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Preface

Research on periodic orbits of Reeb flows on three-dimensional contact mani-
folds is a fertile field involving symplectic geometry, dynamical systems, con-
tact geometry, gauge theory, and low-dimensional topology. Among these,
Embedded Contact Homology (ECH) is a central tool. In this thesis, we
mainly use Embedded contact homology to investigate properties of peri-
odic orbits of Reeb flows on three-dimensional contact manifolds. Let us
briefly explain the historical background of ECH.

In the 1990s, the Seiberg-Witten equations were introduced to four-
dimensional topology [Wit]. The equations are defined on four-dimensional
spin-c manifolds, and the Seiberg-Witten invariants are defined by counting
solutions to the equations. Seiberg-Witten invariants have since become a
remarkable tool in the study of low-dimensional topology.

On the other hand, on symplectic manifolds, invariants based on count-
ing pseudoholomorphic curves have been considered, and various studies
have been conducted. Taubes showed that in four-dimensional symplectic
manifolds, certain invariants defined by counting pseudoholomorphic curves
called Gromov invariants and Seiberg-Witten invariants are equivalent [T'1].

Now, consider the three-dimensional analog of these invariants. In 2000s,
Kronheimer and Mrowka defined a three-dimensional version of the Seiberg-
Witten invariants, called Monopole Floer Homology (HM), which is a kind
of Floer homology [KM]. Embedded contact Homology (ECH) is an ana-
logue of Floer homology for Gromov invariants on three-dimensional contact
manifolds, introduced by M. Hutchings (c.f. [H3]). Similar to the four-
dimensional case, Taubes showed that ECH and HM are isomorphic [T3].
Currently, ECH plays a significant role in the study of three-dimensional
Reeb flows.



Here, we will explain the structure of this thesis. This thesis consists of
three chapters. The following is the abstract of each chapter.

Chapterl: In this chapter, the basic concepts related to three-dimensional
contact manifolds and ECH are summarized. The proofs are basically omit-
ted. The content summarized here will be used throughout this entire thesis.

Chapter2: In this chapter, as a refinement of the Weinstein conjecture,
the existence of a positive hyperbolic periodic orbit is discussed. At first,
§2.1 provides a summary of the history of the Weinstein conjecture as back-
ground. Next, we explain the main result of this chapter. The main result
gives the relationship between the existence of elliptic periodic orbits and
a positive hyperbolic periodic orbit. In addition, its applications to lens
spaces are discussed. The content of this chapter is based on [Shil, Shi2].

Chapter3: Prior to the introduction of ECH, many significant researches
were conducted. One of which was carried out by Hofer, Wysocki, and Zehn-
der. They constructed a Birkhoff section of disk type using pseudoholomor-
phic curves on a dynamically convex contact 3-sphere. In this chapter we
discuss the existence of Birkhoff sections of disk type and their applications.
Specifically, we show the existence of Birkhoff sections in certaine lens spaces
and discuss the relation between Birkhoff sections and the ECH spectrum.
In addition, we give their applications. The content of this chapter is based
on [AsaShi, Shi3, Shi4]. Here, [AsaShi] is a joint work with Masayuki Asaoka.
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Chapter 1

3-dimensional Reeb flows and
Embedded contact homology

1.1 Contact manifolds and Reeb flows

Here, we list basic definitions involving contact manifolds.

Definition 1.1.1. A contact manifold (Y,\) is a pair of oriented 2n+1
dimensional manifold Y and a 1-form X on'Y such that A A (d\)™ > 0. We
write £ = KerA CTY and & is called the contact structure.

In this thesis, we assume that Y is closed.

Definition 1.1.2. Let (Y, \) be a contact manifold. Then there is an unique
vector field Xy satisfying \(X») =1 and ix,d\ = 0. X is called the Reeb
vector field (or Reeb flow).

Definition 1.1.3. Let (Y, \) be a contact manifold. A periodic orbit is a
map v : R/T\Z —'Y for some Ty > 0 such that 4 = Xy o0~. T, is called the
period of v and satisfies T, = fy A

In this thesis, we assume two periodic orbits to be equivalent if they are
the same as currents.

Let ¢! denote the flow of X).

Definition 1.1.4. Let (Y, \) be a contact manifold. Let v :R/T\Z —Y be
a periodic orbit of X ).



1. 7y is simple if the map v : R/T,Z — Y is embedding.

2. v is non-degenerate if the derivative of the first return map along the
contact structure dd)TW]gW(O) 1 &5(0) = §4(0) has no eigenvalue 1.

3. v is called elliptic if the all eigenvalues of d¢T7|§7(o) 1 &y0) = &4(0) are on
the unit circle {|z| = 1|z € C}.

4. v is called positive hyperbolic if the all eigenvalues of d¢TV|§W(O) 1 &y0) —
§(0) are on Rxg.

5. 7y is called negative hyperbolic if the all eigenvalues of d¢TW\5W(O) 2 &y0) =
&y(0) are on Reg.

Note that the map d¢™™ ‘ﬁw(o) : &4(0) = &4(0) as above is symplectic with
respect to the symplectic form dA on &, ().

Definition 1.1.5. A contact manifold (Y, \) is non-degenerate if all periodic
orbits of X, are non-degenerate.

If (Y, A) is of 3-dimension, a periodic orbit ~ is either positive hyperbolic,
negative hyperbolic or elliptic. In addition, if v is non-degenerate, these
conditions do not overlap each other.

1.2 Conley-Zehnder index and winding number

From now on, we assume (Y, \) to be 3-dimensional.

Here, we recall Conley-Zehnder index and its properties introduced in
[HWZ2]. We focus on the Conley-Zehnder index with respect to 2-dimensional
symplectic paths. The contents are based on [HWZ2, HWZ4].

Consider a smooth arc [0,1] 3 t — S(¢) of 2-dimensional symmetric
matrices. Then we can define a self-adjoint operator Lg in L?(S!,C) whose
domain is W12(St, C) by

Ls = —id, — S(t). (1.1)
Since Wh2(S1,C) — L?(S!,C) is compact, its spectrum o(Lg) consists of

eigenvalues of Lg and is on R. In addition, o(Lg) is a countable set and has
no accumulation point other than 4oo.
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For n € o(Lg), take an eigenfunction e, : S* — C. Let w(S,n) € Z
denote the winding number of e,. Note that w(S,n) is independent of e,,.
If 1 < mg, then w(S,n1) < w(S,n2). Moreover for any k € Z, there are
precisely two eigenvalues (multiplicities counted) with winding number k. In
particular, this means that w(S,-) : 0(Lg) — Z is monotone and surjective.

Consider a a smooth path ¢ : R — Sp(1) in 2-dimensional symplectic
matrices with ¢(0) = id and p(t + 1) = @(t)p(1) for any ¢t € R. Define a
smooth arc [0,1] 3 t — S, (t) of symmetric matrices by S, (t) = —ip(t)e(t).

Definition 1.2.1. For ¢ as above, let n= := max{o(Lg,) N (—00,0)} and
nZ = min{o(Ls,)N[0,+00)}. The Conley-Zehnder index of ¢ is defined as

pez() = w(Sp,n™) +w(Sp,77). (1.2)

We note that it is obvious that ucz is lower semi-continuous.

For k € Z~q, define p : R — R as t — kt.

Proposition 1.2.2. Consider a smooth path ¢ : R — Sp(1) in symplectic
matrices with p(0) = id and p(t + 1) = p(t)p(1) for any t € R.

(1). If pcz(p) = 2n for n € Z, then pcz(p o px) = 2kn for every k € Zsy.

(2). If pez(p) > 3, then pcz(p o pr) > 2k + 1 for every k € Zso.

Proof of Proposition 1.2.2. Here, we give a proof of (1). For the proof
of (2), see [HWZ4, Theorem 3.6] Let €, : S1 — C be an eigenfunction of
Lg, with eigenvalue € o(Lg,). Then it is obvious that Lg,,, e,(kt) =
ney(kt). Therefore o(Ls,) C o(Ls,.,, ) and w(Spop,,n) = kw(Sp,n) for
every n € o(Lg,). In addition, we note that w(Ss, 7<) = w(S,,n=) or
w(Sg,n~) + 1 = w(Sy,n=) because the map w(S,,:) : o(Ls,) — Z is
monotone and surjective.

Supppose that pcz(p) = 2n for n € Z. Since pcz(p) = w(Sy,n<) +
w(S,,nZ) is even, we have w(Sy, n<) = w(S,,n=) = n. Fix k € Zsg. Then
we have = := max{o(Ls,,,, ) N (—o0,0)} = max{o(Ls,) N (—00,0)} and
n> = min{o(Ls,,, ) N [0,+00)} = min{o(Lg,) N [0,+00)}. This follows
easily from w(Syop,, N ) = w(Spop,,n=) = kn and the monotonicity of
W(Sgop, ). Therefore we have pcz(p o pi) = 2kn.

O]
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Consider a periodic orbit v : R/T,Z — Y of (Y,\) and a symplectic
trivialization 7 : 7*¢ — R/T,Z x C. Then we have a symplectic path
R >t ¢y r(t) :=7(7(Tyt))odp!|cor71((0)) which satisfies ¢y, (t+1) =
bry,7(t) Py, (1) for any t € R.

Now, we define the Conley-Zender index of v with respect to a trivial-
ization 7 as

HT(’V) = MCZ(QS’Y,T)' (1'3)

Note that u, is independent of the choice of a trivialization in the same
homotopy class of 7.

Let P(+y) denote the set of homotopy classes of symplectic trivializations
v*¢ — R/T,Z x R?. Note that a symplectic trivialization 7 € P(v) induces
naturally a symplectic trivialization on (7?)*¢ and we use the same notation
7 € P(+P) for the induced trivialization on (7?)*¢ if there is no confusion.

For each 7 € P(v), take sections Z,, W, : R/T,Z — ~v*¢ so that the
map v*€ 3 aZ, + bW, — a+ ib € C gives a symplectic trivialization of the
homotopy class 7. For 7,7 € P(v), we define wind(7r,7’) € Z as follows.
Let a;,br : R/T,Z — R be continuous functions such that Z,(t) =
ar 1 (£) 2 (t) + bp (t)Wr(t) for t € R/T)Z. Let 6 : [0,T,] — R be a
continuous function so that a, . (t)+ib, .+ (t) € Rye® for t € [0,T,]. Then

we define
6(T,) — 6(0)
2

It is obvious that wind(7,7’) is independent of the choices Z_¢), W_¢). The
following property is well-known and important.

wind (7, 7’) := € Z. (1.4)

Proposition 1.2.3. Let v be a periodic orbit in (Y, X). For T € P(vy). Then
for any 7,7 € P(v), pr(v) + 2wind(7,7') = pr (7).

If 4™ is non-degenerate for every n € Zsg, the Conley-Zehnder index

behaves good as follows.

Proposition 1.2.4. Let v be a orbit such that ™ is non-degenerate for
every n € Z~qg. Fix a trivialization T of the contact plane over . Consider
the Conley-Zehnder indices of the multiple covers with respect to . Write

pr(Y") := pez(dyr 0 pn).
(1). If v is hyperbolic, - (v") = nu. () for every n € Zsy.

(2). If v is elliptic, there is 8 € R\Q such that p-(y") = 2|né] + 1 for every
nec Z>0.

11



We call 8 the monodromy angle of v with respect to 7.

For more properties of the Conley-Zehnder index, see [HWZ2, HWZ4].

1.3 Embedded contact homology

Here, we recall the basic construction and properties of ECH.

1.3.1 The definitions and properties of Embedded contact
homology

Let (Y, ) be a non-degenerate contact three manifold. For I' € Hy(Y;Z),
Embedded contact homology ECH(Y, A\,T") is defined. Here, we define the
chain complex (ECC(Y,\,I'),0). For the purpose, at first we introduce the
notions of ECH generator and ECH index.

In this thesis, we consider ECH over Z/2Z = F.

Definition 1.3.1 ([H1, Definition 1.1]). An orbit set o = {(a;,m;)} is a
finite pair of distinct simple periodic orbit o; with positive integer m;. If
m; = 1 whenever «; is hyperboric orbit, then a = {(a;, m;)} is called an
ECH generator.

Set [a] = Y mi[a;] € H1(Y). For two orbit sets a = {(a;, m;)} and
B ={(B;,n;)} with [a] = [B], we define H>(Y, o, B) to be the set of relative
homology classes of 2-chains Z in Y with 0Z =, mjo; =) | ;m;B; . Thisis
an affine space over Hs(Y). From now on. we fix a trivialization of contact
plane £ over each simple orbit and write it by 7.

Definition 1.3.2 ([H1, Definition2.2]). Let Z € Ha(Y;,3). A represen-
tative of Z is an immersed oriented compact surface S in [0,1] X Y such
that:

1. 9S8 consists of positively oriented (resp. negatively oriented) covers of {1} x
a; (resp. {0} x ) whose total multiplicity is m; (resp. nj).

2. [n(S)] = Z, where 7 : [0,1] X Y — Y denotes the projection.

3. S is embedded in (0,1) x Y, and S is transverse to {0,1} x Y.

12



Definition 1.3.3 ([H1, §8.2]). Let aq, B1, as and B2 be orbit sets with
[a1] = [$1] and [ae] = [B2]. For a trivialization T, we can define

Qr : Hy(Y; a1, 1) x Ha(Y; a2, B2) — Z (1.5)

by Qr(Z1, Z2) = —1:(S1,S2) +#(S1NS2) where S1, Sy are representatives of
Z1, Zo for Zy € Ho(Y;01,P1), Zo € Ho(Y; 0, B2) respectively, #(S1 N S2)
s their algebraic intersection number and L is a kind of crossing number
(see [H1, §8.3] for details).

Definition 1.3.4 ([H1, Definition 1.5]). For Z € Ha(Y, «, B), we define

I(Oé,ﬁ,Z) ::Cl(ﬂZ’ +QT +ZZ/~LT ZZMT Bk 16

1 k=1 7 k=1

We call I(«, 8, Z) an ECH index. Here, p, is the Conely Zhender index with
respect to T and ¢1(€|z, ) is a reative Chern number and Q-(Z) = Q-(Z,Z).
Moreover this is independent of T (see [H1] for more details).

Proposition 1.3.5 ([H1, Proposition 1.6]). The ECH index I has the fol-
lowing properties.

1. For orbit sets a,B,y with [a] = [f] = [y] = T € Hi(Y) and Z €
H2(Yyaaﬁ); Z' e H2(Ya/857)y

I, B, 2)+ I(B,7,Z") = I(a,y, Z + Z"). (1.7)

2. For Z,7' € Hy(Y,, ),
I(a,,2) — I(a,3,2") =< c1(§) +2PD(T"), Z — Z' > . (1.8)

3. If a and 8 are ECH generators,
o, B,7) = e(a) — e(8) mod 2. (1.9)
Here, e(), €(8) are the numbers of positive hyperbolic orbits in o, B respec-

tively.

For T' € H1(Y), we define ECC(Y, \,T") as freely generated module over
Z/2 by ECH generators « such that [a] = T'. That is

ECC(Y,\,T) := &b Zsy(ar). (1.10)

o:ECH generator with [a]=T"

To define the differential 0 : ECC(Y, \,T') — ECC(Y, \,T"), we pick a generic
almost complex structure J on R x Y which satisfies

13



1. R-invariant
2. J(L) =X,

3. JE=¢

We consider J-holomorphic curves u : (3,7) — (R x Y,J) where the
domain (X, 7) is a punctured compact Riemann surface. Here the domain ¥
is not necessarily connected. Let v be a (not necessarily simple) Reeb orbit.
If a puncture of u is asymptotic to R x vy as s — oo, we call it a positive end
of u at v and if a puncture of u is asymptotic to R x v as s — —o00, we call
it a negative end of u at v ( see [H1] for more details ).

Let @ = {(a;,m;)} and B = {(B;,n;)} be orbit sets. Let M7(a, )
denote the set of J-holomorphic curves with positive ends at covers of «;
with total covering multiplicity m;, negative ends at covers of 3; with total
covering multiplicity n;, and no other punctures. Moreover, in M7 (o, B),
we consider two J-holomorphic curves to be equivalent if they represent the
same current in R x Y.

For u € M7 (a, B), we naturally have [u] € Ho(Y;, 3) and set I(u) =
I(«, B, [u]). Moreover we define

Mil(a, B) = {u e M7 (a, ) | I(u) = k } (1.11)

Under this notations, we define 9y : ECC(Y,\,T') — ECC(Y,\,T") as
follows.

For an ECH generator o with [a] =T, we define

Q0 = > #(M{ (@, B)/R) - B. (1.12)

B: ECH generator with [8]=I

Note that the above counting is well-defined and 95 o ;. We can see
the reason of the former in Proposition 1.3.10 and the later was proved in
[HT1] and [HT2]. Moreover, the homology defined by d; does not depend
on J (see Theorem 1.3.11, or see [T3]).

Before we get to the next subsection, recall (Fredholm) index.

For u € M7(a, 3), the its (Fredholm) index is defined by

ind(u) := —x(u) +2¢1 (€l ) + Y () = Y pr () (1.13)
k !
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Here {fy,j} is the set consisting of (not necessarilly simple) all positive ends
of u and {7, } is that one of all negative ends. Note that for generic J, if u is
connected and somewhere injective, then the moduli space of J-holomorphic
curves near v is a manifold of dimension ind(u) (see [HT1, Definition 1.3)).

1.3.2 J-holomorphic curves with small ECH index and par-
tition conditions of multiplicities

For 6 € R\Q, we define Sy to be the set of positive integers ¢ such that @ <

[qq/—,m for all ¢ € {1, 2,..., ¢ — 1} and write Sp = {90 = 1, @1, ¢2, g3,...} in
increasing order. Also S_yp = {po =1, p1, p2, p3,...}-

Proposition 1.3.6 ([HT3, Proof of Lemma 3.3], and [H1, Proof of Remark
4.4]). For 6 € R\Q,

1. qiv1 — q;i (resp. pi+1 — pi) are nondecreasing with respect to i and some
elements of S_g (resp. Sp).

2. SgnNS_yg={1},

3. Gi+1 — ¢ — 00 (Tesp. pir1 — pi — 00) as i — oo.

Definition 1.3.7 ([HT1, Definition 7.1], or [H1, §4]). For non negative
integer M, we inductively define the incoming partition Pgn(M) as follows.

For M =0, Pi*(0) =0 and for M > 0,
PM(M) := P"(M — a) U (a) (1.14)

where a := max(Sy N {1, 2,..., M}). Define outgoing partition
PYU (M) := P (M). (1.15)

Definition 1.3.8 ([HT1, Definition 7.11], or cf.[H1, §4]). For a simple Reeb
orbit v and positive integer M, define two partitions of M, the incoming
partition PI*(M) and the outgoing partition PS™ (M) as follows.

