma(us)) ds A dt (7)
[So,sl]XSI

and the integrand in the final line above nonnegative by compatibility of J with dA. Thus the integral in
the definition @ of mass is an increasing function of s, which lets us conclude the integral is well-defined
(although possibly infinite). It can, moreover, be shown that the mass is independent of the choice of
holomorphic cylindrical coordinates near zj.

If is a straightforward exercise using and definition of Hofer energy to show that if a pseudoholomor-
phic map has finite Hofer energy, then all punctures have finite mass. Furthermore, punctures with mass 0
can be shown to be removable, that is, one can find a pseudoholomorphic extension of the map @ over any
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puncture with mass 0 (see [9, pgs. 272-3]). The behavior near punctures with nonzero mass is described by
the following now well-known theorem of Hofer from [7]E|

Theorem 2.1. Let M be a compact manifold equipped with a contact form \ and compatible complex structure
J € J(M,E) on & = ker\. Let (X,5,T,a,u) be a solution to @ and assume that zy € T' has mass
m(z9) =T # 0. Then for every holomorphic cylindrical coordinate system 1 : [0,00) x St — L\ T around
20, and every sequence sy — oo there emists a subsequence s, and a smooth map vy : St =R/Z — M with
¥ =T Xy o7 so that the sequence of loops w o Y(sy,, ") : St — M converge in C*°(S', M) to .

We will refer to the collection of periodic orbits obtained as limits of a given finite-energy pseudoholo-
morphic map as the limit set of that map. As mentioned in the introduction, it can be shown under some
suitable nondegeneracy assumptions that a puncture has a unique periodic orbit (up to reparametrization)
in its limit set and that the convergence to that orbit is exponential [IT], 10} 2 [14]. To date no example of
a finite-energy pseudoholomorphic map with a puncture admitting multiple periodic orbits as asymptotic
limits has appeared in the literature.

3. PREQUANTIZATION SPACES, GRADIENT FLOWS, AND PSEUDOHOLOMORPHIC CYLINDERS

In this section we explain a correspondence between gradient flows on symplectic manifolds and certain
pseudoholomorphic cylinders in an associated prequantization space, that is, a contact manifold constructed
as a principal S'-bundle over the given symplectic manifold with the contact structure being given as the
horizontal distribution determined by an appropriate connection on the bundle. For simplicity we focus on
the case of trivial S*-bundles over exact symplectic manifolds, since that is all we require for the proof of our
main theorem, but we point out that the construction of pseudoholomorphic cylinders in a prequantization
space from gradient flow lines in the base can be generalized to any prequantization space.

Let (W,w = dB) be an exact symplectic manifold and consider S'(~ R/27Z) x W equipped with the
1-form

(11) A =df + 7B

where 7 : S' x W — W is the canonical projection onto the second factor. The 1-form A defined in this way
is a contact form on S x W since

AN (AN = (dO + 7*B) A mrw™
=di AT*W" > 0.
We will refer to a pair (St x W, df +7*3) consisting of a trivial S!-bundle and a contact form arising in this
way as a prequantization space over the symplectic manifold (W, w = df3).
We observe that the Reeb vector field of the contact form is given by 0y and hence the splitting
induced on T'M by the contact form is given by
T(S'xW)~TS' @ ¢.

Thus ¢ is an S'-invariant horizontal distribution of the bundle S* x W — W which gives us a one-to-one
correspondence between the space I'(TW) of vector fields on W and the space I'g1 (€) of S-invariant sections
of the contact structure £. This correspondence is given explicitly by the maps

(12) XeT,Wr X :=—B(X)0+X €&op CTop(S" x W)
and 3 )
Y € f(g,p) — dﬂ'(Y) S TPVV,
where the plus sign in is to be interpreted relative to the natural splitting
Tio.p)(S* x W) = TyS* & T,W

2 Hofer only considered planes in [7] and proves the slightly weaker statement that there exists a sequence s, — oo so that
corresponding loops w o ¥ (sg, ) converge to a periodic orbit, but the generalization of the proof to the result we state here is
straightforward. In the survey [I2] Theorem 3.2], the appropriate result is proven for a general pseudoholomorphic half-cylinder,
albeit under a different notion of energy. The fact that this different notion of energy implies finite Hofer energy as defined by
is addressed in Theorem 5.1 of the same paper.
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arising from the canonical projection onto the factors of the Cartesian product. The correspondence between
vector fields on W and S'-invariant sections of £ generalizes to arbitrary tensor fields on W. In particular
an endomorphism A € End(TW) = TW* @ TW of the form

lifts to an S’-invariant endomorphism A € End(¢) ~ £* ® £
A = Z 7T*O{i ® Xi.
i

Equivalently, we can define A to be the unique section of End(¢) satisfying
AX = AX
for every vector field X on TW.

We define J(W,w) to be the set of almost complex structures on W compatible with the symplectic
form w, that is, those j € End(TW) which square to negative the identity and for which g; := w(:,j-) is a
Riemannian metric on W. According to the remarks of the previous paragraph, j lifts to an S Linvariant
endomorphism j of ¢ characterized by

jX =jX
for every vector field X on W. From this equation together with the linearity of the map X — X and the
fact that
d\=d(r*B) =7*(df) = m*w
it follows that the S'-invariant lift ; € End(¢) of a compatible almost complex structure j € J(W,w) on W
is an element of J(S* x W, €), i.e. a complex structure on & compatible with d.

Given a choice of compatible j € J(W,w) we can associate two vector fields on W to any smooth real-
valued function f on W: the Hamiltonian vector field Xy and the gradient V f defined respectively by

ix,w = —df and g;(Vf,-) =df.
These vector fields are related by the equations
Xf :]Vf and Vf:—ij
since we can use the definition of g; and the antisymmetry of w to compute
ijviw =w(iVf,:) =-w(,jVf) = —g;(-,Vf) = —df.

From the observations of the previous paragraph, the respective S*-invariant lifts of 7, W, and )?} of j, Vf
and X satisfy

(13) )?} = jﬂ and W = —5)?}

Continuing to let f : W — R denote a smooth function on W, we can pull f back to an S'-invariant
smooth function 7* f on S' x W and consider the contact form A; defined by

Af = " IN=e"T(dO 4 7 B).
Since
ij(fd)\ = Z'Xfﬂ*w

=" (ix,w)

= —m*df

= —d(7" f) + d(7" f)(0p) A
it follows from — that
(14) Xy, =e " (8 — Xy).

From this and we note at any point p € W where f has a critical point, Xy, (0,p) = e~ f )9y, and thus
the fiber in S* x W over p is a periodic orbit of the Reeb vector field with period 2me/®).
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We are now ready to state the main theorem of the section, which establishes a correspondence between
gradient flows on a symplectic manifold (W, w = df) and pseudoholomorphic cylinders in the corresponding
prequantization space (S x W, d# + 7*3). The idea of relating gradient flow lines of a Morse function to
pseudoholomorphic cylinders in a contact manifold originates in [2] (see also [4, [1]). In the present context
this relationship can be seen as a generalization to the contact setting of an idea of Floer from [5] (see also
[16, &]).

Theorem 3.1. Let (S* x W, \ = df + ©*3) be a prequantization space over an exact symplectic manifold
(W,w), let j € J(W,w = df) be a compatible almost complex structure on W, and let J =5 € J(S* x W, €)
be the corresponding S'-invariant compatible complex structure on & = ker \. Given a smooth function
f: W =R, consider smooth maps v:R — W, 0 :R — S', and a : R — R satisfying the system of o.d.e.’s

(15) Y(s) =27V f(7(s))
16) 0(s) = =27 B(V f(1(s)))
17) a(s) = 2mef ()

with V f denoting the gradient with respect to the metric g; = w(-,j-). Then the map @ = (a,u) : R x S*(=
R/Z) — R x SY(~ R/277Z) x W defined by

u(s, t) = (a(s, t), u(s, ) = (a(s),0(s) + 2t,~(s))
is a pseudoholomorphic cylinder for the data (e“*f)\, J) with Hofer energ

(18) E(u) =27 lim /06 € [0, +00].

L de el

Proof. We compute using
its(s, 1) = a(s) Oa + 0(s) Dp + (s)
= 21ef ) 9, — 21 B(V f(7(5))) Bp + 27V f(7(s))
— o (ef<v<s>> B + Y f (u(s, t)))

and similarly using
ﬂt(s,t) = 27'('89
— o (ae - 55}) (u(s,1)) + 27X (u(s, 1))

— o (efw@))XeM(u(s,t)) + )’(}(u(s,t))) .

It then follows from the definition of the R-invariant extension of J to an almost complex structure on
R x S' x W and from , that u satisfies the pseudoholomorphic map equation @
It remains to compute the Hofer energy. To do that, we first compute

w' A = AMug) ds + Muy) dt

= MV f)ds + \(270) dt
= 2mdt.

3 We remark that finiteness of the energy here does not immediately imply that the cylinders approach periodic orbits
because W, being equipped with an exact symplectic form, is necessarily noncompact. Consider, for example, the symplectic
manifold (R2,dz A dy = d(zdy)) and the function f(z,y) = arctanz. The pseudoholomorphic cylinders in the appropriate
prequantization space covering gradient flow lines in the base have finite energy as a result of since the function f is
bounded, but the cylinders do not approach periodic orbits since the function f has no critical points.
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We then consider a smooth, increasing function ¢ : R — [0, 1] with lims_, 00 o(s) = 1 and lims_, o (s) = 0,
and compute

/ a*d(pe™ I\ = / d(p(a)ef MV 2mdt)
[S(J,S1]><Sl

[80781] xSt

(19) = / 7/ omp(a)el ) dt
{s1}x8S!? {s0} xSt

=or (<p(a(31))ef(v(sn) - (p(a(SO))ef(’Y(so))) .