1. If ~ is positive hyperbolic, then
in _ t._
P (M) = P = (1,..., 1) (1.16)

2. If v is negative hyperbolic, then

(2,..., 2) if M is even,

1.17
(2,...,2,1) if M is odd, ( )

P*(M) = P9"(M) := {
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3. If v 1s elliptic, then

PM(M) = P(M), P"(M) := Pg"™(M). (1.18)
where 0 is the rotation number of v up to 7Z.

The standard ordering convention for P;‘Y“(M) or P9 (M) is to list the
entries in “nonincreasing” order.

Let a = {(a;,m;)} and B = {(B;,n;)}. For u € M”(a,p), it can be
uniquely written as u = wg U u; where ug are unions of all components
which maps to R-invariant cylinders in u and w; is the rest of w.

For u = ugUu; € M7 (a, B), let P denote the set consisting of the mul-
tiplicities of the positive ends of u; at covers of a;. Define P[;j analogously
for the negative end.

Definition 1.3.9 ([HT1, Definition 7.13]). v = ug Uu; € M’ (a,B) is
admissible if

1. uq 18 embedded and does not intersect ug.

2. For each simple Reeb orbit oy in o (resp. [; in B), under the standerd
ordering convention, P (resp. PB_J) is an initial segment of Py™(my) (resp.

Pif(n;)).

Proposition 1.3.10 ([HT1, Proposition 7.15]). Suppose that J is generic
and v = up Uuy € M7 (a, ). Then

1. I(u) >0
2. If I(u) =0, then u; =0
3. If I(u) =1, then u is admissible and ind(u;) = 1.

4o If I(w)

= 2 and o and B are ECH generators, then u is admissible and
ind(up) = 2.

1.3.3 The gradings and the U-map

By (1.28) and (1.27), we can see that if ¢; (§) +2PD(I") is divisible by d, ECH
generators have relative Z/d-grading. So we can decompose ECC(Y, A\, T")
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as direct sum by Z/d-grading.

ECC(Y,AT)= @5 ECC.(Y,AT). (1.19)
x: 7/d grading

Note that if ¢1(§) + 2PD(I) is torsion, there exists the relative Z-grading.
The same as (1.19), we can see that

ECH(Y,\T):= €D ECH.(Y,A\T). (1.20)
*: Z grading

Let Y be connected. Then there is degree—2 map U.

U : ECH,(Y,\,T) — ECH,_o(Y, \,T). (1.21)

To define this, choose a generic base point z € Y which is espetially not
on the image of any Reeb orbit and let J be generic. Then define a map

Uy, : ECCL(Y,\,T) — ECC,_o(Y, \,I). (1.22)
by

Usefo) = b #{u € Mj(a,5)/R)[(0,2) € u} - (B).
B: ECHgenerator with [8]=IT"
(1.23)

The above map Uy, is a chain map, and we define the U map as the
induced map on homology. Under the assumption, this map is independent
on z (for a generic J). See [HT3, §2.5] for more details. Moreover, in the
same reason as 0, Uy, does not depend on J (see Theorem 1.3.11, and see
[T3]).

In this paper, we choose a suitable generic J as necessary (Specifically, we
choose a generic J so that Uy, is well-defined for some countable sequences
z appearing in the future discussions).

The next isomorphism is important.

Theorem 1.3.11 ([T3]). For each I' € H1(Y'), there is an isomorphism

ECH, (Y, \,T) = HM,(-Y,s(¢) + PD(T)) = HM  (Y,s(€) + PD(I"))
(1.24)
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of relatively 7 /dZ-graded abelian groups. Here d is the divisibility of ¢1(§) +
2PD(T") in H1(Y') mod torsion and s(&) is the spin-c structure associated to
the oriented 2-plane field as in [KM].

Moerover, the above isomorphism interchanges the map U in (1.21) with
the map

Ui : HM.(~Y,5(¢) + PD(T)) —s HM,_5(-Y,s(€) + PD(T))  (1.25)
defined in [KM].

Here HM,(—Y,s(¢) + PD(I')) is a version of Seiberg-Witten Floer ho-
mology with Z/27Z coefficients defined by Kronheimer-Mrowka [KM].

1.3.4 J; index and topological complexity of .J-holomorphic
curve

Here, we recall the Jy index.

Definition 1.3.12 ([HT3, §3.3]). Let a = {(as, m;)} and B = {(Bj,n;)} be
orbit sets with [o] = [5]. For Z € Ha(Y, o, ), we define

mi—l ’I’L]‘—l

o, B, 2) = —c1(El2.7) + Qr(2) + 33 pelad) = 303 ().
v k=1 7 k=1
(1.26)

Proposition 1.3.13 ([HT3, §3.3] [CHR, §2.6]). The index Jo has the fol-
lowing properties.

1. For orbit sets a, B,y with [a] = [B] = 7] = T € Hi(Y) and Z €
HQ(Y: 0476)7 AS H2(Y7577)7

Jo(e, B, Z) + Jo(B,7, Z") = Jola, 7, Z + Z). (1.27)

2. For Z,7Z' € Hy(Y, , 3),
Jo(a, B, 2) — Jo(a, B, Z") =< —c1(§) +2PD("), Z — Z' > . (1.28)

Definition 1.3.14 ([H3, just befor Proposition 5.8]). Let u = ug Uu; €
M (a, B). Suppose that uy is somewhere injective. Let n; be the number
of positive ends of w1 which are asymptotic to «;, plus 1 if ug includes the
trivial cylinder R x ai; with some multiplicity. Likewise, let n; be the number
of negative ends of uy which are asymptotic to 3;, plus 1 if ug includes the
trivial cylinder R x 3; with some multiplicity.
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Write Jo(u) = Jo(av, B, [u]).

Proposition 1.3.15 ([HT3, Lemma 3.5] [H3, Proposition 5.8]). Let a =
{(cvi,m;)} and B = {(Bj,n;)} be ECH generators, and let v = up Uu; €
MY (a, B). Then

—x(u1) + Z(?’L;r -+ Z(n; — 1) < Jo(u) (1.29)

If u is counted by the ECH differential or the U-map, then the above equality
holds. Note that Jo(u) > —1 in any case.

1.3.5 ECH spectrum and the Weyl law

The action of an orbit set o = {(a, m;)} is defined by
Ala) = ZmiA(ai) = Zml/ A. (1.30)

For any L > 0, ECC*(Y,\,T) denotes the subspace of ECC(Y,\,T)
which is generated by ECH generators whose actions are less than L. In the
same way, (ECCE(Y,\,T'),8) becomes a chain complex and the homology
group ECHEZ(Y, \,T') is obtained. Here, we use the fact that if two ECH
generators a = {(a;,m;)} and B8 = {(B;,n;)} have A(a) < A(S), then the
coefficient of 5 in O« is 0 because of the positivity of J holomorphic curves
over d\ and the fact that A(a) — A(B) is equivalent to the integral value of
dX over J-holomorphic punctured curves which is asymptotic to a at +oo,
b at —oo.

It follows from the construction that there exists a canonical homomor-
phism iz, : ECHY (Y, A\, T) — ECH(Y, \,T"). In addition, for non-degenerate
contact forms A\, N with KerA = Ker\' = &, there is a canonical isomor-
phism ECH(Y,\,T') — ECH(Y, X,T") defined by the cobordism maps for
product cobordisms (see [H2]). Therefore we may consider a pair of a
group ECH(Y,¢,T") and maps j) : ECH(Y,\,T') — ECH(Y,¢,I') for any
non-degenerate contact form A with KerA = £ such that {j)}, is compatible
with the canonical map ECH(Y, A\,T') — ECH(Y, ', T).

Definition 1.3.16 ([H2, Definition 4.1, cf. Definition 3.4]). Let Y be a
closed oriented three manifold with a non-degenerate contact form \ with

KerA=¢ and T € H1(Y,Z). If 0 # 0 € ECH(Y,&,T), define
cECH(Y, \) = inf{L > 0| ¢ € Im(j 0 iy : ECH*(Y,\,T) — ECH(Y,&,T)) }
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If X\ is degenerate, define
g MY, N) = sup{eq (Y, f-N)} = inf{eo (Y. f20)}

where the supremum is over functions f— :' Y — (0,1] such that f\ is non-
degenerate and the infimum is over smooth functions fi 1Y — [1,00) such
that f_\ is non-degenerate. Note that cE“H(Y,\) < oo and this definition
makes sense. See [H2, Definition 4.1, Definition 3.4, §2.3] for more details.

In the case that ¢1(£) + 2PD(I") is torsion, the above spectrum recover
the volume of Vol(Y,\) = [, A A dA.

Theorem 1.3.17 ([CHR, Theorem 1.3]). Let Y be a closed connected three-
manifold with a contact form X\, let I' € H1(Y') with c¢1(§) +2PD(vy) torsion,
and let I be any refinement of the relative Z-grading on ECH(Y, \,T") to an
absolute Z-grading. Then for any sequence of nonzero homogeneous classes
{ok} 1>k in ECH(Y, A\, T) with limy_,o I(0) = +00, we have

o (V. A)?
hm Ck( a)‘)

Jim =S = Vol(Y, ). (1.31)

1.3.6 A sequence of ECH spectrum and lens spaces

Definition 1.3.18. [H2, Definition 4.3] If (Y, \) is a closed connected con-
tact three-manifold with c¢(§) # 0, and if k is a nonnegative integer, define

ECH (Y, \) == min{cEN(Y, \)| o € ECH(Y,£,0), Ufo = c(€)}  (1.32)
The sequence {cE°H (Y, \)} is called the ECH spectrum of (Y, \).

Definition 1.3.19. [H2, Subsection 2.2] Let Y be a closed oriented three
manifold with a non-degenerate contact form X\ with £. Then there is a
canonical element called the ECH contact invariant,

c(€) := (0) € ECH(Y; ), 0). (1.33)

where (D) is the equivalent class containing 0. Note that ;0 = 0 because
of the mazximal principle. In addition, c(§) depends only on the contact
structure €.

Proposition 1.3.20. Let (Y, \) be a closed connected contact three mani-
fold.
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(1).

0= UV, \) < R (Y ) < EH(Y, 0. < o0
. For any a > 0 and positive integer k,
2). F 0 and itive 4 k

ECH(Y a)) = acE N (Y, N).

(8). Let f1, fa: Y — (0,00) be smooth functions with fi(xz) < fo(z) for every
x €Y. Then
R, NN < UYL o)),

(4). Suppose CECH(Y, fA) < oo. The map
C®(Y,Rs0) > f = g MY, fA) € R

is continuous in C°-topology on C™(Y,Rxq).

Proof of Proposition 1.3.20. They follow from the properties of ECH.
See [H2]. O

Now, we focus on lens spaces. Recall the standard contact structures on
lens spaces. Let p > ¢ > 0 be mutually prime. The standard contact struc-
ture &sq is defined as follows. Consider a contact 3-sphere (0B(1), Aolap(1))
where aB(l) = {(2’1, 2’2) S C2H2’1‘2+‘Z2|2 = 1}, Ao = %Zi:w(zidz}—z’idzi).

27 2miq

The action (21,22) + (e » 21,e 7 22) preserves (0B(1), Xo|pp(1)) and the
tight contact structure. Hence we have the quotient space which is a con-
tact manifold and write (L(p, q), Ap.q),

Since Ha(L(p,q)) = 0, we write ECH index of «, 5 as I(«a, ) instead of
I(a, B, Z) where {Z} = Ha(L(p, q); o, ).

Let (L(p,q),\) be a non-degenerate contact lens space and consider
ECH of 0 € Hy(L(p,q)). Since [)] = 0, there is an absolute Z-grading

on ECH(L(p,q), A, 0) = @ycz ECHL(L(p, q), A, 0) defined by ECH index
relative to () where ECHg(L(p, q), A, 0) is as follows. Define

ECCk(L(p,q), A, 0) := &y F-a.
a:ECH generator, [a]=0, I (a,0)=k
Since 0y maps ECC,(L(p,q),A,0) to ECC,_1(L(p,q),A,0) and U; . does
ECC.(L(p,q), A, 0) to ECC,_2(L(p, q), A\, 0), we have ECHy(L(p, q), A, 0) and

U : ECH.(L(p,q),\,0) = ECH._2(L(p, q), A, 0).

Based on these understandings, the next follows.

21



Proposition 1.3.21. Let (L(p,q),\) be a non-degenerate and KerA = Exq.
(1). If k is even and non-negative,
ECHg(L(p,q), A, 0) 2.

If k is odd or negative, ECHy(L(p, q), A, 0) is zero. Moreover, for n > 1 the
U-map
U : ECHa,(L(p, q), A, 0) = ECHy(,,—1)(L(p, q), A, 0)

1§ 1somorphism.

(2). 0 # c(ésa) € ECHo(L(p,q), A, 0). Therefore, we can define the ECH
spectrum (Definition 1.53.18).

Proof of Proposition 1.3.21. (1) follows from the isomorphism between
ECH and monopole floer homology. See [KM, T3]. (2) follows from the
cobordism map between (L(p, ¢), A) and a quotient of an irrational ellipsoid.
This is an analogue of (52, &4q) in [H2, Proof of Proposition 4.5]. O
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Chapter 2

Existence of positive
hyperbolic orbits

2.1 Background

At first, we shall recall the historical background of the Weinstein conjecture.
It should be noted that the researches mentioned here are merely a part of
prior studies.

Originally, Weinstein showed in terms of a Hamiltonian dynamics that
a strictly convex energy hypersurcface in R?" carries a priodic orbit [Weil].
After that, Rabinowitz [R] generalized it to a star-shaped energy hyper sur-
face. As a generalization of Rabinowitz’s result, Weinstein conjectured that
any closed contact hypersurface with H! = 0 carries a periodic orbit [Wei2].
The original conjecture was proved by Viterbo [V] without the assumption
H' = 0. Currently, the conjecture has been formulated as a statement on
general closed contact manifolds and called the Weinstein conjecture.

Now, consider the Weinstein conjecture on the 3-dimensional contact
manifolds. On the 3-dimensional Weinstein conjecture, one breakthrough
result was achieved by Hofer [Ho|]. Hofer proved by using J-holomorphic
planes the Weinstein conjecture on a contact 3-manifold (Y, \) under the
assumptions that the contact structure is overtwisted or ma(Y') # 0. After
a series of stdies ( [AbCiHo], [CoHon], etc...), the 3-dimensional Weinstein
conecture was completely proved by Taubes [T2] by using Monopole Floer
homology.

As a refinement of the Weinstein conjecture, it is natural to ask the
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number of periodic orbits and the existence of periodic orbits with certain
properties. In relation to these questions, ECH has been used as a powerful
tool. For instance, the following holds.

Theorem 2.1.1. [HT3, CHP, CoDR] Let (Y, \) be a non-degenerate closed
contact 3-manifold. Then (Y, \) satisfies on of the following;

(1). There are infinitely many simple periodic orbits.

(2). Y is diffeomorphic to a lens space and there are exactly two simple el-
liptic orbits.

Remark 2.1.2. Let (Y, \) be non-degenerate and Ker A = £. At first, Hutch-
ings and Taubes [HT3] proved that if all periodic orbits of (Y, \) are elliptic,
then the number of simple periodic orbits are exactly two and Y is a lens
space. In [CHP], Cristofaro-Gardiner, Hutchings and Pomerleano proved
that if ¢1 (&) is torsion, then there are infinitely many simple periodic orbits.
After that, Colin, Dehornoy and Rechtman [CoDR] removed the assumption
that c1(€) is torsion.

The next theorem was proved by Cristofaro-Gardiner, Hryniewicz, Hutch-
ings and Liu.

Theorem 2.1.3. [CHrHL1] Let (Y, \) be a closed contact 3-manifold with
exactly two simple periodic orbits. Then, (Y, ) is non-degenerate and dy-
namically convex. It follows from Theorem 2.1.1 that Y is diffeomorphic to
a lens space.

Remark 2.1.4. See Definition 3.1.3 for the definition of dynamical convex-
ity.

Remark 2.1.5. While writing this thesis, Cristofaro-Gardiner, Hryniewicz,
Hutchings and Liu announced in [CHrHL2] the following; Let (Y, \) be a (not

necessarily non-degenerate) closed contact 3-manifold. If ¢;(§) is torsion,
then the number of simple periodic orbits are infinity or exactly two.

2.2 Main results

Beside the number of the periodic orbits, we consider the existence of peri-
odic orbits with certain properties.

In [CHP], Cristofaro-Gardiner, Hutchings and Pomerleano showed the
following;
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Theorem 2.2.1. [CHP] Let (Y, \) be non-degenerate closed contact 3-manifold
with b1(Y) > 0. Then, there is a simple positive hyperbolic orbit.

The above theorem follows immediately from the isomorphism with monopole
Floer homology. As a generalization, they asked the following;

Question 2.2.2. Let (Y,\) be non-degenerate closed contact 3-manifold
with b1(Y) = 0. If (Y, ) is not a lens space with exactly two simple pe-
riodic orbits, then Does there exist a simple positive hyperbolic orbit?

We recall that any periodic orbit can be classified into three types; nega-
tive hyperbolic, positive hyperbolic, or elliptic. Here we note that there are
many non-degenerate closed contact 3-manifolds such that all periodic orbits
are positive hyperbolic. For example, they can be achieved as Anosov con-
tact manifolds such that the stable and unstable directions are orientable.
It is known that such Anosov contact manifolds can be constructed in abun-
dance [FH].

Therefore, it is the most reasonable to conjecture the existence of a posi-
tive hyperbolic periodic orbit as a refinement of the 3-dimensional Weinstein
conjecture.

Our first result is as follows.

Theorem 2.2.3. Let (Y,\) be non-degenerate closed contact 3-manifold
with b1(Y) = 0. Suppose that (Y,\) is not a lens space with ezvactly two
simple periodic orbits. If there is an elliptic orbit, then there is a simple
positive hyperbolic orbit.

As will be mentioned in §3.2.2, the existence of an elliptic orbit on a given
contact manifold has been studied. And it is a long standing conjecture
whether a convex energy hypersurface in the standard symplectic Fuclidean
space carries an elliptic orbit, and it is partially solved. For example, it is
proved in [DDE, AbMal, HrS2| that if a convex energy hypersurface in the
standard symplectic Euclidean space (more generally dynamically convex) is
invariant under the invoution, it carries an elliptic orbit. As an application,
we have

Corollary 2.2.4. Assume that (L(p,q)\) is dynamically conver and non-
degenerate. If p is even and (L(p,q)\) has at least 3 periodic orbits, then
there is a simple positive hyperbolic orbit.
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We should remark that we can not say that a contact 3-manifold has a
simple positive hyperbolic orbit even if a contact 3-manifold obtained as its
finite cover does.

Another benefit of Theorem 2.2.3 is that to answer Question 2.2.2, it
suffices to consider a contact 3-manifold such that all periodic orbits are
hyperbolic. For instance, we will prove

Theorem 2.2.5. Let L(p,q) (p # £1) be a lens space with odd p. Then
L(p,q) can not admit a non-degenerate contact form X whose all simple
periodic orbits are negative hyperbolic.

Theorem 2.2.5 will be proved in §2.9.

Immediately, we have the next corollary.

Corollary 2.2.6. Let (L(p,q),\) (p # *£1) be a lens space with a non-
degenerate contact form X\. Suppose that p is odd and there are infinity
many simple Reeb orbits. Then, (L(p,q),\) has a simple positive hyperbolic
orbit.

In addition to Theorem 2.2.5, the next Theorem 2.2.7 and Corollary
2.2.8 hold.

Theorem 2.2.7. Let (S3,)\) be a non-degenerate contact three sphere with
a free Z/27 action. Suppose that (S, \) has infinity many simple periodic
orbits. Then (S3,\) has a simple positive hyperbolic orbit.

Corollary 2.2.8. Let (S3,)\) be a non-degenerate contact three sphere with
free action of a nontrivial finite group”. Suppose that (S3,\) has infinity
many simple periodic orbits. Then (S3,\) has a simple positive hyperbolic
orbit.

At last, we note that a result stated in §3.2.3 also involves the existence
of infinitely many simple positive hyperbolic orbits.

2.2.1 Idea and the structure of this chapter

We will prove Theorem 2.2.3 from §2.3 to §2.8 by excluding two cases re-
spectively. One is that (Y, ) may have at least two simple elliptic orbits
and the other is that (Y, \) may have only one simple elliptic orbit.

In §2.3, we will prove the former case by contradiction. Suppose that
there is no simple positive hyperbolic orbit. Then the boundary operator 9
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used to define ECH always vanishes because of the property of ECH index
(1.9). Under the assumption, from 9 = 0 we will introduce some notations
and use them to cause a contradiction with the Weyl law (Theorem 1.3.17).

In §2.4 and beyond, we will prove the main theorem by excluding the
case that (Y, \) may have only one simple elliptic orbit. This is the most
difficult part containing many new essential ideas in this paper. Suppose
that there is no positive hyperbolic orbit. Note that d = 0.

Throughout §2.4, the Weyl law with respect to ECH spectrum will also
become essentially crucial. In [CHP], the Weyl law was used in fining suffi-
ciently small energy Jy = 2 holomorphic curves. In this paper, we will use
the Weyl law in more technical ways that has been used ever before.

At first, in the first half of §2.4, we will show Proposition 2.4.2 which
asserts that at the limit almost every orbit set satisfies some assumptions.
All of the assumptions will be essential in future combinatorial arguments
to control and restrict the existence and behaviors of certain J-holomorphic
curves. For the purpose, we will introduce some notions about orbit sets
which count the number of hyperbolic orbits and the multiplicity of the
elliptic orbit and use the Weyl law in technical ways by combining them.

Next, in the later half of §2.4, we will show Proposition 2.4.4 under
Lemma 2.4.5(which will be proved in §2.5) by combining Proposition 2.4.2.
Proposition 2.4.4 asserts that there are sufficiently large consecutive Jy = 2
holomorphic curves counted by the U-map between two elements satisfying
some assumptions especially whose energies are sufficiently small. As the
former part in this section, we will use the Weyl law. Here we note that the

way to find consecutive small energy Jy = 2 holomorphic curves is inspired
by [CHP].

In §2.5 we will prove Lemma 2.4.5 pending in §2.4. Lemma 2.4.5 asserts
that there is no Jy < 1 holomorphic curve counted by the U-map between
two elements satisfying some assumptions. We will prove this by excluding
the possibilities one by one. In the proof and also in §2.6 and beyond, the
next ideas will be important.

(a) To consider the boundaries of the moduli spaces of holomorphic curves
counted by the U-map.

(b) Delayedness of Jp index compared to ECH index under the operation
adding the elliptic orbit to orbit sets one by one.

(¢) To solve simultaneous approximate equations coming from the split-
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ting of small energy J-holomorphic curves.

(d) To compare the solutions obtained in (c¢) and combinatrial properties
of S1p (Proposition 1.3.6) where @ is the rotation number of the elliptic
orbit.

We note that the U-map is defined by counting J-holomorphic curves
through a fixed generic point z € Y and Jy index restricts topological types
of them. In particular, a generic z € Y is not in any orbits and non-
vanishingness of U-map between two orbit sets implies an existence of cer-
tain J-holomorphic curve (more precisely, this existence is ensured by the
isomorphism between Seiberg-Witten Floer homology and ECH). Such J-
holomorphic curves have been useful in various situations. For example,
in [CHP], they constructed a global surface of section for the Reeb vector
field from certain J-holomorphic curves counted by the U-map and derived
a contradiction. In this paper, we will use such J-holomorphic curves in the
different way.

At first, we will consider sequences of holomorphic curves as z — some
periodic orbits and its limit in terms of SFT compactness. Then, by con-
sidering their topological types and properties of ECH index, we will have
certain splitting curves as the boundary elements. This is what (a) means.
And under the assumption, some topological types will cause contradictions
and be excluded.

Next, for excluding the rest topological types, we will introduce an op-
eration which adds the elliptic orbit to some orbits one by one and see
the behaviors of Jy index and ECH index. In this situation, the Jy index
will change later than the ECH index. This phenomena will give other well-
controlled J-holomorphic curves and we will apply (a) to these curves. Then
we will obtain simultaneous approximate equations coming from the split-
ting of small energy J-holomorphic curves and solve them. This will give
contradictions. This is what (c) and (d) mean.

In §2.6 and beyond, we will focus on the consecutive Jy = 2 holomorphic
curves and apply (a), (b), (¢) and (d) to them in more technical ways.

In §2.6 and §2.7, we will state and prove Proposition 2.6.1. Proposition
2.6.1 asserts that such Jy = 2 holomorphic curves obtained in Proposition
2.4.4 can be classified into six types. In particular, each type has some
approximate relations about actions of some orbits. In order to determine
approximate relations, we will list all possibilities of their splitting ways and
solve dozens of simultaneous approximate equations.
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In §2.8, we will derive a contradiction from Proposition 2.6.1 and Propo-
sition 2.4.4. In this section, the combinatrial properties of Siy will be es-
sential. Because of the smallness of the energies of holomorphic curves, we
will be able to find that the approximate actions of some orbits will be at
sufficiently close to %Si@ times the action of the elliptic orbit. This means
that the approximate relations about actions of some orbits coming from
the consecutive holomorphic curves are reduced to combinatrial relations of
Stg9. We will check each one carefully and show that the relations exactly
restrict the consecutiveness. As a result, the proof of Theorem 2.2.3 will be
completed.

In §§2.9, we will prove Theorem 2.2.5 and Theorem 2.2.7. The idea of
the proof is to observe the properties of ECH under taking a finite cover.

2.3 The case that the number of simple elliptic
orbits is at least two.

Suppose that b1(Y) = 0. In this situation, for any orbit sets « and § with
[a] = [B], H2(Y, v, B) consists of only one component since Hy(Y) = 0. So
we may omit the homology component from the notation of ECH index [
and Jy, that is, they are just written by I(a, 8) and Jy(«, B) respectively.
Moreover, for any orbit sets a with [a] =0 € H1(Y), we set I(«, [0]) := I(«)
and also Jy(a) := Jo(e, [0]). This I(«) defines an absolute Z grading in
ECH(Y, \,0). From now on, we suppose that ECH(Y, A, 0) is graded in this
way.

The aim of this section is to prove the next proposition.

Theorem 2.3.1. Let (Y, \) be a connected non-degenerate closed contact
three manifold with b1(Y) = 0. Assume that the number of simple elliptic
orbits is at least two and the number of all simple orbit is infinity. then
there exists at least one positive hyperbolic orbit.

We prove this by contradiction. At first, we show the following lemma.

Lemma 2.3.2. Let (Y, \) be a connected non-degenerate closed contact three
manifold with b1(Y') = 0. Then forT' € Hi(Y'), there is some finite generated
vector space Er such that

ECH(Y, \,T) = F[U; ", Uy) /UF(U] € Er. (2.1)
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Morover, the above isomorphism interchanges the map U in (1.21) with the
action of the product by U; on F[U;l, U] JUF[U;].

Proof of Lemma 2.3.2. There are three type homologies m*(Y, s), ﬁ]\\/l*(Y, 5)
and HM (Y, s) in Seiberg-Witten Floer homologies and there exist an exact
sequence.

% — [ ——x+1
o HM (Y,s) — HM'(Y,s) — HM (Y,s) —s HM = (Y,s) — ..
(2.2)
As [KM, Proposition 35.3.1],

P EM (v,5) = F[U; ", Uj] (2.3)

By construction [KM, Definition 14.5.2, Subsection 22.1 and Subsection

22.3], HM (Y,s) vanishes if its grading is sufficiently low. Moreover the
image of
PHM (V,5) — @ HM (Y,s) (2.4)

is finite rank [KM, Proposition 22.2.3]. This finishes the proof of the lemma.
O

From now on, in this section we suppose that there is no posi-
tive hyperbolic orbit.

For M >0 and I" € H1(Y), we set

A(M,T') :={ a | a is ECH generator such that [o] =TI and A(a) < M }
(2.5)

Lemma 2.3.3. For everyI' € Hi(Y),

2

M
lim ———— = 1 . .
Jim AQLT)] 2Vol(Y, \) (2.6)

Proof of Lemma 2.3.3. Fix I' € Hi(Y). By 0 = 0 and (2.1), there are
ECH generators {a} }o<; and {ﬁg}ogjgmp with [a}] = [,BJF] = I satisfy

ECH(Y,\,T) = @ F(af) P EPF(B;}) (2.7)
i=0 Jj=1
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and U(al) = (al ) for i > 1. Moreover since d = 0, each ECH generator
a with [a] =T is equal to either B]r for some 1 < j < mr or af for some
0<k.

Note that
Ala]) — A(ag) >0 if 1>k, (2.8)

I(af) = I(ak) =2(1— k). (2.9)
Since A(ak) — oo as k — oo, there is kg > 0 such that for every
k> ko A(a}) > A(B]»F) for 1 < j < mp. By (2.8) and (2.9), we have

I(a}) = 2k + I(a) and for sufficiently large k, |A(A(a}),T)| = k 4+ m. So
for sufficiently large k, we have

[21A(A(e}), T)| = I(ag)] < 2m + I(ag) (2.10)

By the above we have,

L 2IA(A(a]), T)

Jm = S 1. (2.11)

Since @ = 0 and the definition of the spectrum (1.3.16), c(y) (Y, ) =
A(a). So by (1.31),

. C(ak)(Yv )‘)2 . A(O‘IE)Q
lim (TN PR )y, ). 2.12
koo I(al) koo 2[A(A(D), D) ¢ ¥ A (212)

Note that for large M > 0, there is a large k > 0 such that A(ag) >
M > A(ag—l)'

Therefore we complete the proof of Lemma 2.3.3. 0

Proof of Theorem 2.3.1. We pick up two simple elliptic orbits vi, 2.
Let s; and sy denote the orders of [y1] and [y2] in H;(Y") respectively.

Since |H1(Y)| < oo, we can choose infinity sequence of simple orbit
{5i}i>0 Satisfying

1. their homology classes [0;] are in a same one.

3. Any §; is not equivalent to v, and 7o
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Let 7 be the order of [¢;] in H1(Y). Then we define a sequence of ECH
generators {€, }n>0 by € := {(6;(n—1)4i> 1) }1<i<r- By construction, [e,] = 0
and A(en) < A(€nt1).

For t1, ta € Z>0, we set

E(tl,tg,n) = (’7172&151) U (727t282) Uen (213)

Note that €q, 4, ) is an ECH generator with [e, 4, »)] = 0 and morover if
(t1,t2,n) # (81, t5,n') then €y, 1, n) # €1 tyn)-
Let T), := A(ep) and R; = s;A(5;) for i = 1,2, then

A€ty o)) = t1R1 +taRo + T, (2.14)
So for n,

{ (tl,tg) ‘ A(E(tl,tg,n)) <M } = { (tl,tz) € ZZOXZZO ‘ tiR1+to Ry < M—T, }
(2.15)
In general, for any S1, So, T > 0, the number of

{ (tl,tg) S ZZO X ZZO | 1151 + 125, < T } (216)

is 2(;);2 + O(T) (for example, we can see the same argument in [H2]). So

the right hand side of (2.15) is equal to (1\241;1%2)2 +O0O(M —1T,).

For any N € Z~q, we pick a sufficiently large M > 0 satisfying M > T.
Then

A, 0)] [{ (t1,t2,m) | Al iam) <M, 1<n< N}

M= 1=

{ (t1,t2) | t1Ry + taRy < M — Ty }

2.17)
(M — Ty)? (
SRRy o k)
k=1
(M)?N
— M
SRRy O(M)
So )
lim — 2R Ry (2.18)

MY A, 0)] S N

Since we choose N arbitrarily, by (2.6) we can see that Vol(Y, A) = 0. This
is a contradiction. We complete the proof of Theorem 2.3.1. O
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2.4 The case that the number of simple elliptic
orbits is exactly one.

We use the rest of this paper to prove the next theorem.

Theorem 2.4.1. LetY be a closed connected three manifold with b1(Y') = 0.
Then, Y does not admit a non-degenerate contact form A such that exactly
one simple orbit is elliptic orbit and all the others are negative hyperbolic.

We prove this by contradiction.

From now on, we assume that (Y, \) is non-degenerate contact
three manifold such that exactly one simple orbit is elliptic and
all the others are negative hyperbolic.

Let v be the simple elliptic orbit. Moreover, let A(y) = R and 6 be
the rotation number with respect to some fixed trivialization 7 over . This
means e£2™ are eigenvalues of dg”|¢ and for every k € Z, ju, (7*) = 2| k0] +1.

2.4.1 Density of orbit sets with some properties

For an ECH generator o, Let E(«), H(«) be the multiplicity at v in o and
the number of hyperbolic orbits in «, respectively.

Recall that for M € R and I' € H;(M),

A(M,T') = {a|a is an ECH generator such that [o] =T and A(a) < M }.

(2.19)
In addition to this, we introduce some notations as follows.
Apm)(M,T) == { a € A(M,T) | (E(a), H(a)) = (n,m) } (2:20)
A(n,oo)(Mar) = U A(n,m)(Mv F) (221>
m=0
Aoy (M,T) = | ] Ay (M,T) (2.22)
n=0
AM):= [J A@LT) (2.23)
T'eH1(M)

Note that if M < 0, the above sets become empty.
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Proposition 2.4.2. For every I' € Hi(Y),

1. For every positive integer n,

lim —————— =0
M=o |A(M,T)]
2. For every positive integer m,
A M, T

M—=oo  |A(M,T)]

lim | UpiESG A(pz}OO)(M? F)|

T A(M, D)) =0

(2.24)

(2.25)

(2.26)

Before we try to prove Proposition 2.4.2, we show the next almost trivial

claim but this makes the proof of Proposition 2.4.2 easier.

Claim 2.4.3. For every I' € H1(Y), we have

o |A(M)]

1 ———— = |H|(Y
M ATy~ H )
Proof of Claim 2.4.3. By the definition, we have

AM)[= ) [AMT)

TeH((Y)

And since Lemma 2.3.3,

lim M_ lim Z ’A(M,F)‘ _ ’HI(Y)’

M50 M? Moo M2 2Vol(Y,\)’
FeH(Y)
Hence
AM AM M?
fim JAMDL_ AQD) ().

Moo |[AM,T)| — Mo M2 [A(M,T)]|
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Proof of Proposition 2.4.2. Note that [A(, o) (M, )| = [Ag_p,00) (M —
ER,T" — k[y])|. This is because the correspondence by adding (v, k) from
An—ko0) (M — kR, T" — k[7]) to A(, 00)(M,T) is bijective. Hence

ADLT) = 3 [Apuoy ML) = 3 [A gy (M — nR,T —nf])].  (2.31)

n=0 n=0
Since limp/ o0 W =limuy o %75)2 =1, we have
[A0,00) (M, T)] 2o Mooy (M — (n+ DR,T — (n+ 1)[])|

lim =1 — lim

M—o0 ‘A(M, F)| M—o0 ZZO:O ‘A(Opo)(M —nR, I — nh])’
A(M = R,T — [7])]

=l RG]
=0.
(2.32)
And hence for n > 0,
g (LD] A (M — 0B, T~ nb)||AGM — nR.T — nly])
M—oo  |A(M,T) M5oo  |[A(M —nR,T —n[y])] |A(M,T)|
i [A0,00) (M —nR, T —n[y])] (M — nR)?
= 1m - 0.
M—oo  |[A(M —nR,T —n[y])] M?
(2.33)

This completes the proof of the first statement.

To prove the second statement, we change the denominator in the state-
ment to |A(M)|. By Claim 2.4.3, it is sufficient to prove this version. We
define the map

M M

as follows. Let o, 8 € I(oo,m)(%)' If @ and 8 have no common negative
hyperbolic orbit, we define f(«, ) = a U S. Otherwise, that is if « and
have some common negative hyperbolic orbit, we define f(«, ) by changing
all multiplicities of negative hyperbolic orbits in «Ug to one. This definition

is well-defined.

Let § be an element in the image of f. Then the number of multiplicity
at v in J is at most %. So by combinatorial arguments, we can find that for
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every m, there is C,, such that C’"TM > |f~1(8)] for any § € A(M). So,

|A ooy (B 1)
A(M)| > =2 (2.35)
thus o u
G M A ¥r
R ’ (oo,m)( 2 )| (2.36)

>
A (oo,m) (55 )] [A(M))]

M

Suppose that there are ¢ > 0 and M} — oo such that A (M| > €
then,
A M T
k—oo |A(My)| k—o0 R’A(oo,m)(Tka)‘
o Oy A
ko0 RIA(ME)| A (oo my (54| (2.37)
< 1 Gy L
= i oo eRIA(M,)| M
~ 2C, Vol(Y, \) m R 0
 eRIHL(Y)| koo My
This contradicts M > €. Hence lim Aeom (501 _ 0 and so
[A(M)| ) M—o0 [A(M))] -
im ——— = lim 7
M—00 |A(M)| (%)2

This completes the proof of the second statement.

Finally, we prove the third statement. Note that for p; € Sy, the sequence
of p;+1 — p; is monotone increasing with respect to ¢ and diverges to infinity
as i — oo (Proposition 1.3.6). Let s € Zso be the order of [y] in H;(Y).
Then for every N € Z~g, there is | € Z~( such that p;+1 —p; > sN for every
i > [. By the first statement,

i 1 Ipies pn Moo MLV (2.39)
M—s00 |A(M,T)|
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Since ‘A(n,oo)<M7F)| < ‘A(n’,oo)(M7F - (n - n,)h/]ﬂ for n >/, if p; > py,

Pi+1

Z |A(n,oo) (Ma F)‘ > N|A(pi+1,oo)(M7 F)| (2'40)
n=p;+1
and then
MM D) =N | Apeo(M,T)]. (2.41)

pi€Sy, PI<P;

By combining with (2.39), we have

M,T
1o WUnesy Ao (4T
N = M5 |A(M )|

(2.42)

Since we can pick up N arbitrary large, we complete the proof of the third
statement. OJ

2.4.2 Proof of Proposition 2.4.4 under Lemma 2.4.5

Recall that since Lemma 2.3.2 there is an isomorphism

ECH(Y, ), 0) @Fak @@F ;) (2.43)

with U(ag) = (ag—1) for &k > 1 (note that U{ap) is not necessarily 0).
Moreover all but finite ECH generators are in {ag }rez.,. Note that A(ay) >
A(ay) if and only if £ > [. Here we omit some notations from (2.7) and from
now on, we do under this notations unless there is confusion.