From and we know that the function e/°7 is increasing and a is strictly increasing with increasing
derivative. Thus limg_,+ a(s) = +00 and we can conclude that

lim o(a(s:)e’ 06D = ( Tim ¢(a(sl))> ( lim ef(v(51))) — p(+o0) Tim fOE) = Jiy efe),

§1—00 (slﬁoo s1—00 s1—00 s1—00

Again using that ef°7 is increasing we can know that limg, oo ef(7(50)) exists and is either positive or
zero. If the case that this limit is positive, we know from that limg, o a(sg) = —oo and hence that
limg,—, oo ©(a(so)) = 0. In either case, we conclude that

lim  @(a(sg))el 10D =0
Sp—>—00

because it’s a product of increasing, positive functions, at least one of which limits to 0 as sg — —oo. Hence,
taking limits in ((19) above leads to

/ a*d(pel \) = 27 lim /06D
RxSt

S5— 00

for any ¢ € =, which establishes F(u) = 27 limg_ oo ef(1(8)) as claimed. O

4. A GRADIENT FLOW WITH A 1-DIMENSIONAL LIMIT SET

In this section we construct a function so that the omega limit set of all of its nontrivial gradient flow
lines is diffeomorphic to a circle. This function will be used in the next section in conjunction with Theorem
above to construct finite-energy cylinders and planes localized near a transverse knot which have tori as
limit sets.

The main theorem of this section is the following.

Theorem 4.1. For any § > 0, there exists a smooth function Fs : R x S1(~ R/27Z) — R so that
o Fs(s,t)=s for s <4,
o s < Fs(s,t) <0 for s € (—4,0),
o F5(s,t) =0 for s >0,
dF5(s,t) # 0 for s <0,
and so that for any choice of Riemannian metric on R x S, the solution to the initial value problem
V(1) = VFEs(y(1))  7(0) = (s0,t0) with so <0

ezists for all T > 0 and has the circle {0} x S1 as its omega limit set.

Remark 4.2. The fact that there exist gradient flows with omega limit sets consisting of more than a single
point has been known for some time and a qualitative description of a function like the one we construct
below is given in [3| pg. 261]. In [I5, Example 3, pgs. 13-14] a function in R? is given for which it can be
shown that there is at least one gradient flow line whose omega limit set is a circle.

An interesting feature of the functions Fjs provided by our theorem is that every nontrivial flow line,
independent of the metric, has the circle {0} x S* as its omega limit set. Since the behavior of the functions
Fjs is especially simple outside of a neighborhood of this limit set, this allows for a good deal of flexibility in
constructing functions on a given Riemannian manifold whose gradients will have flow lines having a circle
as an omega limit set. For example, it is a straightforward corollary of this theorem that one can construct
smooth functions on any Riemannian 2-manifold (M?, g) having any desired embedded circle as the limit
set of some gradient flow line. Indeed, we can either identify a neighborhood of a given embedded circle
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with (—¢,¢) x R/27Z or, in the nonorientable case, we can identify a double cover of a neighborhood of the
circle with (—¢,e) x R/27Z with the nontrivial deck-transformation of the cover being given by the map
(s,t) = (—s,t 4+ ). We then consider the function G(s,t) := F_5(s,t) + F_/2(—s,t + 7) which is invariant
under the action of the deck transformation in the nonoriented case, agrees with — |s| for [s| € (¢/2,¢),
and which will have {0} x S! as the omega limit set of any gradient flow line starting in the neighborhood.
The function can then be extended to a smooth function on the entire surface using an appropriate cutoff
function.

We will construct the function in the following paragraph and prove that it has the required properties in
a series of lemmas. Throughout this section we will make no notational distinction between smooth functions
with domain R x S! ~ R x R/27Z and functions on R? which are 27-periodic in the second variable.

We consider the function G : R x R/27Z = {(s,t)} — R defined byﬁ

Gls1) = {Z” “(sin(1/s +t) — 5/4) . 8
and we note that G is smooth and thatf|
(20) 5 < —%el/s < G(s,t) < —iel/s for all s < 0.
For a given value § > 0 we let n: R — [0, 1] be a smooth cut-off function satisfying
) = {(1) zi —§/2
and n'(t) > 0 everywhere and define the function F': R x R/27Z — R by
(21) F(s,t) = (1= n(s))s + n(s)G(s,).
We observe that this definition with implies that
(22) s < F(s,t) < 7%61/5 forall s <0

so the first three properties required of Fis in the theorem are clearly satisfied. The fourth property, concerning
the critical set, is then addressed by the following lemma.