The aim of this subsection is the proof of the next proposition under
Lemmma 2.4.5.

Proposition 2.4.4. For every e > 0 and positive integer 1, there is k € Z~q
which satisfies the following condition.

The 141 consecutive orbit sets ag, Qgi1,.... gy satisfies for every 0 <
1 <1,

1 J(okyivt, Qpgi) = 2
2. Alativt) — Alagq) <€

3. E(agyi) &€ SoUS_yg
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4. E(okti) > p1, 1

5. H(opps) > 4

6. In the notation of (2.7), for any I' € Hi(Y) and 1 < j < mp,
Alagi) > A(7) + A(B;) -

The next lemma plays an important role in the proof of Proposition
2.4.4.

Lemma 2.4.5. For any sufficiently small € > 0, there is no positive integer
k which satisfies

1. J(apt1,06) <1

2. Alags1) — Alay) < €

3. E(ok+1), E(or) >p1, @1

4. E(agy1), Elag) & SpUS_g

5. H(ag+1), H(ag) >4

6. In the notation of (2.7), for any' € H1(Y) and 1 < j < mp, A(ag) >

A7) + A(B).

Here we note that the number of k which does not satisfy the sixth con-
dition s finite.

Before proving Lemma 2.4.5, we will give the proof of Proposition 2.4.4
under Lemma 2.4.5. We will prove Lemma 2.4.5 in the next section.

To prove Proposition 2.4.4, we introduce some notations as follows.

For positive integer k£ and ¢ > 0, we set

Linmy (k) = { s | K <k, (E(aw), H(ay)) = (n,m) } (2.44)
(o0 (k) := QO Linmy (K) (2.45)

Loom) (K U Linm) (2.46)

Loe(k) == { aw | K <k, Alapi1) — Alaw) > € } (2.47)
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j:2,<e(k) = { Ut ’ ]{:I < ]{77 J(ak/+1,ak/) = 2, Qpri1, O S&tiSfy 2,3,4,5,6 in Lemma 245}

) (2.48)

Iog ce(k) ={ ap | K <k, Jlapi1,ap) > 2, apri1, ap satisfy 2,3,4,5,6 in Lemma 2.4.5}
(2.49)

Proof of Proposition 2.4.4 under Lemma 2.4.5. For large n, there is
a k, € Z such that ap, = {(v,sn)} where s € Zg is the order of [7] in
H,(Y). Here we use [(7,sn)] = 0 and (2.43).

Claim 2.4.6. 1. For every positive integer n, limy_, M =0

L . I k
2. For every positive integer m, limg_oo w =0

I k
3. Timy._,op 2t o) B ,j"’“)( L,

. Is o (kn

Proof of Claim 2.4.6. The first three statement is just restatements of
Proposition 2.4.2. So we have only to prove the forth statement.

Since I(ag, ) = 2kn+1 (), limy, 00 % = Vol(Y, \) and son < Cvky,
for some C' > 0. So by the definition, for some C' > 0,

€|ls(kn)| < A(ag,) — A(ag) = snR — A(ag) < C\/ky, (2.50)
Thus .
0= tim S0 5y Hzelhn)] (2.51)
n—oo €k, n—00 kn,
This finishes the proof of Claim 2.4.6. O

By definition,
I(ew,) = Jo(aw,) = 2ncey +2[nf] +1 (2.52)

where Csy = Cl(ﬂ*ﬂ-) with {*} = HQ(Y; (77 8)7®) and JO(akn) = JO(akn?@)'
So there is C' > 0 such that |[I(ay,) — Jo(ay, )| < Cn and then

kn—1
J()(Oékn) = Z J()(Oéi+1, Oéi) < 2k, + C\/E (2.53)
=0
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for some C' > 0. By considering Jo(a;+1,;) > —1 and Lemma 2.4.5, for
some C > 0 we have

2|1y, <c(kn)| + 3| Is2,<c(kn)| <2kn + CVEn + | | Lps o0 (k

Pi€Sy
. max(p1,q1) R
+ U I(inoo)(kn)|+ Z |I(i,oo)(k7n)|
QiES— i=0

+Z‘Iooz |+‘I>e( n)|
(2.54)

Since the right hand side over k,, converges to 2 as n — oo, we have

lim 2|j:2,<6(kn)| + 3|j>2,<e(kn)’

n—00 ky,

<2 (2.55)

On the other hand, we have
kn > |f=2,<e(kn)| + |f>2,<e(kn)| >kn — C\/ ken, — | U f(pi,oo)(k )

Pi€Sp
. max(p1,91) .
| U gyl = D oo (k)
qiES— i=0

_Z|Iooz |_|I>E( n)|

(2.56)
And so we have
oo bl + )] | -
ris00 .
From (2.55) and (2.57), we have
i Vsl .

This implies that for every positive integer [, if n is sufficiently large, we can
pick up [ + 1 consecutive orbit sets o, agi1,...ax1; which satisfy 2, 3, 4, 5
in Lemma 2.4.5 and J (o441, 054;) = 2 for 0 <i < [—1. We complete the
proof of Proposition 2.4.4. O
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2.5 Proof of Lemma 2.4.5

For our purpose, we choose € > 0 such that € < #min{A(a) | is a Reeb orbit}
and make it smaller as needed.

Since U(ag+1) = (ag), there is at least one J-holomorphic curve whose
ECH index is equal to 2, and we write u = ug Uu; € MY (apy1, ). Note
that uq is through a fixed generic point z.

To prove Lemma 2.4.5, we prepare some notations as follows. Let g, k
and [ be the genus of uy, the number of punctures of u; and Y_;(nf — 1) +
>_j(n; —1) respectively. In this notation, Jo(cxt1,a5) = —2+29+k+1.
Note that k is definitely positive and u1 has at least one positive end because
of the maximum principle. In the proof of Lemma 2.4.5, we have only to
consider the cases Jy = —1, 0, 1. To make the proof easier to understand,
we make a list of their topological types as follows.

Case Jy=—1

In this case, (g,k,l) = (0,1,0) may appear as J-holomorphic curves
counted by U-map.

e (g9,k,1)=1(0,1,0)

Case Jy=0

In this case, (g,k,1) = (0,1,1), (0,2,0) may appear as J- holomorphic
curves counted by the U-map.

e (g9,k,1)=1(0,1,1)

This case has only one type as follows.
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e (9,k,1)=1(0,2,0)

This case has two types as follows.

—00 +o00 —0o0 +0oo

Case Jy=1

In this case, (g,k,1) = (0,3,0), (0,2,1), (1,1,0) may appear as J-
holomorphic curves counted by the U-map. Note that we can see
from the definitions of g, k, | and geometric observation that the case
(g,k,1) = (0,1,2) satisfies the equation Jy = =2+ 29 +k+1 =1 but
this can not appear as a J-holomorphic curve.

o (g,k,1)=(0,3,0)

This case has three types as follows.
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e (g9,k,1)=1(0,2,1)

This case has three types as follows.

N TN TR

—+00
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u1

400

Uy

e (g,k,1)=1(1,1,0)

400

—0o0

This case has only one type as follows.
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—00 —+00

Proof of Lemma 2.4.5. Since Jy > —1, we prove Lemma 2.4.5 by dividing
into three cases Jo(agt1, 1) = —1, 0, 1.

Casel. Jy(agy1,ax) = —1

In this case, only (g, k,1) = (0,1,0) satisfies this equation. The integral
value of this J-holomorphic curve over dX is equal to A(agt1) — A(ax) by
Stoke’s theorem and so moreover equal to some action of a Reeb orbit. This

contradicts A(apt1) — A() < € < gsmax{A(a) |« is a Reeb orbit }.

Case2. Jo(agt1, k) =0

In this case, (g,k,1) = (0,2,0), (0,1,1). For the same reason as Casel,
we have only to consider the case (g,k,1) = (0,2,0) and u; has both posi-
tive and negative ends and their two orbits are different each other. Since
E(aky1), E(ax) ¢ SpUS_p, I = 0 and the partition conditions of the ends of
admissible curves (Definition 1.3.8, Definition 1.3.9 and Proposition 1.3.10),
u1 has no end asymptotic to . Moreover since E(ax11), F(ax) > p1, ¢ >
1, ug contains some covering of R x v and so we have F(ayy1) = E(ay). Let
61 and 2 be the Reeb orbits where the positive and negative end of u; are
asymptotic respectively. We set E(agi1) = E(ai) = M. Then we can de-
scribe ay1, ok as a1 = U (v, M) U (61,1) and ap = &U (7, M) U (d2,1)
respectively where & is an ECH generator consisting of some negative hy-
perbolic orbits which do not contain d1, do.

By the above argument, we can see that for any generic z € Y, non
trivial parts of J-holomorhic curves counted by U(ag4+1) = (ag) through z
are in M7 (81,82) and of genus zero.
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Now, we consider the behaviors of such J-holomorphic curves as z — ~.
By compactness argument (in this situation, for example see [H1, §9]), its
some subsequence have a limiting J-holomorphic curve u{® up to R-action
which may be splitting into two floors.

Suppose that u$® € M7(81,d2), then by construction, it intersects with
R X 7y but this contradicts the admissibility of curves of ECH index 2. So we
may assume that the limiting curve has two floors. By construction, both
have ends asymptotic to v and same multiplicity.

we set u® = (u>,us°) where u® are top and bottom curves up to
R-action respectively (see the below figure). The additivity and non nega-
tiveness of ECH index, we have I(u> Uwug) = I(u Uug) = 1 and thus the
multiplicity of positive or negative ends of u$® are one since SyNS_g = {1}.
Then we have u>®Uug € M7 (aU(y, M + 1), ay) and uPUug € M7 (11, GU
(3, M + 1),

By definition assumption, & U (v, M + 1) is an ECH generator and have
no positive hyperbolic orbit. So by (1.9), I(u®Uug) = I(u$°Uug) = 0 mod 2.
This is a contradiction.

Here, we introduce another way to derive a contradiction from u* U
ug € M7 (& U (v, M +1),04), u Uug € M7 (aji1,6 U (v, M + 1)) and
I(u® Uug) = I(u$° Uug) = 1. From the partition condition of admissible
J-holomorphic curve at 7, we have 1 = max(S_g N {1, 2,..., M +1}) =
max(Sg N {1, 2,..., M +1}). But by the assumption M = E(ag+1) =
E(ax) > p1, q1, we have max(S_gN{1, 2,..., M + 1}), max(Spn{1, 2,..., M +1}) >
p1, q1 > 1. This is a contradiction.
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(52’ 1) \: "
dk ak:+1
U
uge
(527 1)

Aft1

Case3. Jo(agt1, o) =1
In this case, (g,k,1) = (0,3,0), (0,2,1), (1,1,0).

We can exclude the case (g, k,1) = (1,1,0) in the same way as Casel. If
(g,k,1) = (0,3,0), we have E(ayy1) = E(ag) just like the way explained in
Case2. On the other hand, If (g,k,1) = (0,2,1), the image of up contains
R x « and also one positive end or negative end of u; is asymptotic to ~y
and thus F(agy1) # E(ag). This implies that the pair ajy1, o which
(9,k,1) = (0,3,0) or (g,k,l) = (0,2,1) types J-holomorphic curves by the
U-map can occur are mutually exclusive.

1. If (¢, k,1) = (0,3,0).

Let ug Uu; € M7 (apy1,01) be a J-holomorphic curve counted the by
U-map. Since A(agi1) — A(ag) < €, up has either two positive ends and
one negative end or one positive end and two negative ends. Without loss
of generality, we may assume that u; has two positive ends asymptotic to
01, 09 and one negative end asymptotic to d3. Note that d1, do and d3 are
mutually different because of the smallness of A(agi1) — A(ay).

In this notation. we have u; € M7 ((1,1) U (02, 1), (d3,1)) for any non-
trivial parts of J-holomorphic curve counted by U{ayi1) = (o) and also
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we write a1 = @ U (d2,1) U (61,1) U (v, M), ap = & U (I3, 1) U (y, M).

As z — 7, we have three possibilities of splitting of wu;(see the below
figure). In any case, this is a contradiction in the same reason as Case2.
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&7

| N) (01,1)
(5371) </;

(resp. (d2,1))

(527 1)
(resp. (01,1))

Qj U (y,M +1)U(d1,1) Q41
(resp. G U (7, M + 1) U (8, 1))

\ > (5171)
(5371) </;

Qg ay (v, M +1) Qe



2. If (g, k,1) = (0,2, 1).

From now on, we consider (g,k,l) = (0,2,1). This case is more com-
plicated but the way in this case also play an important role in §2.6 and
beyond.

Since A(ag4+1) — A(ag) < €, up has both positive and negative end.
Moreover by definition, ug contains some covering of R x~ and either positive
or negative end of u; asymptotic to . Because symmetry allows the same
argument, here we consider only the case that the positive end of wup is
asymptotic to v (see the below figure). Let E(ags1) = M. Then, By
the admissibility of u, the multiplicity of positive end of u; at v is p; :=
max(S_gN{1, 2,..., M}) and so E(ag) = M —p;. Let ¢ be the orbit where
the negative end of u; is asymptotic . By the discussion so far, we can see
that for any generic point z € Y, any non trivial parts of J-holomorphic
curves through z counted by the U-map are in M7 ((v, p;), (6,1)).

We set agt1 = a U (v, M) and then a, = & U (6,1) U (7, M — p;) where
& only contains negative hyperbolic orbits.

| :
(v, M = pi) (v, M)
Ui
()
Qg At1
Claim 2.5.1. In the above notation,
IaU(y,M—-1),aU(0,1)U(y,M —p; — 1)) =2 (2.59)

Proof of Claim 2.5.1. Suppose that this claim is false. Since A(agi1) —
Alag) = A(@U (v, M — 1)) — A(GU (6,1)U(v,M —p; — 1)) > 0 and (2.43),
we have

I(GU (4, M —1),a U (5,1)U (v, M — p; — 1)) > 2. (2.60)

By considering the sixth condition in Lemma 2.4.5, there is an ECH gener-
ator ¢ with [(] = [@U (v,M —1)] = [@U (4,1) U (y, M — p; — 1)] such that
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(G U (5,1) U

UGU (v,M —1)) = (¢) and A(GU (v,M —1)) > A(() > A
> A(ayg). This

(v, M —p; — 1)). This implies that A(agy1) > A(CU (,1))
contradicts (2.7).

O]

Remark 2.5.2. In essence, Claim 2.5.1 and Claim 2.5.3 come from only
their topological conditions and the properties of ECH index (in particular
the equation (2.67); For example see [H1, Proof of Proposition 7.1]). But to
understand the proof only with the facts in this paper as much as possible,
we prove them by using some special conditions.

Claim 2.5.3. In the above notation, for any p; < N < pit+1

I(GU(y,N),aU (0, 1)U (y,N —p;)) = 2. (2.61)
Moreover
I(&U (7,pit1), & U (6, 1) U (v, pis1 — pi)) = 4. (2.62)
And for any p; < N < piy1,
Jo(@U (v, N),aU (5, 1)U (y,N —p)) =1, (2.63)

Proof of Claim 2.5.3. Let {Z} = Ho(Y;&U(v,pi), & U (61,1)) and {Z} =
Hy(Y';7,7) respectively. Then by the definition, we have
2= I(ak-‘rla Oék) :I(d U (77 M)7 au (57 1) U (77 M _pl))

=c1(Elz,7) + Q- (Z,Z) + 2(M — p))Q,(Z, Z.,)
o (2.64)

+ 0 (2[k0]+1) — pr(6).

kZprri»l

Here, we use the property Q. (Z1+Z2, Z1+7Z2) = Q+(Z1, Z1)+2Q+(Z1, Z2)+
Qr(Z2, Z3) in Definition 1.3.1 and Q- (Z,) = 0 and Q-(Z, mZ,) = mQ,(Z, Z,).
These properties easily follows from the definition of @, (see [H1, Lemma
8.5]).

And also

=c1(§lz,7) + Qr(Z,2) + 2(M — pi = 1)Q-(Z, Z,)
M-1

+ E (2|k0] +1) — ur(9).
k=M—p;
(2.65)
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By taking the difference from the above equations, we have
2Q7(Z, Zy) + 2(I1M0] — [(M —p;)0]) =0 (2.66)

Note that for any p; < N < piy1, [NO] — [(N — pi)f| = |pif]| and
moreover |p;116] — | (pi+1 —pi)0| = |pif] + 1. These facts are special cases
of [H1, Lemma 4.5]. Hence

2Q+(Z, 2,) +2|pif] = 0 (2.67)

On the other hand, in the same way, for any p; < N < p;+1 we have
I(é‘ U (’%N)aé‘ U (& 1) U (77N _pi))
_I(&U(’%N_ 1)7&U(671)U(7’N_p2 - 1))
=2Q:(Z,2,) +2(|NO] — [(N —pi)0])
=2(IN6] — [(N —p;)6] — [pib])-

This implies that for any p; < N < p;y1, [(&U(vy, N),aU(6,1) U (v, N — p;))
are equal to each other and hence 2, moreover we have I(& U (v, piy1), & U
(6, 1) U (v,pit1 — pi)) = 4.

In the same way, we have

JO(d U (77 N)ad U (5¢ 1) U (7’ N — pz))

=2Q+(Z, Zy) +2(L(N = 1)0] — [(N — p; — 1)6])
=2(L(N = 1)0] = [(N —pi = 1)0] — [pif]).

This implies that for any p; < N < p;11, Jo(aU(y, N),aU(0, 1) U (v, N —p;)) =
1.

(2.68)

(2.69)

We complete the proof of Claim 2.5.3. O

Since I(& U (v, pit+1), & U (0,1) U (v,pi+1 — pi)) = 4, there is an unique
ECH generator ¢ such that I(&U(y, pi+1),¢) =2 = I(¢,&U(d, 1) U (7, pir1 — pi))-
Note that U(& U (7v,pi+1)) = (¢), U(Q) = (@ U (6,1) U (7, pit1 — pi))-

Claim 2.5.4. The above ¢ satisfies E(¢) = 0.