Lemma 4.3. The set of critical points of the above defined function I is s > 0.
Proof. We first compute for s < 0
Gy(s,t) = —1/s%e* (sin(1/s +t) + cos(1/s +t) — 2)

(23) = —1/s%!/¢ (\@sin(l/s%—t—&—%)— %)
and
(24) Gi(s,t) = e'/* cos(1/s + 1)

and note then that
dG(s*0s + 0;) = s*°Gs + Gy
=—-G
which is everywhere positive for s < 0. We then compute
dF(s,t) =n'(s)(G(s,t) — s)ds + (1 — n(s)) ds + n(s)dG(s,t)
and thus
dF (s* 05 + 0;) = %1 (s)(G (s, 1) — ) + (1 = n(s))s” + n(s)(~G),

4 As will become clear from our proof, the 5/4 in our example can be replaced with any constant strictly bigger than 1 and
strictly less than V2.

5 The left-most part of this inequality can be seen from the following argument. To show that —%61/5 — s is positive for all
s < 0, it suffices to show that g(t) = %tet + 1 is positive for all ¢ < 0. A straightforward argument using single-variable calculus
then shows that g(—1) = —%eil 4+ 1 > 0 is the absolute minimum of the function g on R.
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which we claim is always positive for s < 0. Indeed the first term is always nonnegative since, as observed
above in (20), G(s,t) > —%el/s > s for all s < 0. Meanwhile the second two terms are the convex sum
of positive quantities and thus always positive. We’ve thus found a vector field v = 529, + d; for which
dF (v) > 0 for s < 0 which shows that F' has no critical points for s < 0, and hence the critical set of F' is
5 > 0 where F' vanishes identically. |

As an immediate corollary we are able to show that the R-component of any nontrivial gradient flow line
of F' converges to 0 in forward time.

Lemma 4.4. For an arbitrary Riemannian metric g on R x S' and a point (s0,t0) € R™ x S, the solution
y(1) = (s(1),t(7)) € R x S* to

(25) Y (1) =VIF(y(r))  ~4(0) = (s0,t0)
exists for all 7 > 0 and lim,_,, s(7) = 0.

Proof. Since dF(s,t) = 0 for s > 0 and F(s,t) = s agrees with s for s < —d, we know that any solution
to (25]) stays bounded in a set of the form [a,0] x S! in forward time which implies that the solution exists
for all 7 > 0. Given that the solution v(7) exists and is bounded in forward time, we know from general
properties of gradient flows that lim,_,., F(7(7)) exists and is equal to a critical value of F. Since we have
just seen in Lemmal[d.3] that 0 is the unique critical value of F, we conclude lim,_, F(y(7)) = 0. This with
implies that lim,_, s(7) = 0. O

The key step to proving the claim about the omega limit sets of flow lines of F' is the following lemma.

Lemma 4.5. Let v(1) = (s(7),t(7)) be a solution to [25), and let t : RT — R be a choice of lift of
t:RT — S'. Then the function z : Rt — R defined by

is bounded.

Proof. Let

be the matrix of the dual metric to g with respect to the coordinate basis {ds,dt} for T*(R x S!), and note
positive definiteness tells us that A(s,t) and C(s,t) are positive for all (s,t) € R x S!. Furthermore, since
~(7) remains in a compact region for all 7 > 0, we can conclude that the functions A(7) := A(s(7),t(7)),
B(7) := B(s(7),t(1)), and C(7) := C(s(7),t(r)) are bounded and that A(7) and C(7r) are bounded away
from zero (or, equivalently that A=!(7) and C~!(7) are bounded).

From Lemma and the definition of F' it follows that F(y(7)) = G(y(7)) for sufficiently large 7.
For such values of 7 we use (23)-(24) with the boundedness of A(7), B(r), C(7), and A~!(7) to compute

s' = A(s,t)Gs(s,t) + B(s,t)Gy(s,t)
— 526l A(s, 1) (\@sin(l/s bt I -2 4 0(52))

and

E/ — t/
= B(s,t)Gs(s,t) + C(s,t)Gy(s,1)
= s A(s,1)0(s?)



with O(s?) denoting, as usual, a function h for which s~2h(s,t) remains bounded on a neighborhood of
5 = 0. We then have that

/ /

2= —s2s
= s~4el/5 A(s, 1) (\/isinu/s Ft+I) -S4 0(32))

= s 4el/5 A(s, 1) (\/ﬁsin(z +I)-54 0(82))

+

and so, for sufficiently large values of 7 (and thus sufficiently small values of s(7)), we’ll have that
-1
(26) V2sin(z(r) + ) — 4< (S(T)%Bl/s(T)A(T)) Z(1) < V2sin(z(7) + T) — 2.
We claim this lets us conclude that z(7) is bounded. Indeed, since v/2 < %, the solution set to the inequality
V2sin(z + ) -2<0
is a countable union of intervals which is invariant under translation by 27Z. By , z(T) can’t cross these
intervals in the positive direction once 7 is sufficiently large for to hold. Similarly, since v/2 < %, 2(7)
can’t cross the intervals where
V2sin(z+ %) - & >0
in the negative direction once 7 is sufficiently large. We conclude that z(7) is bounded for 7 € [0,00). O