Proof of Claim 2.5.4. Suppose that E({) > 0. Since A(&U (v, pi+1)) >
A(C) > A& U (6,1) U (v, piv1 — pi)), we also have A(& U (y,pi+1 — 1)) >
A(C = (v,1)) > A(@U (6,1) U (7, pi+1 — pi — 1)). Since (2.43), this indicates
I(aU(y,pit1 — 1),&U(5,1) U (v, piv1 — pi — 1)) > 2. This contradicts Claim
2.5.3. Therefore we complete the proof of Claim 2.5.4. O
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Since Jy > —1 and additivity of Jy, we have (Jo(&U (v, pit+1),¢), Jo(¢, &U
(57 1) U (77pi+1 - pl))):(27 _1)a (17 0)7 (Oa 1) or (_17 2)

It (JO(&U(7>pi+1)a <)> JO(C7 dU(d, 1) U (77pi+1 - pl))):(2v _1) or (_L Q)a
we can derive a contradiction in the same way as Casel since A(&U(7, pi+1))—
A(¢) < eand A(C) — A(&GU(6,1) U (v,pi+1 — pi)) < €. This is because A(&¢U
(v, pi+1)) — A(GU (0, 1) U (v, pit1 — i) = A(ags1) — A(ag) < €. Thus we
have only to consider the case (Jo(AU(7, pit1), €), Jo(C; &U(,1) U (v, pi+1 — pi)))=(1,0)
or (0,1). Here we note that the assumption H (ay), H(ag+1) > 4 in Proposi-
tion 2.4.4 implies that & contains more than four negative hyperbolic orbits.
In these cases, we derive contradictions by using the splitting behaviors of
J-holomorphic curves as follows.

(1)' (Jo(d U (’77pi+1)7 C)) JO((» ay (5> 1) U (77pi+1 - pz))):(ov 1)

From A(& U (v,pi+1)) — A(() < € and E(¢) = 0 and the partition con-
dition of end, we have that there is a negative hyperbolic orbit & with
0" ¢ & such that ¢ = & U (§’,1). Moreover the nontrivial parts of any J-
holomorphic curve counted by U{(& U (7, pi+1)) = (¢) are of genus 0 and in

M ((v,pis1), (8',1)).
2.5

(n,1) € a

> (7, Piv1)
(6", 1) <

C =aU (5,7 1) au (7’pi+1)

Let us consider the behaviors of such curves as z — 7. In the same way
as Case2, the limiting curve of such sequence splits and each of them has
end at 7. Furthermore both ECH indexes are one. Its multiplicities are two
because of the admissibility of curves of ECH index 1. This implies that
24(n) — pinaR| < e

Consider back to the J-homolorphic curves of U{agi1) = (ag). Its
nontrivial parts are in M“((v,p;), (6,1)). By considering the behaviors of
this curves as z — 7, we have [2A4(n) — p;R| < e. By combining with
|2A(n) — pi+1R| < €, we have (pi+1 — pi)R < 2¢ and so p;y1 = p;. This is a
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contradiction.

(i) If (Jo(& U (v, pi+1),¢), Jo(¢, & U (6,1) U (v, pis1 — pi)))=(1,0)

Consider the J-holomorphic curves counted by U (¢) = (&U(d, 1) U (77, pit1 — pi)))-
In the same way as the above argument, we can find that there is an hyper-
bolic orbit ¢’ such that ( = &U(d,1)U(d, 1) and that nontrivial parts of any
J-holomorphic curve counted by U(() = (& U (d,1) U (v, pi+1 — pi))) are of
genus 0 and in M7 ((6',1), (7, pis1—pi)). And also we have [24(n) —p;R| < €
and |2A(n) — (pi+1 — pi)R| < e. Note that since E(ag+1), E(ak) > p1, q1,
we have p; > 1.

The next claim is obvious but often used later on. So we state here.

Claim 2.5.5. Suppose that q; € Sy (resp. p; € S_p). If ¢ > 1 (resp.
pi > 1), then g # qiv1 — qi (Tesp. pi # pi+1 — pi)-

Proof of Claim 2.5.5. Suppose that ¢; € Sy, then by Proposition 1.3.6,
gi+1 — qi € S—g and since Sy N S_p = {1}, if ¢; > 1, we have ¢; # qiy1 — ¢.
We can do the same in the case p;. O

From [2A(n) — piR| < € and |2A(n) — (pi+1 — pi)R| < €, we have |p;R —
(pi+1 — pi)R| < 2e. This implies that p; = p;+1 — p; but this contradicts
Claim 2.5.5.

(7, pit1 —pz')< ) > @1)

0,1) |

&U(77p1+1 _pl)U(67 1) C:dU(é, I)U((s/vl)

Combining the above arguments, we complete the proof of Lemma 2.4.5.
O
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2.6 The properties of certain Jy = 2 curves

To derive a contradiction from Proposition 2.4.4, at first we state Proposition
2.6.1 and use §2.6 and §2.7 to prove Proposition 2.6.1.
Notation
1

For any a, b € R, we write a ~ bif |a—b| < gymin{A(a) |« is a Reeb orbit}.

In this notation, for n, m € Z and 7 > 1—(1)0, if nTR ~ m7R, then n = m.

Proposition 2.6.1. Let € < %min{A(a) |a is a Reeb orbit } and k suffi-
ciently large. Suppose that two ECH generators a1 and o with U{ogi1) =
(o) satisfy the following conditions.

1. J(agy1,ax) =2
2. Alags1) — Alag) < e
3. Elags1), E(ak) ¢ SoUS—g

4. E(agt1), E(or) > p1, @1

5. H(ak+1), H(ak) > 4.

Let u =ugUuy € MJ(akH, ay) be any J-holomorphic curve counted by
the U-map.

Then one of the following conditions holds.

(a). Let E(ags1) = M and p; :== max(S_gN{1, 2,..., M}). Then there are
two negative hyperbolic orbits 61, do and an ECH generator & consist-
ing of negative hyperbolic orbits such that a1 = &U (v, M) U (41,1),
ap =aU (v, M —p;) U (62,1) and u; € M7 ((61,1) U (7, p:), (92, 1)).
Moreover, A(01) =~ (pi+1 — pi)R, A(62) = pix1R and for each n € &,
either A(n) ~ %piHR or A(n) =~ %(pi+1 —pi)R.

(a’). Let E(ag) = M and q; := max(SpN{l, 2,..., M}). Then there are two
negative hyperbolic orbits §1, 02 and an ECH generator & consisting of

negative hyperbolic orbits such that axy1 = & U (v, M — ¢;) U (61,1),
ap =aU(y,M)U (62,1) and u; € MJ<(51, 1), (02, ) U (v, q))-

Moreover, A(61) ~ qi+1R, A(02) =~ (¢i+1 — qi)R and for each n € &,
either A(n) ~ 3¢i1R or A(n) ~ 3(gi41 — @) R
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(b). Let E(ayt1) = M and p; == max(S_g N {1, 2,..., M}). Then 3p; =
pi+1 and there are two negative hyperbolic orbits 61, d2 and an ECH
generator & consisting of negative hyperbolic orbits such that ay 1 =
aU(y, M), ag, = aU(v, M — p;) U (61,1) U (d2, 1) and uy € M7 ((y,ps), (61, 1)U
(02,1)).

Moreover, A(d1) =~ %piR, A(d9) ~ %piR and for each n € &, either
A(n) = 3piR or A(n) ~ {piR.

(b%). Let E(ag) = M and ¢; :== max(Sy N {1, 2,..., M}). Then 3¢; = gi1
and there are two negative hyperbolic orbits 1, do and an ECH gen-
erator & consisting of negative hyperbolic orbits such that a1 = &U
(v, M — q;) U (61,1) U (02, 1), ap = & U (v, M) and u1 € M’ ((61,1)U
(527 1)7 (77 %))

Moreover, A(61) ~ %qiR, A(d2) =~ %qiR and for each n € &, either
A(n) = 3q:R or A(n) = ;aiR.

(c). Let E(agy1) = M and p; :== max(S_g N {1, 2,..., M}). Then 3p; =
pi+1 and there are two negative hyperbolic orbits 61, d2 and an ECH
generator & consisting of negative hyperbolic orbits such that a1 =
OAZU(’)/, M)7 Qp = dU(77 M _Pz) U (617 ]-) U (527 1) and u; € MJ((’val)’ (6la 1)U
(627 1))

Moreover, A(d1) =~ %piR, A(d9) ~ %piR and for each m € &, either
A(n) = 3piR or A(n) ~ gpiR.

(c’). Let E(oag) = M and ¢; = max(Sg N {1, 2,..., M}). Then 3q; =
gi+1 and there are and two megative hyperbolic orbits 61, 62 and an
ECH generator & consisting of negative hyperbolic orbits such that
ag41 = U (v, M —¢;) U (01,1) U (d2,1), ap = & U (v, M) and u; €
MY ((81,1) U (62, 1), (v, pai))- -

Moreover, A(61) =~ %qiR, (02) =~ %qiR and for each n € &, either
A(n) = $q:R or A(n) = $q:R.

—

Note that (a) and (a’), (b) and (b’), (c) and (¢’) are symmetrical respec-
tively and, (a), (a’), (b), (b’), (c) and (¢’) are mutually exclusive.
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(a)

(n,1) € &

(62,1) (

A(d2) = pi1R

u1

) (51.1)

A(61) = (pis1 —pi)R

(PYaM_pi) :

(v, M)

ap=aU (v, M —p;)U(d2,1) aryr=aU(y,M)U(d1,1)

()

m
joN

(n,1)

(62,1) (

A(02) = (gi+1 — qi)R

u1

> (61?1)
A1) = g1 R

(v, M)

(77 M — Qi)

ap =aU(y,M)U(02,1) apt1=aU(y,M —gq)U(d,1)

o7

A(n) =~ ipis iR or $(pis1 — pi)R

A(n) ~ 3gi+1R or (giv1 — ;)R



(b)

A((gg) ~ %sz
(6271)

(77 M — pi)

A(61) ~ spiR
(527 1)

(

(n,1) € &
A(n) ~ 3piR or piR

(v, M)

ak:&U(77M_];i)u(5131)u(52>1) Qfy1 :@:U(%M)

(b’)

ap = G U (v, M) gy =auU (’Y’M_IQZ') U (61,1) U (62,1)



(c)

A(&Q) ~ %le
(527 1)

(fya M — pi)

A(61) ~ 3piR
(527 1)

(n,1) € &

(

(v, M)

(

ap=aU (v, M —p;) U (61,1) U (d2,1) apy1 =a U (y, M)

(c”)

)

)

(n,1) € &
A(n) =~ %qiR or %qiR

(517 1)
A((Sl) ~ %QZR
(77 M — Qi>

A(d) =~ 2qiR
(527 1)

ap=aU (v, M) apr1 =aU(y,M —q;)U(1,1)U(d2,1)

2.6.1 Restriction of topological types of the J-holomorphic

curves

If Jo(ags1, ) = —242g+k+1 = 2, each topological type of J-holomorphic
curve counted by U<ak+l> - <(Xk> is (g7k7l) = (07470)7 (0737 1)7 <O7272)a
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(1,1,1) or (1,2,0). But in Proposition 2.6.1, only the type (g, k,1) = (0,3,1)
appears. So at first, we exclude the others.

As is the same with the case Jy < 1, we make a list of topological types
of Jy = 2 as follows.

o (g,k,1) = (0,4,0)

This case has four types as follows.

U

D N N

N N R R

* (9,k,1)=(0,3,1)
This case has eight types as follows.
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Uy

—+00

Uy

+0oo

— 00

—00




e (g,k,1)=1(0,2,2)

+o0

Ui

—0o0

This case has four types as follows. Note that under the assumption
that there is only one simple elliptic orbit, the first and the fourth

cases can not occur.

Uy

+oo

62

—0o0

u1




e (g,k,1)=1(1,1,1)

This case has only one type as follows.

e (g9,k,1)=1(1,2,0)

This case has two types as follows.

+o00

63

+o0



U1

+oo

—00

Ui

+00

Lemma 2.6.2. Suppose that a1 and oy satisfy the assumptions 1, 2, 3,
4 and 5 in Proposition 2.6.1. Let u = ug Uu; € M7 (agi1, ) be any J-
holomorphic curve counted by U{ag+1) = (ax). Thenw is (g,k,1) = (0,3,1).

Proof of Lemma 2.6.2. In the cases (g,k,1) = (0,2,2), (1,1,1), we can
see from the topological types that A(agi1) — A(ag) have to be larger than
some action of orbit. But this contradicts A(ag11) — A(ag) < €.

From now on, we consider (g, k,l) = (0,4,0), (1,2,0). As a matter of
fact, we can easily exclude these cases in almost the same way as Lemma
2.4.5. But to make sure, we explain how to do in detail.

Since | = 0 and E(ag+1), E(ag) ¢ S_g U Sy, u; has no end asymptotic
to v and since F(aky1), F(ax) > p1, ¢1 > 0, up has some covering of R x ~.
Let z; — 7. Then, we obtain a sequence of J-holomorphic curves uﬁ which
are through z; and either (g, k) = (0,4) or (1,2). Note that their topological
types and orbit where their ends are asymptotic may change in the sequence.

At first, suppose that the sequence contains infinity many J-holomorphic
curves whose topological types are (g,k) = (0,4). By the compactness
argument, there is an J- holomoprhic curve «§° which may be splitting into
some floors. By its topological type and properties of ECH and Fredholm
indexes, we can find that the number of floors are at most two. If u§®
does not split, R x vy Nuf® # 0 and so up Nuf® # (. This contradict
I(up Uui®) = 2 and its admissibility. So we may assume that u3® has two
floors and write u$® = (u>°,uS°) up to R-action. By the additivity of ECH
index and Fredholm index, we have I(ug U u>) = I(up UuS) = 1 and each
non trivial part of u3® are connected. Moreover, by the assumption of their
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topological type, one of the non trivial parts of u3° is of genus 0 with one end
of it asymptotic to . This indicates that the middle orbit set, that is, the
orbit set consisting of orbits where positive ends of ugUu° are asymptotic is
an ECH generator. This contradicts (1.9) and I(uqUu>) = I(ugUuy) = 1.

Next, suppose that the sequence contains infinity many J-holomorphic
curves whose topological types are (g,k) = (1,2). In the same way, we
have a splitting curve. Let u3° be the curves in top and bottom floors of
the splitting curve respectively. Then I(ug U u>®) = I(ug Uu) = 1. By
geometric observation, uS°® has one or two negative ends and moreover at
least one of them is elliptic. Also u® has one or two positive ends and at
least one of them is elliptic. If all negative ends of u® are elliptic, this
contradicts (1.9). Also if all positive ends of uS° are elliptic, this contradicts
(1.9). This means that the number of negative ends of u5° and that one of
positive ends of u>° are both two and only one of them is asymptotic to the
elliptic orbit respectively. Moreover, their multiplicities are the same (see
the below figure).

Let E(ag+1) = E(ax) = M. Then the total multiplicity of the middle
orbit set is M + 1 and by the partition condition, we have 1 = max(S_y N
{1, 2,...;, M +1}) =max(Sp N {1, 2,..., M +1}). But this is a contradic-
tion because of the assumption M > ¢1, p1.

Combining the above argument, we complete the proof of Lemma 2.6.2.
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o [} Api1

More precisely, we have the next lemma.

Lemma 2.6.3. Suppose that a1 and oy satisfy the assumptions 1, 2, 3,
4 and 5 in Proposition 2.6.1. Let u = ug Uuy € M7 (agi1, ) be any J-
holomorphic curve counted by U{ayy1) = (ag). Then agy1, ag and u hold
one of the following conditions.
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(A). Let E(ag+1) = M and p; := max(S_g N {1, 2,..., M}). Then there
are two negative hyperbolic orbits 61, 6o and an ECH generator & consisting
of negative hyperbolic orbits such that a1 = & U (v, M) U (61,1), a =
QU (v, M —p;) U (2,1) and uy € M7((61,1) U (7, pi), (62, 1)).

(A’). Let E(ag) = M and ¢; := max(Sg N{1, 2,..., M}). Then there are
two negative hyperbolic orbits §1, do and an ECH generator & consisting of
negative hyperbolic orbits such that axy1 = & U (v, M — q;) U (01,1), ap =
&U (7, M) U (62,1) and ug € M7((61,1), (02, 1) U (7, q))-

(B). Let E(ag41) = M and p; := max(S_gN {1, 2,..., M}). There are two
negative hyperbolic orbits d1, do and an ECH generator & consisting of nega-
tive hyperbolic orbits such that ag1 = &U(y, M), ap = GU(y, M — p;) U (61,1) U (2, 1)
and uy € M7 ((v,pi), (01,1) U (62, 1)).
(B’). Let E(a,) = M and gq; :== max(Sp N {1, 2,..., M}). There are two
negative hyperbolic orbits 61, d2 and an ECH generator & consisting of neg-

ative hyperbolic orbits such that a1 = & U (v, M — ¢;) U (61,1) U (d2,1),
ap = auy (% M) and u € MJ(((Sla 1) U (527 1)) (77q1))

Proof of Lemma 2.6.3. Since A(axy1) — A(ag) < €, up has at least one
negative end. Moreover, at least one end of u; have to be asymptotic to
some negative hyperbolic orbit because the fact causes a contradiction that
if all ends are asymptotic to -, the value A(axy1) — A(ag) have to be lager
than or equal to A(v). From the assumptions E(ag11), E(ag) > p1, ¢1 >0
and the partition conditions of the ends, we have Lemma 2.6.3. ]

2.6.2 Restriction of J, combinations

In the previous subsection, we decided the topological type of J-holomorphic
curves counted by U{ayi1) = (ag). To prove Proposition 2.6.1, we have to
decide the approximate relations in the actions of the orbits in a1 and ay.

From now on, because symmetry allows the same argument, , we only
consider the cases (A) and (B).

The next claim is almost the same as Claim 2.5.3.
Claim 2.6.4. In the case of (A) in Lemma 2.6.3,
(A). For any p; < N < pit1 ,

I(@U (y,N)U (61,1),aU (v, N —p;) U (d2,1)) = 2. (2.70)
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Moreover
I(éé @) (’y,plurl) @] (51, 1), au (’y,piJrl — pi) @) (52, 1)) =4. (271)
And for any p; < N < piq1,

Jo(@U (7, N)U (01,1),& U (7, N — p;) U (d2,1)) = 1. (2.72)

In the case of (B) in Lemma 2.6.3,
(B). For any p; < N < pit1 ,
I(aU(v,N),&aU (y,N —p;) U (01,1) U (d2,1)) = 2. (2.73)
Moreover

(& U (7, pit1), & U (7, pis1 — pi) U (61, 1) U (02, 1)) = 4. (2.74)

And for any pi < N < pit1,
Jo(@U (7, N),&U (v, N = p;) U (01,1) U (62,1)) = 1. (2.75)
Proof of Claim 2.6.4. We can prove this in the same way as Claim 2.5.1
and Claim 2.5.3. O

Claim 2.6.5. In the case of (A) in Lemma 2.6.3,

v, pi+1)) = (¢) and

(A). There is an ECH generator ¢ with U{& U (d1,1) U (
=0.

U{(C) = (& U (v, pi+1 — pi) U (62,1)). Moreover, E(C)
In the case of (B) in Lemma 2.6.3,

(B). There is an ECH generator ¢ with U(& U (v, pi+1)) = () and U({) =
(@U (v, pis1 — pi) U (61,1) U (62, 1)). Moreover, E(¢) = 0.

Proof of Claim 2.6.5. In the same way as Claim 2.5.4 and just before

Since Jy > —1, there are five possibilities, (Jo(&U(d1, 1)U(7y, pi+1), <), Jo({, &U
(’77p’i+1 _pl) U (52’ 1)))(resp (JO(d U (vaiJrl)a C)? JO(Cvd U (%le _pl) U
(01,1) U (92,1)))) = (3,-1), (2,0), (1,1), (0,2) or (—1,3). But except for
(1,1), the behaviors of J-holomorphic curves counted by the U-map cause
contradictions.

Now, we use the rest of §2.6 to prove the next lemma.
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Lemma 2.6.6. Under the notation in Claim 2.6.5, J-holomorphic curves

counted by the U-map cause contradictions except for (Jo(&U(d1, 1)U(7y, pi+1), C), Jo(¢, aU
(7, pi+1 — pi)U(d2, 1)) = (Jo(QU(v,pit1),C), Jo(C, GU(7, pir1 — pi)U(d1, 1)U

(62,1))) = (1,1).

Proof of Lemma 2.6.6. At first, we can easily exclude the cases (Jo(& U

(01, 1) U (7, pi4+1),€)s Jo(¢, & U (7, pig1 — pi) U (62,1))) = (3, —1), (—1,3) be-
cause of their smallness of the difference of their actions.

Next, we will consider the cases (A), (B) respectively.

Case (A).

At first, we consider the splitting behaviors of J-holomorphic curve
counted by U(agt1) = (ax) as z — n for some fixed n € & Then there
are three possibilities of splitting of holomorphic curves and also we have
three possibilities of approximate relations as follows.

(a1). |A(61) —24(n)| <e
(a2). |A(d2) —2A4(n)| < e

(a3). |piR —2A(n)| <e.

Moreover, we always have

(%) A(oks1) — Alog) = [A(01) + piR — A(02)] <.

\

: (n,1) € &

/

! ul

K > (5171)
(62,1) ( l

(v, M —pi) i (v, M)

ak:@U(%M—pi)U((S%l) ak+1:dU(7,M)U(51,1)

(i). If (Jo(& U (61, 1) U (7, pix1),€)s Jo(¢, & U (v, piv1 — pi) U (02,1))) = (2,0)
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Note that genus of each J-holomorphic curve counted by U(() = (& U
(7, pit1 — pi) U (02,1))) are 0. Moreover, each curve has both negative end
covering at v with multiplicity p;4+1 —p; and positive end covering at negative
hyperbolic orbit (¢§’,1) which is not equivalent to 3 because A(¢) — A(a U
(v, piz1 — pi) U (02,1)) < € and so in M7 ((8',1), (v, pis1 — pi))-

Then from the splitting behavior as z — 2, we have |2A(d2) — (piy1 —
pi)R| < e and also as z — n € &, we have |2A(n) — (pi+1 — pi)R| < €. These
two relations indicate that |A(n)—A(d2)| < e. Since |A(d1)+piR—A(d2)| < e,
we have A(d2) > p;R, A(01) and hence A(n) > p;R, A(61). These relations
contradict (a1), (az) and (ag) in any case. Therefore, this case can not occur.

\; (n,1) € &
,; (62a ]-)
(7, Pit1 — i) < 5 > (¢,1)
& U (7, pis1 — pi) U (02, 1) C=a&U(,1)U(0,1)

(ii). If (Jo(@U (61, 1) U (7, pi+1),C), Jo(C, & U (v, pit1 — pi) U (02, 1)) = (0,2)
In the same way as above, J-holomorphic curves counted by U(& U
(01,1) U (y,pi+1)) = (¢) are of genus 0 and have both negative end covering
at v with multiplicity p; 11 and positive end covering one negative hyperbolic
orbit (¢’,1) which is not equivalent to §; and so in M7 ((,pit1), (§,1)).

Then from the splitting behavior as z — 01, we have [2A(d1) —pi+1R| < €
and also as z — n, we have |2A(n) — p;+1R| < e. Since (&).|A(d1) + p;iR —
A(82)| < €, we have |(3pi11 +p;)R— A(82)| < 3e. These relations contradict
(a1), (a2) and (ag) in any case. Here, we use Claim 2.5.5 implicitly.
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) (61,1)

(9. 1) ( '; >(%pi+1)

(=au(d,)u(d,1) aU(v,piv1 —pi) U (01,1)

By the arguments so far, we can see that only the case (Jo(& U (61,1) U
(’YapiJrl)v C)a JO(Ca ay (’%piJrl _pz) U (527 1))) = (17 1) may occur.

Case (B). At first, we consider the splitting behaviors of J-holomorphic
curves counted by U(ag+1) = (o) as z — n for some 1 € &. Then there are
three possibilities of splitting of holomorphic curve and also we have three
possibilities of approximate relations as follows.

(b1). |A(01) —2A(n)| < e

(b2). [A(d2) — 2A4(n)| < e

(b3). |piR —2A(n)| <.

Moreover, we always have

(#). A1) — Alor) = [piR — (A(d1) + A(d2))] < e.
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(527 1) < /’ Ul

(5171) . ’l

ap =aU (v, M —p;)U(61,1) U (d2,1) apy1 = U (y, M)

(1). If (Jo(@U (7, pi+1),€), Jo(C, & U (7, pigr — pi) U (61, 1) U (b2, 1))) = (0,2)

In the same as before, J-holomorphic curves counted by U(&U(y, pi+1)) =
(¢) are of genus 0 and in M7 ((v,pi11), (§,1)) for some negative hyperbolic
orbit &' with ( = a U (¢',1).

Then from the splitting behavior as z — n € &, we have [2A(n) —
pi+1R| < e. Since (M). |p;R — (A(01) + A(d2))| < €, we have p; R > A(d1),
A(d2). So we can easily see that the relations contradict (b1), (bs) and (bs)
in any case. Therefore this case can not occur.

\

! (n,1) € a

/

( . )(%Zh’ﬂ)

¢(=auU(d,1) & U (7, pit1)

(i). If (Jo(@&U (v, pi41), Q)5 Jo(C, & U (v, pir — pi) U (61,1) U (62,1))) = (2,0)
In the same as before, J-holomorphic curves counted by U{() = (& U

(7, pix1 — pi)U(61,1)U(82,1))) are of genus 0 and in M7 ((8,1), (v, pir1—pi))
for some negative hyperbolic orbit ¢’ with ( = & U (§',1) U (d1,1) U (2, 1).
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Then from the splitting behavior as z — 01, d2, we have |[2A(d1) —
(pi+1 — pi)R| < € and |2A(d2) — (pi+1 — pi)R| < €. From these relations,
we also have |(A(d1) + A(d2)) — (pi+1 — pi)R| < e. By combining with
(®).|piR — (A(01) + A(d2))] < €, we have |p;R — (pi+1 — pi)R| < € and so
Pi = pi+1 — pi- This contradicts Claim 2.5.5.

‘; (n,1) €
G |
(v, Pit1 — Di) ( | > (0',1)
(02,1) | )

au (7>pi+1 _pl) U (51a 1) U ((527 1) g =au (517 1) U (527 1) U (5/7 1)

By the arguments so far, we can see that only the case (Jo(&U(v, pit1), <), Jo(¢, aU
(v, pix1 — pi) U (d1,1) U (d2,1))) = (1,1) may occur. O

2.7 Calculations of the approximate values of the
actions of the orbits

In this section, we compute the approximate values of the actions of the
orbits and complete the proof of Proposition 2.6.1 under the result obtained
so far.

In the same way as before, the splitting behaviors of J-holomorphic
curves counted by the U-map play an important role.

In this section, we consider (A) and (B) in Lemma 2.6.3 respectively.
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2.7.1 Type (A)

Since E(() = 0, pi+1 € S_p and p;+1 — p; € Sp, the topological types
of J-holomoprhic curves counted by U(& U (61,1) U (7,pi+1)) = (¢) and
U(C) = (& U (v, pit1 — pi) U (d2,1))) are both (g,k,1) = (0,3,0).

By considering which ends of J-holomorphic curves counted by U{& U
(01, 1)U (7, pi+1)) = () correspond to ones of J-holomorphic curves counted
by U(() = (&U(7, pit1 — pi)U(d2,1))) respectively, we can see that there are
three pairs of ¢, J-holomorphic curves counted by U(&U (51, 1)U (v, pit1)) =

(¢) and U(¢) = (& U (v,pi+1 — pi) U (62,1))) as follows.

Type (A;) There is a negative hyperbolic orbit § with ¢ = & U (§’,1). More-
over any J-holomorphic curves counted by U(& U (01,1) U (77, pit1)) =
() and U{C) = (& U (1,541 —pi) U (52,1))) are in M7((51,1) U
(Y, pi41), (8',1)) and M7 ((8',1), (v, pi+1 — pi) U (82, 1)) respectively.

Type (As) There is a negative hyperbolic orbit ¢' with ( = & U (§',1) U (61,1) U
(62,1). Moreover any J-holomorphic curves counted by U(&U (d1,1)U

(7, pit1)) = (¢) and U(C) = (GU(7, pis1
(62,1)) and M7 ((8',1) U (61), (v, pis1 — pi)) respectively.

Type (As) There is a negative hyperbolic orbit ¢ with ¢’ € & such that any
J-holomorphic curves counted by U{a U (d1,1) U (v, pi+1)) = (¢) and
U(C) = (a@U(7, pis1 — pi)U(d2,1))) are in M7 ((y, pi1)U(8, 1), (52, 1))
and in M7((61), (v, pir1 — pi) U (8, 1)) respectively.

—pi)U(02,1))) are in M7 ((7, pir1), (8", 1)U

(62’ 1) (

(7, Pit1 — Di) :

ap = & U (7,pit1 — pi) U (62,1)

Type (A;)

74

; (%pz’ﬂ)

Q1 = QU (7, pi1) U (61,1) U (32, ]



(7, Pit1 — I%‘)( !

> (7, Piv1)

(52a 1)
& U (7, pit1 — pi) U (02,1) aU(v,piv1) U (61,1)
Type (As)
)(%Piﬂ)
(62,1) [ ‘:
(8',1) < > (0',1)
‘: (31, 1)
(7: Pis1 —pi)< ,:
ag = &U (7, piy1 — pi) U (02, 1) g1 = & U (7,pit1) U (61, 1) U (d2, 1)
Type (A:s)
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To prove Proposition 2.6.1, at first, we calculate the approximate ac-
tions of d1, d2 and n € & from (A;) by using the splitting behavior of
J-holomorphic curves. Next, we will show that any splitting behaviors of
(A2) and (As) cause contradictions.

Type (41)

Lemma 2.7.1. Suppose that the pair of {, J-holomorphic curves counted
by U(a U (61,1) U (7,pit1)) = () and U(C) = (& U (7, pi+1 — pi) U (2, 1)))
is Type (A1). Then, we have A(61) = (pit1 — pi)R, A(d2) =~ pit1R and for
each n € &, either A(n) =~ ipi 1R or A(n) =~ L(pis1 — pi)R.

Proof of Lemma 2.7.1. We will consider the behavior of .J-holomorphic
curves counted by U-map as z — 7. Then each J-holomorphic curve counted

by U{& U (61,1) U (7, pit+1)) = (¢) and U(C) = (& U (7, pit1 — pi) U (d2,1)))
have three possibilities of splitting and we have three estimates respectively
as follows.

From U(() = (& U (v, pi+1 — pi) U (02, 1)), we have
(c1). |(piv1 —pi) R — 2A(n)| <€
(c2). [A(d2) —2A(n)| <€
(¢3). |(pit1 —pi) R+ A(62) — 2A(n)| <€
From U(& U (61,1) U (7, pis1)) = (¢), we have
(01). [A(01) —24(n)| <€
(02). |pit1R —2A(n)| <€

(03). |pit1 R+ A(61) — 2A(n)| <€

Here recall that we have from U{agi1) = (ag),
(a1). [piR —2A(n)| < e

(a2). [A(d1) —24A(n)| <€

(a3). [A(02) —2A(n)| <€
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and moreover we always have
().]A(61) + piR — A(62)| < e
At first, we prove the next lemma.
Lemma 2.7.2. Any above pair ((¢;, ),(9i,),(0i,)) causes a contradiction ex-

cept for the following two cases.

(ila 127i3> - (17 17 2)7 (27 27 3)

In the next claim, we exclude pairs ((c;,),(9i,)) such that we can derive
contradictions by only them.

Claim 2.7.3. Any pair ((ci, ),(i,)) causes a contradiction except for the
following cases

(i1,i2) = (1,1),(2,2), (3,3).

Proof of Claim 2.7.3. We have to derive a contradiction from (ij,i2) =
(1,2), (1,3), (2,1), (2,3), (3,1), (3,2) respectively.
Case (i1,12) = (1,2)

By cancelling the terms p;11 R and 2A(n) from (c1).|(piy1 — pi)R —
2A(n)| < € and (02).|pit1R — 2A(n)| < €, we have |p;R| < 2. This is a
contradiction since e is sufficiently small.

Case (i1,12) = (1,3)

By cancelling the terms p;+1R and 2A(n) from (¢1).|(piv1 — pi)R —
2A(n)| < e and (93).|pix1 R+ A(61) —2A(n)| < €, we have |A(d1)+piR| < 2e.
This is a contradiction.

Case (i1,12) = (2,1)

From (c2).]A(d2) — 2A(n)| < €, (91).]A(01) — 2A(n)] < € and (&).|p;R +
A(61) — A(02)| < €, we have |p;R| < 3e. This is a contradiction.

Case (i1,12) = (2,3)

In the same way, from (c2).|A(d2) — 2A(n)| < €, (03).]pi+1 R + A(d1) —
2A(n)| < € and ().|p;R + A(d1) — A(d2)| < €, we have |(pi+1 — pi)R| < 3e.
This is a contradiction.

Case (i1,12) = (3,1)
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By cancelling the terms A(d1), A(d2) and 2A(n) from (c3).|(pi+1 —pi) R+
A(d2)—=2A(n)| <€, (01).|A(d1)=2A(n)| < € and (). [piR+A(61)—A(d2)] <,
we have |p;11R| < 3e. This is a contradiction.

Case (i1,12) = (3,2)

By cancelling the terms p;+1R and 2A(n) from (c3).|pit1R + A(61) —
2A(n)| < € and (92).|pi+1R — 2A(n)| < €, we have|A(d1)| < 2¢. This is a
contradiction.

By the above arguments, we complete the proof of Claim 2.7.3. O

Proof of Lemma 2.7.2. By Claim 2.7.3, we can see that the rest cases
which we have to exclude are (i1, 42,43) = (1,1,1), (1,1,3), (2,2,1), (2,2,2),
(3,3,1), (3,3,2), (3,3,3).
Case (il, iQ, ig) = (1, 1, 1)

By cancelling the term 2A(n) from (¢1).|(pi+1 — pi) R — 2A(n)| < € and
(a1).|piR — 2A(n)| < €, we have |(p;+1 — 2p;)R| < € and thus p; = p;+1 — pi-
This contradicts Claim 2.5.5.

Case (i1,12,13) = (1,1,3), (resp. (2,2,2))

By cancelling the term 2A(n) from (01).(resp. (az2).)|A(d1) — 2A(n)| < €
and (ag).(resp. (c2).)|A(d2) —2A(n)| < €, we have |A(d1) — A(d2)| < 2¢e. This
contradicts (&).|p;R + A(01) — A(d2)] < €.

Case (i1,12,13) = (2,2,1)

By cancelling the terms 2A(n), A(d2) and p; R from (¢2).|A(d2) —2A(n)| <
€, (a1).]piR—2A(n)| < e and (&).|p; R+ A(d1)—A(d2)| < €, we have |A(d1)] <
3e. This is a contradiction.

Case (i1,12,13) = (3,3,1)

By cancelling the terms 2A(n) from (93).|pi+1R + A(d1) — 2A(n)| < €
and (a1).|p;R — 2A(n)| < €, we have |(pit+1 — pi)R + A(01)] < 2e. This is a
contradiction.

Case (i1,12,13) = (3,3,2)

(03).]pit1R + A(61) — 2A(n)| < € and (a2).]A(01) — 2A(n)| < € indicate
|pi+1R| < 2€ and so p;+1 = 0. This is a contradiction.

Case (i1,142,13) = (3,3,3)
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In the same way, (a3).|A(d2) —2A(n)| < € and (¢3).|(pi+1 —pi) R+ A(d2) —
2A(n)| < e indicate p;+1 = p;. This is a contradiction.

Combining the above argument, we complete the proof of Lemma 2.7.2.

O]

By the discussions so far, the rest cases are (i1,i2,i3) = (1,1,2) and
(2,2, 3).

Case (i1,12,13) = (1,1,2).

From (c1).|(pi+1 — pi)R — 2A(n)| < €, (01).|A(61) — 2A(n)| < € and
(d).|p;i R+ A(61) — A(d2)| < €, we have

1
A(01) = (piv1 —pi)R, A(62) = pit1R, A(n) = 5(2%#1 —pi)R. (2.76)

Case (i1,12,13) = (2,2,3).

From (c2).|A(d2) —2A(n)| < €, (02).|pis1R—2A(n)| < € and (&).|p; R+
A(d1) — A(d2)| < €, we have

1
A((Sl) ~ (pi+1 — pi)R, A(52) ~ pi+1R, A(’I’]) [ ipH,lR. (277)

Combining the arguments, we complete the proof of Lemma 2.7.1. O

Type (As2)

Lemma 2.7.4. Suppose that the pair of {, J-holomorphic curves counted

by U@ U (01,1) U (7, pit1)) = (C) and U(C) = (& U (7, pis1 — pi) U (d2,1)))
is Type (Az). Then, the J-holomorphic curves counted by the U-map cause
a contradiction.

Proof of Lemma 2.7.4. Consider the behaviors of J-holomorphic curves
counted by U-map as z — 7. Then we obtain three possibilities from U (& U

(61, 1) U (7, pir1)) = ().
(e1). [pi1R—2A(n)| <e
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L JA() — 24(n)] < €

- PR = (2A(n) + A(%2))] <€
By the same way, we obtain three possibilities from U({) = (& U
(Vs Pis1 = pi) U (62, 1))).