We now complete the proof of the main theorem of the section

Proof of Theorem[{.1 By construction and Lemma[£.3] F satisfies all required properties, and it remains to
show that the omega limit set of a solution to is the circle {0} x S*. Let v(7) = (s(7),t(7)) be a solution
to and let £ : Rt — R be a lift of ¢ : Rt — S'. We have shown in Lemma above that the function
z = 1/s+1 is bounded on [0,00). Since we know from Lemma {.4| that lim, ., s(7) = 0 and since s(7) < 0
for all 7 > 0, we can conclude that lim,_, ﬁ = —o0. This in turn lets us conclude t~(7) approaches +oo

as 7 — oo or else z would not be bounded. By continuity, the equation #(7) = ¢ has a solution 7, for all
¢ > t(0). We then conclude that for any 79 € R and any to € S*, there exists a 7, > 79 so that t(r,) = to.
This with the fact that s(7) — 0 as 7 — oo shows that {0} x S! is the omega limit set of ~. O

5. FINITE-ENERGY CYLINDERS AND PLANES WITH TORI AS LIMIT SETS

Here we prove our main theorem, Theorem that is, we construct examples of finite-energy cylinders
and finite-energy planes having tori as limit sets. The constructions take place in an arbitrarily small
tubular neighborhood of a standard model of a transverse knot, so we begin by recalling some basic facts
about transverse knots and explaining why this construction suffices to prove the main theorem.

Let (M?"*! ¢ = ker \) be a contact manifold. An embedding « : S — M is said to be a transverse knot
if v is everywhere transverse to £ or equivalently, if A(¥) is never zero. Transverse knots exist in abundance
in any contact manifold. Indeed, by the well-known Darboux theorem for contact structures, there exists a
contactomorphism — that is a diffeomorphism preserving the contact structure — between a neighborhood
of any point in a contact manifold (M?"+1 ¢) and a neighborhood of 0 in R*"*1 = {(z,x;,9;)} equipped
with the contact structure &y = ker A\g where )\ is the contact form

X =dz+ ay
with

n
(27) QO = sz dy; — y; dx;

i=1
(see e.g. [0, Theorem 2.24]). Since, for a given k € Z N [1,n| and any constants r > 0, ¢;, d; € R, circles of
the form

w24y =7 and z; = ¢, yi = d;, for i # k
are easily seen to be transverse to the contact structure, we can conclude that transverse knots exist in every
contact manifold and, indeed, that transverse knots exist in any neighborhood of a given point in a contact
manifold.
10



We next recall that one can use a Moser argument to prove a neighborhood theorem for transverse knots
which tells us that there exists a contactomorphism between some neighborhood of any given transverse knot
and a neighborhood of S x {0} in S x R*" = {(0, z;,v;)} equipped with the contact structure & = ker \g
where

(28) o = df + o,

with a, as defined in above (see e.g. [6 Theorem 2.32/Example 2.33]). We will refer to S x {0} C
(S! x R?*™ &) as the standard model of a transverse knot in S x R?™.

Given the facts recalled in the previous two paragraphs, it suffices for the proof of our main theorem to
construct the desired finite-energy planes and cylinders in any given neighborhood of the standard model of
a transverse knot in S' x R?". Since dov, = 21, dz; Ady; is a symplectic form on R?", ST x R?" equipped
with the contact form has the structure of a prequantization space. We can thus apply Theorems
and [41] to construct a finite-energy cylinder having tori of periodic orbits as its limit sets.

Theorem 5.1. Let v, > r_ > 0. Then there ewists a smooth function F : S' x R*™ and an almost
complex structure J € J(S' x R*™ &) so that passing through every point (6o, p,z) € S* x R~ x R?
with |z| € (r_,ry) is a finite-energy cylinder for the data (ef'\, J) with limit sets equal to the union of tori
Stx {p} x {|lz| =r_}U{|z| =ry} € S* x R2("~1) x R2,

Proof. With Fs a function with the properties stated in Theorem [4.1] we consider a function G : R x S — R
defined by

(;(p7 d)) _ F1/4(p7¢> p> _3/4

“Fia(-p-1,6)—1 p<-—1/4
which defines a smooth function since Fy /4(p, ) = p = —Fy4(—p — 1,¢) — 1 for p € [-3/4,—1/4]. For any
initial condition (po, ¢o) € [—3/4, —1/4] x St the forward gradient flow of G for any metric agrees with that
of Fi/4 and thus limits to {0} x S'. Similarly, for any initial condition (po,¢o) € [—3/4,—1/4] x S* the
backward gradient flow of G' for any metric agrees with that of —F} /4(—p — 1, ¢) — 1 which is conjugated to
the forward gradient flow of F} 4 by reflection and translation and thus limits in backward time to {—1} x S*.