(it —pi) R —2A(n)| < e
L A(G)) — 24(n)] < €

- |A(61) +2A(n) — (piv1 — i) R| < e
Also as z — d2. then by the splitting behaviors of the curves counted
by U(¢) = (& U (7, piy1 — pi) U (62,1))), we have

NPiv1 —pi) R —2A(02)| <€

A(81) — 24(82)] < €

JA(81) 4 24(85) — (pis1 — pi)R| < €

Also as z — 6;. then From U(a U (61,1) U (7, pis1)) = (¢), we have
cpisiR —2A(601)] < €

. JA(89) — 2A(61)| < €

. |A(52) + 2A(51) — pi+1R| <€

Recall that we always have (é&).|A(01) + p;R — A(d2)] < €, since
A(Ozk+1) - A(Oék) < E.

We exclude the pairs ((e;,),(fi,),(8i5),(hi,)) in the same way as Type
(A1)

At first, we prove the next lemma.

Lemma 2.7.5. Any above pairs ((e;, ), (Fiy ), (9i5), (0iy)) causes a contradic-
tion except for the following cases.

(ily Z.27 2‘37 ’54):(37 37 11 2)7 (37 37 17 3); (3> 37 37 2)

To prove Lemma 2.7.5, first of all, we will exclude pairs ((e;,),(fi,)) such
that we can derive contradictions by only them.

Claim 2.7.6. The following each pair ((¢;, ),(fi,)) causes a contradiction.

(i1,32)=(1,1), (3,1), (2,2), (1,3).
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Proof of Claim 2.7.6.

Case (i1,12)=(1,1)

This is trivial.

Case (i1,12)=(3,1)

By cancelling the term 2A(n) from (e3).|pir1 R — (2A(n) + A(d2))] < €
and (f1).|(pi+1 — pi) R — 2A(n)| < €, we have |p;R — A(d2)| < 3e. But this
contradicts (&).]A(d1) +piR — A(d2)] < e.

Case (i1,12)=(2,2)

By cancelling the term 2A(n) from (e2).|A(d2)—2A(n)| < € and (f2).]A(d1)—
2A(n)] < €, we have |A(d1) — A(d2)] < 2e. This obviously contradict
(%).|A(61) + piR — A(2)] < €.

Case (i1,12)=(1,3)

(e1).[piv1R—2A(n)| < € and (f3).[A(d1) +2A(n) — (pi+1—pi) R| < € imply
that |A(d1) + piR| < 2e. This is a contradiction. O
Claim 2.7.7. Any pairs ((¢;,),(Fi,),(8is)) causes a contradiction except for

the following cases.

(ila i2> Z3):(37 37 1)7 (3a 3a 3)

Proof of Claim 2.7.7. At first, note that (go).|A(01) — 2A(d2)| < € obvi-
ously contradicts (é&).|A(d1) +p;R— A(d2)| < €. So we have only to consider
the cases i3 = 1, 2.

Hence by Claim 2.7.6, we can find that it is sufficient to exclude the cases
(i17 i?v 13) - (27 17 1)7 (27 17 3)7 (17 27 1)7 (17 27 3)7 (37 27 1)7 (37 27 3)7 (27 37 1)7
(2,3,3).

Case (il, ig, i3)2(2, 1, 1)

By cancelling the term 2A(n) from (e3).|A(d2)—2A(n)| < e and (f1).|(pi+1—
pi)R — 2A(n)| < €, we have |A(d2) — (pi+1 — pi)R| < 2¢. This contradicts
(91)|(pir1 — pi) R — 2A(d2)| < e.

Case (il, ig, i3):(2, 1, 3)

In the same way as above, by cancelling the term 2A(n) from (e3).|A(d2)—
2A(n)| < eand (f1).|(pit1—pi) R—2A(n)| < €, we have |A(82)—(pit1—pi) R| <
2¢. This contradicts (g3).|A(01) +2A(02) — (pi+1 — pi)R| < e.
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Case (il,i27i3):(1,2, 1)

By cancelling the terms 2A(n) and A(61) from (e1).[pir1R — 2A(n)| <
€, (f2)|A(d1) — 2A(n)| < € and (&).|A(01) + piR — A(02)| < €, we have
|A(62) — (pit+1+pi)R| < 3e. This contradicts (g1).|(pi+1—pi) R—2A(d2)| < e.

Case (i1,12,13)=(1,2,3)

In the same way as above, by cancelling the terms 2A(n) and A(d)
from (e1).|piv1R — 2A(n)| < €, (f2).|A(01) — 2A(n)| < € and (d).]A(01) +
piR — A(02)| < €, we have |A(d2) — (pi+1 + pi)R| < 3e. This contradicts
(93).[A(01) + 24(02) — (piv1 —pi) | <e.

Case (il, iz, i3>=<3, 2, 1)

By cancelling the terms 2A(n) and A(d1) from (e3).|pi+1R — (2A(n) +
A(d2))] <€, (f)-|A(6:)—2A(n)| < e and (&).[A(01)+p;iR—A(b2)| < €, we have
|2A(02) — (pi+1+pi)R| < 3e. This contradicts (g1).|(pi+1—pi) R—2A(d2)] < e.

Case (il, iQ, i3):(3, 2, 3)

In the same way as above, by cancelling the terms 2A(n) and A(d;) from
(e3).pit1 R — (2A(n) + A(82))] < ¢, (1)-[A(0:) — 2A(n)| < € and (b).|A(d1) +
piR — A(d2)| < €, we have [2A(d2) — (piy1 + pi)R| < 3e. This contradicts
(93).[A(01) + 2A(02) — (pis1 —pi) | <e.

Case (il, iQ, i3):(2, 3, 1)

(e2).|A(02) — 24(n)| < € (f3).|A(61) + 24(n) — (pit1 — pi)R| < € and
(91)-|(Pi+1 — pi)R — 2A(02)| < € imply that |A(d1) — A(d2)| < 3e. This
contradicts (&).|A(d1) + p; R — A(d2)] < e.

Case (i1, 12,13)=(2,3,3)

(e2).[A(02) —2A(n)| < € and (f3).[A(61) +2A(n) — (pi+1 —pi) R| < € imply
|A(61) + A(62) — (pi+1 —pi) R| < 2e. This obviously contradicts (g3).|A(d1) +
2A((52) - (pi+1 — pZ)R’ < E.

O

Proof of Lemma 2.7.5. By the above arguments, we can find that the re-
maining cases are (i1,12,173,4) = (3,3,1,1), (3,3,1,2), (3,3,1,3), (3,3,3,1),
(3,3,3,2), (3,3,3,3).

To prove the lemma, we will exclude the cases (i1, i2,13,74) = (3,3,1,1),
(3,3,1,3) (3,3,3,1), (3,3,3,3) as follows.
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Case (il,ig,’ig,i4) = (3, 3, 1, 1)

By cancelling the term p;11 R from (g1).|(pix1 — pi)R — 2A(52)] < €
and (h1).|pis1R — 2A(01)| < €, we have |[A(01) — 3piR — A(d2)| < e. This
contradicts (&).|A(61) +piR — A(d2)] < €
Case (’L'l,ig,ig,iz;) = (3, 3, 3, 1)

By cancelling the term A(d1) from (g3).|A(d1)+2A4(02) — (piy1—pi)R| < €
and (h1). |pir1R—2A(01)| < €, we have |[4A4(02) — (pi+1 — 2pi) R| < 3e. Also
from (h1). |pi+1R—2A(61)| < € and ().|A(d1) +pi R — A(d2)| < €, we have
’214((52) — (pi_g.l + 2pz)R‘ < 3e.

|[4A(62) — (pi+1 — 2pi)R| < 3e and |2A(02) — (pit+1 + 2pi)R| < 3e imply
|(pi+1 + 6p;)R| < 9¢. This is a contradiction.
Case (Z.lv i27 i37 24) = (37 37 3> 3)

By cancelling the term p;11 R from (g3).|A(d1)+2A(02) — (pir1—pi)R| < €
and ([)3)‘14((52) -+ 2A(51) — pi+1R’ < €, we have ’A(52) — A(51) +piR| < 2e.
This contradicts (&).|A(d1) + p;R — A(d2)| < e.

Combining the above consequences, we finish the proof of Lemma 2.7.5.
O

By Lemma 2.7.5, we still have the following pairs.

(ila i27 i37 Z4):(37 37 17 2)7 (37 37 17 3)7 (37 37 37 2)

From these pairs. we can decide the approximate relations as follows.
Case (ila 7:27 /L'37 24):(37 3a ]-a 2)

From (e3).[pit1 R — (2A(n) + A(62))] <€, (F3).|A(d1) + 24(n) — (piy1 —
pz)R‘ < €, (gl).\(piﬂ —pi)R — 2A((52)’ < €, (hQ)‘A((SQ) — 214(51)’ < € and
(d).|A(01) + piR — A(d2)| < €, we have

3
A(61) = piR, A(d2) =2p;R, A(n) ~ SPiRR (2.78)

Case (/L.lv i27 ’L'?n 24):(3’ 37 17 3)

From (e3).[pi+1R — (24(n) + A(62))| < €, (§3).|A(61) + 2A(n) — (pit1 —
pi)RR| <€ (91).|(Pit1 —pi) R—2A(62)| <€, (h3).|A(J2) +2A(61) —piy1R| <€
and (d).|A(61) + piR — A(62)| < €, we have

A(01) = 2piR, A(d2) =~ 3piR, A(n) =~ 2p;R. (2.79)
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Case (il, iQ, i3, i4):(3, 3, 3, 2)

From (e3).[pi+1 R — (24(n) + A(d2))| < €, (f3).]A(d1) + 24(n) — (Piv1 —
pi)R| <€, (93).]A(1) + 2A(02) — (pit1 — pi) R| < €, (b2).|A(02) —2A(01)] < €
and (&).|A(01) + piR — A(d2)| < €, we have

A(01) = piR, A(62) = 2piR, A(n) = 2piR (2.80)

Recall that from the splitting behaviors of J-holomorphic curve counted
by U{ag+1) = (o) as z — n, we have three possibilities of splitting of
holomorphic curve and also three possibilities of approximate relations as
follows.

(a1). |piR — 2A(n)| < €
(az). |A(01) —2A(n)] < e

(a3). [A(02) = 24(n)| <€

But it is easy to check that (2.78), (2.79), (2.80) can not hold any these
relation. We complete the proof of Lemma 2.7.4. 0

Type (As)

Lemma 2.7.8. Suppose that the pair of (, J-holomorphic curves counted

by U@ U (01,1) U (7, pit1)) = (€) and U(C) = (& U (7, piv1 — pi) U (d2,1)))
is Type (As). Then, the J-holomorphic curves counted by the U-map cause
a contradiction.

Proof of Lemma 2.7.8. Consider the behaviors of J-holomorphic curves
counted by U-map as z — do.

Then we obtain three possibilities of the approximate relations in the
actions from the splitting behaviors of the curves counted by U({) = (& U

(7, Pig1 — pi) U (02, 1))).

(in). [A(d1) = (pi1 —pi) R — 2A(d2)] <€
(12). |(pi+1 —pi)R — 2A((52)| <€
(i5). 1A(51) — 24(5)] < e
But Every (i1), (i2) and (i3) causes a contradiction as follows
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1. Case (i1)

Recall (&).]A(01) + piR — A(d2)] < e. This obviously contradicts
|A(61) — (pi+1 — pi)R — 2A(02)| < e. In fact, by cancelling the term
A(61) from them, we have |p;+1 R+ A(d2)| < 2. This is a contradiction.

2. Case (i2)

Since any J-holomorphic curves counted by U(&U (61, 1)U (v, pit1)) =
<C> ' € darein MJ((’Vapi+1)U(5/7 1)7 (527 1))7 we have ’p’i+1R+A(6/)_
A((Sg)’ < €.

By cancelling the term A(d2) from the above inequality and (i2).|(pi+1—
pi)R — 2A(62)| < €, we have |1(pis1 + pi) R+ A(6)] < 3e. This is a
contradiction.

3. Case (i3)

Recall (&).]A(d1) + piR — A(d2)] < e. This obviously contradicts
(13)|A(51) — 2A(52)| < €.

Combining the above arguments, we can see that Type (A3) can not
occur. =

2.7.2 Type (B)

In the same way as Type (A), the topological types of J-holomoprhic curves
counted by U(& U (v,pi+1)) = () and U(¢) = (& U (v, pi+1 — pi) U (61,1) U
(02,1))) are both (g, k,1) = (0,3,0).

And also we can see that there is a negative hyperbolic orbit ¢’ such
that ¢ = & U (§',1) U (d2,1) and, any J-holomorphic curves counted by
U(a U (7,pi+1)) = (€) and U(¢) = (& U (v, pi+1 —pi) U (01,1) U (62,1)))
are in MJ((’YapFFl)a (6,a ]-) U (527 1)) and MJ((5/7 1)5 (’y’pi+1 - pz) U (61, 1))
respectively.
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(61,1) (

(7, Pis1 — pi)(

(527 1) ; :

/ /

U (7, i1 —pi) U (61,1) U (d2,1) & U (6',1) U (62,1)

Type (B)

Lemma 2.7.9. Suppose that the pair of (, J-holomorphic curves counted

by UG U (v, pi+1)) = (¢) and U(C) = (& U (7, pi+1 — pi) U (d1,1) U (62, 1)))
are above. Then, one of the following holds.

(A1). %pi = pit1. Moreover A(61) =~ 2sz A(d2) =~ %piR and for each
n € @&, either A(n) ~ ip;R or A(n) ~ IpiR

(Asg). %pi = pit1. Moreover, A(01) =~ 3sz A(82) ~ %piR and for each
n € &, either A(n) =~ %piR or A(n) =~ 6p@

Proof of Proposition 2.6.1. Since (A;) and (Agz) are correspond to (b)
and (c) respectively, combine with the result of Type (A), we complete the
proof of Proposition 2.6.1. O

Proof of Lemma 2.7.9. Let 2z — 7. Then we obtain three possibilities
from the splitting behaviors of the curves counted by U (& U (7, pi+1)) = ().

(i1). |A(02) — 24(n)| < €
(2). |pi+1R —2A(n)| < €
(i3)- [pit1R — (2A(n) + A(62))] < €
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By the same way, we have three possibilities of the approximate actions
in the orbits from the splitting behaviors of the curves counted by U{(() =
(& U (7,pit1 — pi) U (d1,1) U (02, 1))).

(81). [A(d1) —2A(n)| <€
(82). |(piv1 —pi)) R —2A(n)| < e

(83). [(Pi+1 — pi) R+ A(61) — 2A(n)| <€
Also let z — do. then by the splitting behaviors of the curves counted
by U(¢) = (& U (v, pit1 — pi) U (61,1) U (d2,1))), we have
(1). |A(61) —2A(02)| < €
(). |(Pit1 — pi) R — 2A(d2)| < €

(I3)- [(Pit1 — pi) R+ A(61) — 2A(d2)] < e

Recall that we always have (#).]A(01)+A(d2)—p;R| < €, since A(agy1)—
A(Ckk) < €.
As is the same with so far, Some pair ((j;,),(¥,),(li;)) cause contradic-

tions as follows.

Lemma 2.7.10. Any above pairs ((ji,),(t,),(lis)) causes a contradiction
except for the following cases.

(i1,19,43) = (1,1,3),(1,2,1),(1,2,3),(3,3,1),(3,3,3).

Proof of Lemma 2.7.10. At first, we will exclude pairs ((j;,),(¥,)) such
that we can derive a contradiction by only them.

Claim 2.7.11. Each of the following pairs ((ji,),(t,)) causes a contradic-
tion.

(i1,i2)=(2,1), (2,2), (2,3), (3,1), (3,2).

Proof of Claim 2.7.11.

Case (i1,12)=(2,1)

By cancelling the term 2A(n) from (j2).|pi+1R—2A(n)| < e and (&).]A(d1)—
2A(n)| < €, we have |pit1R — A(d1)] < 2e. This contradicts (#).|p;R —
(A(él) + A(52))‘ < €.
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Case (i1,12)=(2, 2)

By cancelling the term 2A(n) from (j2).|pi+1R—2A(n)| < € and (¥2).|(pi+1—
pi)R —2A(n)| < €, we have |p;R| < 2e. This is a contradiction.
Case (i1,12)=(2,3)

By cancelling the term 2A(n) from (j2).|pi+1R—2A(n)| < e and (¥3).](pi+1—
pi)R + A(01) — 2A(n)| < €, we have |p;R — A(d1)| < 2¢. This contradicts
(#).IpiR — (A(01) + A(02))] < e.

Case (i1,12)=(3,1)

By cancelling the term 2A(n) from (j3).|pir1R — (24(n) + A(d2))] < €
and (81).]A(01) — 2A(n)| < €, we have |pi1R — (A(1) + A(d2))| < 2e. But
this contradicts (#).|p; R — (A(d1) + A(d2))] < e.

Case (i1,12)=(3,2)

By cancelling the term 2A(n) from (j3).|pir1 R — (24(n) + A(d2))] < €
and (£).|(pi+1 — pi)R — 2A(n)| < €, we have |p;R — A(d2)| < 2¢. But this
contradicts (#).[p;R — (A(d1) + A(d2))| < e. O

By the arguments so far, we have only to show that each of the following
pairs ((ji, ),(¥,),(li;)) causes a contradiction.

(i1,12,13)=(1,1,1), (1,1,2), (1,3,1), (1,3,2), (1,3,3), (1,2,2), (3,3,2).

Case (i1,12,13)=(1,1,1)

Obviously, (j1).|A(62)—2A(n)| < eand (81).]A(d1)—2A(n)| < € contradict
([1)’14((51) — 2A((52)‘ <€
Case (il, 12, i3>:<1, 1, 2)

By cancelling the terms A(d1), A(d2) and 2A(n) from (j1).|A(d2)—24(n)| <
€, (81).[A(d1) — 2A()| < € (I2).[(Pit1 — pi) R — 24(02)| < €, and (M).[p; R —
(A(61)+ A(d2))] < €, we have |p; R— (pi+1—pi)R| < 4e. Hence p; = p;+1—p;.
This is a contradiction.

Case (i1, i2,13)=(1,3,1)

By cancelling the terms A(d1) and 2A(n) from (j1).|A(62) — 2A(n)| < e,
(83)-[(Pit1 — pi) R+ A(61) — 2A(n)| < € and (M).|piR — (A(01) + A(d2))] <,
we have |p;41R — 2A4(62)| < 3¢ and hence |(p; — $piy1)R — A(61)] < Ze.

By combining with (I).|A(61) — 2A(62)| < €, we have |(3p;11 — pi)R| <
%e This is a contradiction.
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Case (il,i27i3)2(1,3,2)

In the same way as above, from (j1).|A(62) — 24(n)| < €, (£3).|(pi+1 —
pi)R+ A(01) — 2A(n)| < €, and (M).|p;R — (A(01) + A(d2))| < €, we have
Ipit1R — 2A(02)| < 3e. This obviously contradicts (I2).|(pix1 — pi)R —
2A(52)| < €.

Case (il,ig,ig):(l,?),g)

In the same way as above, from (j1).|A(d2) — 24(n)| < €, (€3).|(pi+1 —
pi)R + A(61) — 2A(n)[ < ¢, and (#).[piR — (A(61) + A(d2))| < €, we have
[pis1R — 2A(82)| < 3e and |(p; — 3pit1)R — A(61)] < Ze.