We consider the diffeomorphism p : R x R/27Z — R?\ {0} defined by

p(p, @) = (ro(ry/r-)P cos¢,ry(ry/r-)" sing)

which maps the circles {1} x S and {0} x S! to the circles |z| = r_ and |z| = r, respectively. We then
define a function F : R*® — R by

G(p_l(a?n,yn)) (Tn,yn) #0
-1 (Tn,yn) =0

which defines a smooth function since G(p, ¢) = —Fy 4(—p—1,¢) —1 for p < —1 and hence G(p~*(z)) = —1
for |z| < r_. We observe that for any metric on R?" ~ R2(»=1 x R? for which the last TR? is everywhere
orthogonal to TR2 =) we will have that VF = (0, VG) € R2"~1) x R? and thus the gradient flow of F for
initial points (p, z) € R2"~Y x R? with |z| € (r_,r,) will have the circles |z| € {r_,r, } as limit sets.
Choosing then an almost complex structure J € J(R?*",da,,) on R2»~1 x R? which preserves the two
factors (for example the standard Jy defined by Jy0,, = 9,,), we know from Theorem that gradient flow
lines of F' on R?" with respect to the metric df(-, J-) lift to finite-energy cylinders in R x S x R?" for the
data (e™ ¥\, .J). Since the nonconstant gradient flow lines for the function F will have the circles |z| = 7
as limit sets, the corresponding finite-energy cylinders in S* x R?" will have the tori St x {p} x {|z| = rs}
as limit sets. O

F($17y17"'7$n7yn) :{

Using Theorem to construct finite-energy a plane with a torus as a limit set is somewhat more subtle
since the Theorem only tells us how to construct a cylinder from a gradient flow line. To construct a plane
we will use the theorem to construct a cylinder with a removable singularity.

Theorem 5.2. Let rq > 0. Then there exists a smooth function F : S x R?™ and an almost complex
structure J € J(S' x R?™ &y) so that passing through every point (8p,0,z) € S* x R2"=1) x R? with |z| < ro
11



is a finite-energy plane for the data (eﬁ)\o, J) with limit set equal to the embedded torus S* x {0} x {|z| =m0} €
ST % RQ('IL—l) % R2.

The strategy of the proof is to consider a set which is contactomorphic to the complement of the z,, =
yn = 0 locus of a standard model of a transverse knot and show that this can be given the structure of
a prequantization space with respect to the angular variable on {(z,,y,)} \ {0}. We then use Theorems
[3-1] and [43] to construct a pseudoholomorphic cylinder which has a removable puncture mapped to the the
T, = yn = 0 locus.

We begin with a computational lemma.

Lemma 5.3. Consider W := S' x R2*=D x R = {(0, z;, i, p)} equipped with the 1-form
(29) B=e"2(df+ an_1)
with a,—1 as defined in . Then:
e df is a symplectic form on W.
o Consider the corresponding prequantization space (S x W, X\ := d¢ + 7*3) over W. With \¢ as
defined in , the map
D (ST x W, 6 =ker\) = (ST x R2™™D x (R2\ {0}), & = ker o)
defined by
(30) (9,0, i, yi, p) = (0,7, i, " cos ¢, e’ sin ¢)
18 a contactomorphism and, in particular,
(31) P*\g = e\
e For any choice of jo € J(R*"=Y da,,_1) the endomorphism j; € End(TW) defined by
j1(0,p,0)0, = —¢*°09,  j1(0,p,p)0p = =8, and

(32) . . . _2 2(n—1)
710, p, p)v = Jo(p)v — an—1(jo(p)v) B + an_1(v)e” " 9, for v e TR :
is an almost complex structure on W compatible with dg, i.e. j1 € J(W,dB), and the corresponding
metric g;, = dB o (I X j1) on W is given by
(33) gjy =2dp @ dp + 2 (df + ay—1) @ (dO + 1) + € *Pda,—1 0 (I X jo).

o Let j1 € J(S' x W, €) be the S*-invariant complex structure on & determined by j1 as defined above,

i.e. j is the complex structure characterized by ij = 10 with
(34) b= —B(v)0y +v=—e"2(dI(v) + an_1(v)) 0y +v
the lift of v to an S'-invariant section of & from . Then ®,j, = d® o j; o dd ! € J(S' x
R2(=1) » R2\ {0}, &) has smooth extension to a compatible J € J(S* x R?™ &).
Assuming for the moment the results of the lemma, we proceed with the proof of Theorem
Proof of Theorem[5.3 Given ro > 0 we define a smooth function G : W — R by
G(0,p, p) = 2(F1(p —logro,0) + logro)

with F; a function satisfying the properties given in Theorem with 6 = 1. We note that as a result of
the definition and of Theorem G(8,p,p) = 2p for p <logrg— 1 and G(0,p, p) = 2logry for p > logry.
Moreover, since «,,_1 = 0 along the p = (x1,y1,...,Zn—1,Yn—1) = 0 locus, we have that

1
(35) VG(0,0,p) = 3 (G0, + Goe*?dy) = 0,F1(p — logrg,0)0, + g F1(p — logro, 0)e*” g
where VG is the gradient with respect to the metric on W. Therefore, for any initial point wy =
(60,0, p0) € S* x R?2»~1) x R with py < logrg, the solution y(s) to the equation
(36) Y(s) = 2nVG(v(s))
stays within the embedded cylinder S* x {0} x R ¢ S* x R?(®~1) x R and agrees with a gradient flow for

the function (p,6) € R x S* + 2(F1(p — logrg,f) + logrg) for an appropriate metric on the cylinder. Thus
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the flow exists in forward time and has the circle ST x {0} x {logro} € S* x R2(»=1) x R as its omega limit
set. Meanwhile, using the fact that Fy(p —logro,8) = p — logrg for p < logry — 1, we have from that

VG(0,0,p) =0, for p <logrg —1

and thus that the solution v to is given by 7(s) = (01,0, 27s + s1) for sufficiently small s with 6; € S*
and s; € R appropriate constants. Thus the flow exists indefinitely in backward time as well. Applying
Theoremwe know that the map (s, t) = (a(s), #(s) + 2mt,y(s)) € R x S x W where a : R — R and
¢ : R — ST satisfy a(s) = 2reS6) and ¢(s) = 2n8(VG(7(s))) is a finite-energy cylinder for the data
(e™wG N, j1) with energy 27 lim, o, eG((*)) = 27210870 = 2712 and the torus S* x S x {0} x {logro} as
its limit set. Moreover, since G(0,p, p) = 2p and VG(0,p, p) = 0, for p < logry — 1, there exist constants
a1 €R, 0; € S, 51 € R, and t; € St so that

(37) (s, t) = (me*™ 4+ ay,ty + 21t,61,0,27w5 + 51) € R x ST x ST x R2™™D x R=R x S* x W.
for sufficiently negative s.

We next show that the map o := (a,®ou) : R x St — R x §* x R?", with ® : (S! x W,¢) — (St x
R?" ¢y) the contactomorphism defined in , has a removable singularity at —oo and thus extends to a
pseudoholomorphic plane. We first note that gives us

[q)—l]* (e(w‘ﬁvG))\) _ e(m‘jVG—2p)ofb’1)\0

and, since G(0,p, p) = 2p for p < logrg — 1, we’ll have that F = (3G — 2p) o @71 extends to a smooth
function on S* x R?" and thus [®1]* (e(”‘*/VG))\) = ¢f'\¢ defines a contact form on S' x R2". Since, by
Lemma the pushed-forward complex structure ®,j; = d® o j; o d®~! has a smooth extension to a
J € J(S! x R?" &), it suffices to show that the map ¥ = (a, ® o u) has a smooth extension. To see this, we
use the definition with to compute that
7= (a,®ou) = (me*™ + a1, 00,0, > cos(ty + 2mt), €275 sin(ty 4 27t)) € R x St x R~ x R?
for sufficiently negative s. Precomposing with the biholomorphic map 1 : C\ {0} — R x S* = C/iZ defined
by
¥(z) = (log |z| /27, arg z/2m)
we find that
5((2)) = (]2]?,00,0,eH12) € R x S* x R*"™D x R? (= C)
which clearly extends smoothly over z = 0. We note moreover that the limit set S* x S x {0} x {logro} C
St x ST x R2(=1) x R gets mapped by ® to the embedded torus S* x {0} x {|z| = ro} € ST x R2(*»~1) x R2,
while the set of points (¢,0,0,p) € S* x S' x R2*~D x R with p < logro gets mapped by ® to the set
(6,0,2) € ST x R2»=1) x R? with |z| € (0,79). Thus, since we were able, by appropriate choice of initial
point of the flow of VG, to construct a pseudoholomorphic cylinder for the data (e”Wc)\,jl) through any
point (4,6,0, p) € S x ST x R2(»~1) x R, we can construct a pseudoholomorphic plane for the data (eﬁ)\o7 J)
through any point (8,0, z) € S* x R2"~1) x R? with |z| < o as desired. This completes the proof. O

Remark 5.4. If we choose an initial point in the proof of theorem to be a point (6g, po, po) € S* xR2(~D xR
with pg # 0, one can still construct a finite-energy plane from the resulting flow line with a limit set consisting
of more than a single orbit, although the limit set may be more complicated than a torus. Indeed, for a
given choice of jo € J(R*™Y da,_1), we let Gj, = day—1(+, jo) denote the associated metric and observe
that
1 1 1 _
an-1(p)(v) = idan—l(pa v) = —§d04n—1(v7p) = 593‘0 (v, jop)-
Using this, one can compute the gradient of the function G with respect to the metric to be given by

VG(0,p,p) =27 (Gp 9, + €2 Gy (ez" +[p| jg) Bp — €20 Gy jop)
= 0,F1(p —logro,0) 0, + 0gF1(p — logro, 6)e?” (62p + |p|j0> Do — D Fy1(p — logro, 0)e* jop.

with |, the norm with respect to the metric g;,. We note the the R2("=1_component of VG(6,p, p) is
always orthogonal to p. If the almost complex structure jo is constant, we can thus conclude that |p| jo 18
13



constant along the flow. Thus, p- and #-components of the gradient flow for G agree with a gradient flow
for a shift of the function F on R x S! for an appropriate metric (specifically the metric g = dp @ dp +

e (e + c?) 1 d0 ® do with ¢ equal to the constant value of |p|; along the flow line). From this one can

argue that under the projection S* x R2»=1) x R? — S x {0} x R? the limit set of any plane obtained as
a lift of a gradient flow of the function G in our theorem will project to a torus.

Finally, to complete the proof of Theorem [5.2] we give the proof of Lemma [5.3] above.

Proof of Lemma[5.3 We first show that d is a symplectic form. Computing, we have that
(38) dB = e 2P (=2dp Adf — 2dp A ap—1 + dev, 1)
and hence
dp"™ = e 2" (=2dp Ndf — 2dp A 1) A (devy, )"
= 22" dp AdO A (do, )"
which is nowhere vanishing on W = S x R2(»=1) x R. Hence df is a symplectic form on W as claimed.
Next, we show that the map ® : (W, & = ker \) — (S x R2(*=1) x (R2\ {0}), & = ker \g) defined in is

a contactomorphism satisfying . From the definition of the map, it’s clear that ® is a diffeomorphism
and that

d*df = db ®*dx; = dz; d*dy; = dy;
for i € ZN[1,n — 1], while a straightforward computation shows that
(39) O (x, dyp, — Yp dxy,) = €2 do O* (z, dzyy, + yn dyy) = €2 dp.
Computing then gives
D*Ng =db + a1 + P (2, dyn — Yn dxy,)
=df + a1 + € d¢p
= 2P\
which shows that ® is a contactomorphism and establishes (31)) as claimed.
We next address the third point. The fact that j$0, = —0, and jf0y = —0p is immediate from the
definition ([32). Meanwhile for v € T(R2"~1), we use twice with j2v = —v to compute
Jiv = j1 (Jov — an—1(jov) 9p + an_1(v)e 7 9,)
= j1(jov) = en-1(jov)j10 + an-1(v)e”* 19,
= jov — an-1(j5v) 9 + an-1(jov)e " 9,
— an_1(jov) (€72 8,) + an_1(v)e 2P (—e* )
=—v

which shows that j; is an almost complex structure on W. To check compatibility of j; with df we compute

from that
dpoj,=e 2 (df + ap—1)
dfoji = —e*dp— an_1 0 jo o dmgain-1).
dz; o j1 = dx; 0 jo o dgan—1)
dy; o j1 = dy; © jo o dTga(n—1)
which with gives us
dBo (I xj1)=2dp@dp+2e*(df + ap_1) @ (dO + 1) + e 2Pdo, 1 o (I x jo).

as claimed. By the assumption that jy is compatible with da,,—1, this is clearly symmetric and positive
definite, and thus j; € J(W,dS3) as claimed.
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Finally, we show that ®,j; has a smooth extension to a compatible complex structure J € J (ST xR?™ &).
The contact structure £y = ker A\ is spanned by the smooth sections

—Ozn(ax,i)ae + axi — Ozn(ayi)ag + 0, .

so it suffices to check that ®,j; times each of these sections has a smooth continuation. We first observe
that from the definition of ® we immediately have

(40) $,.0p = Op 0,0, = 0y, ®,0y, = 0y,
for i between 1 and n — 1, while give us
(41) 0.0, = 2y, Oz, + Yn Oy, 0,04 = xp, 0y, — Yn Os,.

Thus, for v € T(R*™~V) = span {d,,,d,,}'—,, a straightforward computation using that df(v) = 0 along
with and shows that
—n (V)0 +v = Pu(—an_1(v)Jdy + V).
Computing further with this, the definition of ji, and j10 = ij then shows that
(@51)(=n(0)dp + v) = (®ui)Du(—atn1(0)p + ¥)

= @, (—n_1(0)j109 + j10)

= ®.(—e on_1(0)0, + jov — an_1(jov)Fp + an_1(v)e”>D,)

- (I)*(_anfl(jov)éi@ + J’(;;))

= —an—1(jov)dp + jov
which clearly extends smoothly over the x,, = y,, = 0 locus since there is no z,,- or y,-dependence. Meanwhile,
a straightforward computation using (30)) and shows that

Dy, =@, (7" (cos D, —singdy))  and Dy, = O, (€77 (sing 9, + cos pdy))
and using this with , , and shows that
00 (8,,)00 + Oy = Y Op + O, = (e’ sinp g + € P cos ¢,
and B B
—ay(0y,, )09 + Oy, = —x,, 09 + 0y, = Pu(—€’ cospOp +e Psingd,).
Computing further using the definition of j; with j10 = j/;; shows that
q)*jl(_an(azn)aO + azn) = _an(ayn)ae +0 n — —In 89 + 0 n
and
@*jl(*an(ayn,)aﬂ +0y,) = an(0z, )09 — Oz, = —Yn Og — Ox,,

which also extend smoothly over z,, = y,, = 0. This completes the proof. ]
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