By combining with (I3).|(pi+1 — pi)R + A(61) — 2A(d2)| < €, we have
|%pi+1R| < %6.

Case (i1, i2,3)=(1,2,2)

By cancelling the term 2A(n) from (j1).|A(d2)—2A(n)| < € and (j2).|pi+1 R—
2A(n)| < €, we have |p;t1R — A(d2)] < 2e. This obviously contradicts
([2).|(pi+1 — pi)R — 2A((52)| < €.

Case (il,iz,’i3):(3,3,2)

From (js).|pi+1 R — (24(n) + A(d2))| <€, (I2).|(pi+1 — pi) R —2A(62)[ <€
and (#).|p;R — A(61) — A(d2)| < €, we have

3 1 1 1
(5pi — spiv1) R~ A(61), -(piv1 — pi) R~ A(d2), Z(Pi—&-l +pi) R = A(n).

27" 2 2
(2.81)

Recall that when we consider the splitting behaviors of J-holomorphic
curve counted by U(agy1) = (ag) as z — n for some 1 € &. Then there are
three possibilities of splitting of holomorphic curve and also we have three
possibilities of the approximate relation in the actions as follows.

(b1). [A(61) —24(n)| < e
(b2). [A(62) — 2A(n)| <€
(b3). [pilk —2A(n)| <e.

But obviously, (2.81) contradicts the above relations in any case.

Combining the arguments, we complete the proof of Lemma 2.7.10. O

To complete the proof of Lemma 2.7.9, it is sufficient to compute the ap-
proximate relations from the rest cases (i1, i2,13) = (1,1, 3), (1,2,1), (1,2, 3),
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(3,3,1), (3,3,3).
Case (i1,12,43) = (1,1,3)

From (11).|A(82) — 24()| < €, (81).JA(61) — 240m)| < €, (1) |(pis1 —
pi)R+ A(01) — 2A(02)| < € and (M).|A(01) + A(d2) — piR| < €, we have

3 1
A(d1) = zpiR, A(02) = -piR, pit1 = 3Pis A(n) ~ ZPiR- (2.82)

DN |

1
2
Case (i1,12,13) = (1,2,1)

From (j1).|A(02) —2A(n)| < ¢, (€2).|(pir1—pi) R—2A(n)| <, ().|A(61)—
2A(02)| < € and (#).]A(61) + A(62) — piR| < e. we have

4 1
= —Pi, A(’I?) ~ ,piR' (283)

A1) = sz A(02) =~ piRa Pit1 = g5 G

Case (il,ig,i3> = (1,2,3)

From (j1).|A(d2) —2A(n)| < €, (&2).|(pit1—pi) R—2A(n)| < € (I3).|(pi+1—
pi) R+ A(01) —2A(d2)| < € and (M).]A(61) + A(d2) — piR| < €, we have

3 1
o A~ pR (284)

A((Sl) S piR, A(52) ~ 5

piR, piy1 =

N

1
2
Case (il, ig,i3) = (3, 3, 1)

Recall that by considering the splitting behavior of J-holomorphic curves
counted by U-map from (aji1) to (ag) as z — n. Then we have three
possibilties,

(b1). [A(61) = 24(n)] <€
(b2). [A(d2) —2A4(n)| < e

(b3). |piR —2A(n)| <e

The first inequality contradicts (€3).|(piy1 — pi) R+ A(01) — 2A(n)| < €
and also the second one does (¢3).|(pix1 — pi)R + A(01) — 2A(n)| < € and
|A(61) — 2A(02)| < €. So only third one may be possible.

By combining with (j3).|pis1R— (2A(n)+ A(d2))| < €, (€3).|(pi+1—pi) R+
A((Sl)—QA(U)’ < €, ([1)’14((51)—214(52)‘ < eand (‘)|A((51)+A((52)—sz‘ < €,
we have

4 1
~Di, A(n) =~ spiRR. (2.85)

1
A(61) ~ sz A(b2) ~ piR, Pi+1 =3 5
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Case (i1,12,13) = (3,3,3)

From (j3).[pi1R — (2A(n) + A(02))] < €, (83).|(Pi+1 — pi) R + A(61) —
Al <€ (13).|(pi+1 — pi) R+ A(d1) —2A(02)| < € and (#).|A(d1) + A(d2) —
piR| < € we have

3 1
=pi, A(n) = it (2.86)

1
A1) =~ sz A(dg) ~ sz Piv1 =5

Combining the arguments, we complete the proof of Lemma 2.7.9. O

2.8 Proof of Theorem 2.4.1

Suppose that ag, a1 satisfy the assumptions 1, 2, 3, 4 and 5 in Proposition
2.6.1, then the pair (ag,ag+1) is one of the types of (a), (a’), (b), (b%),
(c), (c’). Moreover, we can see that any actions of negative hyperbolic
orbits in ayi1, ay are in (L RZ)e = {z € R|dist(z, 5RZ) < € } where
¢ = tismax{A(a) |o is a Reeb orbit }. Therefore, we can define a map

1
f:{mn € ax|n is negative hyperbolic } — ERZ (2.87)

Here, f(n) € %RZ is an image by the natural projection of A(n) from
(5 RZ)e to 5 RZ. Note that & RZ is discrete.

Let a1, ax and ag_1 be such 3 consecutive ECH generators. then each
type of the pairs (o, ar11) and (ag_1,ax) decides the action relations in
ay, respectively. But sometimes, they may be incompatible. In particular,
we can show that such fact induces contradictions with Proposition 2.4.4.

At first, we show the next lemma.

Lemma 2.8.1. Suppose that ar_1, ar and apy1 satisfy the assumptions
1, 2, 8, 4 and 5 in Proposition 2.6.1. Then the following pairs of types
of (g, agr1) and (ag—1, ) classified in Proposition 2.6.1 cause contradic-
tions.

(type of (au—1,ai), type of (cu, ags1))
=(a’, a), (b’, a’), (b’, @), (b7, b), (b°, b’), (b’, ¢), (b, c’), (c’, a), (c,
a’)’ (6’7 b’)’ (6’7 c)7 (c’7 c’)7 (a’7 b)7 (b7 b)’ (6’7 b)7 (67 b)7 (a7 c)7 (b7 c)’
(c, ¢), (a, a), (a’, a’), (a, b), (a’, ¢), (a, a’).

Proof of Lemma 2.8.1. We derive a contradiction respectively.
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Case (b’, a)(or by symmetry, (a’, b))

Since the type of (ag—_1,x) is (b’), the number of the inverse image
of the largest value of f : {1 € ax|n is negative hyperbolic } — %RZ is
at least two. But the assumption that the type of (g, agt+1) is (a) indi-
cates that the number of the inverse image of the largest value of f : {n €
ag | is negative hyperbolic } — %RZ is one. This is a contradiction.

Case (b’, a’)(or by symmetry, (a, b))
Let E(ag—1) = M, then E(ay) = M —gq; where ¢; = max(Spn{1, 2,..., M}).
Let gy = max(Sp N {1, 2,..., M — q;}).
Since the type of (o, ag41) is (@’), the image of f on ag isin { 2¢r 1 R, (qir41—
@) R, (qr+1 —qr)R}.
Since the type of (ag_1,ay) is (a’), we have g;41 = 3¢;. Hence

1
@G <M —¢q; <giy1— ¢ = 5% < G- (2.88)

Therefore ¢;41 < g;.

If gv+1 < g, the actions of each orbit in & are less than %qiR. The
number of the positive ends of (b’) whose image of f are largest is at least
two but that one of negative ends of (a’) whose image of f are largest is
only do. This is a contradiction.

If gy11 = ¢;, by considering the correspondence of the approximate
action values and Claim 2.5.5, we can see 1¢;R = (¢y11 — ¢#)R and so
1¢i = @v+1— @ = ¢; — qv hence 3¢; = gy. This contradict ¢z < 3.

Case (b’, b)
Let E(ag_1) = M E(agy1) = M', then E(ag) = M — ¢ = M’ — py
where ¢; = max(Sp N {1, 2,..., M}) and py = max(S_gN{1, 2,..., M'}).
Since the type of (ag_1, k) is (b’), the largest value of f on ay is %qiR
and Since the type of (ag, ag+1) is (b), the largest value of f on «y, is %pi/R.
Therefore we have ¢; = py. This contradicts Sy N.S_y = {1}.

Case (b’, b’) (or by symmetry, (b, b))

Let E(ag_1) = M, then E(ag) = M — q; < %qi. This implies that
the largest approximate value decided by the positive ends of former (b’) is
larger than that one decided by the negative ends of the later (b’) and so
this is a contradiction.
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Case (b’ ¢) (or by symmetry, (c’, b))
Since the type of (ag—_1, o) is (b’), the number of the image of f on

ay, is at most 2. On the other hand, since the type of (o, axt1) is (c), the
number of the image of f on «4 is at least three. This is a contradiction.

Case (b’, ¢’) (or by symmetry, (c, b))
Let E(ag—1) = M. Then E(ag) = M — ¢; < %qi. This implies that the
largest approximate value decided by the action of the positive ends of (b’)

is larger than that one decided by the action of the negative ends of (¢’) and
so this is a contradiction.

Case (c’, a) (or by symmetry, (a’, c))

Let E(ag—1) = M E(agy1) = M’, then E(ag) = M — ¢ = M' — py
where ¢; = max(Sy N {1, 2,..., M}) and py = max(S_gN{1, 2,..., M'}).

Since the type of (ax_1, ) is (¢’), the largest value of f on ay is %qiR
and Since the type of (ag,ar+1) is (a), the largest value of f on ay is
pirr1R. Therefore we have %qi = py41. By considering the correspondence
of the actions of the part of trivial cylinders, we have two possibilities,
%Qi = %(pi’+1 - pz") or %Qi = %(pi’+1 - pz")~

If %qi = %(piq_l —pyr), this contradicts %qi =pya1. If %Qz‘ = %(pi/_H —pir),
we have %pil+1 = (py4+1—ps) since %C_h' = pi+1. This contradicts Claim 2.5.5.

Combining the above arguments, we can see that this case causes a
contradiction.

Case (c’, a’) (or by symmetry, (a, c))
Let E(ag—1) = M. Then E(ag) = M — q; E(ag41) = M — ¢; — ¢ where
¢ = max(SgN{l, 2,..., M})and gy = max(Sp N{1, 2,..., M —¢}).
Moreover, since %qiﬂ = q;,
1
g < E(ag) =M —¢; < 34 < g (2.89)

and so
gi'+1 < Gi- (2.90)

Since the type of (ag_1,ax) is (¢’), the largest value of f on «y is %qiR.
On the other hand, Since the type of (ax_1,ax) is (a’), the largest value
of f on ay is (¢r+1 — qv)R or %qiq_l. This indicates that %qi = Q11 — Qi
or 2q; = 1gy41 but the later case contradicts (2.90). So it is sufficient to
consider the former case.
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Suppose that %qi = gy+1 — qi- By considering the correspondence of the
actions of the part of trivial cylinder, we have two possibilities, %qi = %qi/ﬂ
or %Qi = %Qi’+1-

If %qi = %%"4—17 we can see %qi = ¢y by %qi = qyy11 — qy. But this
contradict (2.89) ¢ < %qi.

If %qi = %qiurl, we can see %qi + gy = 0 by %qi = ¢yr41 — qy. This is a
contradiction.

Combining the above argument, we can see that this case cause a con-
tradiction.

Case (c’, b’) (or by symmetry, (b, c))

Since the type of (ag_1, k) is (c’), the number of the image of f on ay
is at least three. On the other hand, Since the type of (ag, agt+1) is (b’),
the number of the image of f on «y is at most two. This is a contradiction.

Case (¢, c)
Let E(ag—1) = M and E(ag41) = M'. Let ¢; = max(SgN{1, 2,..., M})
and py = max(S_gN{1, 2,..., M'}).
Since the type of (ak_1,ay) is (c’), the largest value of f on «y is %qiR.
On the other hand, Since the type of (o, axy1) is (c), the largest value of
f on ay, is %pi/R. Therefore ¢; = p;. This contradicts Sp N S_y = {1}.

Case (c’, ¢’) (or by symmetry, (c, c))

Since the type of (ax_1, o) is (¢’), the number of the image of f on ay on
oy, is at least three. On the other hand, Since the type of (ay, ax11) is (¢?),
the number of the image of f on «y is at most two. This is a contradiction.

Case (a, a) (or by symmetry, (a’, a’))
Let E(agy1) = M. Then E(ag) = M — p; where p; = max(Sp N
{1, 2,..., M}). Set py = max(SgN{1, 2,...., M —p;}). By construction,
pi < py and 80 pit1 < pirg1.
Since the type of (ag, ag+1) is (a), the largest value of f on ay is pi+1 R.
On the other hand, since the type of (ag_1,ax) is (a), the image of f on
ay is in {%pz-urlR, %(piurl — pi)R, (pr+1 — py)R}. This is obviously a
contradiction.

Case (a, a’)

Let E(ag) = M, pi = max(Sp N {1, 2,..., M}), g» = max(S_y N
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{1, 2,..., M}).

By considering the correspondence of the actions of the part of trivial
cylinder and Claim 2.5.5, we have two possibilities, %pi+1 = %(Qiurl —qy) or
3qi+1 = 3(pit1 — pi). Here we use Sy N S_g = {1} implicitly.

Since the type of (aj_1, ay) is (a), the image of f on oy isin { $piy1 R, 3(Pit1—
pi)R, (piv1 —pi)R}.

Suppose that %piﬂ = %(%'H — @qy). Since the type of (ag, agy1) is (%),
the image of f on ay, contains (g1 — gy )R. But since %piﬂ = %(qi/_H —qi),
then (g;4+1—qi)R is larger than any { %leR, %(pzqu —pi)R, (piv1—pi)R}.

This is a contradiction.

In the case of %qiq_l = %(pi_;,_l — p;), we can also derive a contradiction
in the same way.

Case (a’, a)

Since the type of (ag_1,ax) is (a°), the largest value in the image of f
on «ay is gi+1 R and also since the type of (o, ag41) is (a), we have that the
largest value in the image of f on «ay is p;41R. This indicates p;+1 = g1
but this contradicts Sp N S_y = {1}.

Combining the discussions so far, we complete the proof of Lemma. [

Proof of Theorem 2.4.1. By Lemma 2.8.1, we have the rest possibilities
Of pairs? (b7 a)7 (a7 b’)’ (b7 b,)’ (C? b’)? (a,7 b,)’ (C? a)7 (a7 C’)? (b7 C’)’ (C’
), (@, ¢), (b, "), (c, &)

It is easy to check that we can not connect the above pairs more than two.
This contradicts Proposition 2.4.4 and we complete the proof of Theorem
2.4.1.

O]

2.9 Existence of a positive hyperbolic orbit on lens
spaces

Proposition 2.9.1. Let (Y, \) be a non-degenerate connected contact three
manifold with b1(Y) = 0. Let p: Y — Y be a p-fold cover with by (Y) = 0.
Let (}7, 5\) be a non-degenerate contact three manifold induced by the covering
map. Suppose that o and B be ECH generators in (Y, \) consisting of only
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hyperbolic orbits. Then
I(p*a,p*B) = pI(cv, B) (2.91)

where p*a and p* 5 are inverse images of o, B and thus ECH generators
in (Y,\).

Proof of Proposition 2.9.1. Let 7 be a fixed trivialization of ¢ defined
over every simple orbit v in (Y, ) and 7 be its induced trivialization in
(}7,5\) See just before Definition 1.3.3. For every hyperbolic orbit ~ in
(Y,A), pr(4F) = pur(7) and so pu-(y) = pz(p*y) (in the right hand side,
if several orbits appear in p*v, we add their Conley-Zehnder indexes all to-
gether). Moreover, since the terms c¢1(£|z,7) and Q,(Z) in ECH index can
be defined by counting some kind of intersection numbers, their induced
numbers c;(£];,7) and Q#(Z) in (Y, \) where {Z} = H\(Y;p*a, p*3) be-
come p times. Under the assumptions, these properties imply that each
term of ECH in (Y, \) becomes p times in (Y, \). We complete the proof of
Proposition 2.9.1. O

Recall that there are isomorphisms as follows.

ECH(S3,),0) = F[U~!, U]/UF[U] (2.92)
and for any I' € Hy(L(p,q)),
ECH(L(p, q), \,T) = F[U~, U] /UF[U]. (2.93)

Lemma 2.9.2. Suppose that all simple orbits in (S, \) are negative hyper-
bolic. Then, there is a sequence of ECH generators {a;}i—o,1,2,.. satisfying
the following conditions.

1. For any ECH generator o, o is in {c}ti—012,....
2. Alay) < A(ay) if and only if i < j.
3. I(ag,05) = 2(i — j) for any i, j .

Proof of Lemma 2.9.2. The assumption that there is no simple positive
hyperbolic orbit means @ = 0 because of (1.9). So the ECH is isomorphic to a
free module generated by all ECH generators over F. Moreover, from (2.92),
we can see that for every two ECH generators a and 8 with A(«) > A(B),
Uk{a) = (B) for some k > 0. So for every non negative even number 2,
there is exactly one ECH generator «; whose ECH index relative to () is
equal to 2¢. By considering these arguments, we obtain Lemma 2.9.2. O
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In the same way as before, we also obtain the next Lemma.

Lemma 2.9.3. Suppose that all simple orbits in (L(p,q),\) are negative
hyperbolic. Then, for any I' € Hi(L(p,q)), there is a sequence of ECH
generators {af}iz()’l,g,m satisfying the following conditions.

1. For anyi=0,1,2,..., [a}] =T in Hi(L(p,q)).

2. For anyECH generator o with [o] =T, « is in {a} }io12

yeer®

3. A(al) < A(oa;) if and only if i < j.

4. I(a{,ag) =2(i—j) for any i, j .
Lemma 2.9.4. Suppose that all simple orbits in (L(p,q),\) are negative
hyperbolic. Then there is no contractible simple orbit.

Proof of Lemma 2.9.4. Let p: (S, \) = (L(p, q), \) be the covering map
where X is the induced contact form of A by p. Suppose that there is a
contractible simple orbit v in (L(p,q),A). Then the inverse image of v by
p consists of p simple negative hyperbolic orbits. By symmetry, they have
the same ECH index relative to (). This contradicts the results in Lemma
2.9.2. O

Recall the covering map p : (S3,A) = (L(p,q),\). By Lemma 2.9.4, we
can see that there is an one-to-one correspondence between periodic orbits
in (53, ) and ones in (L(p,q), ) under the assumptions. For simplify the
notations, we distinguish orbits in (S3, A) from ones in (L(p, ¢), A) by adding
tilde. That is, for each orbit v in (L(p,q), ), ¥ denotes the corresponding
orbit in (53, X). Furthermore, we also do the same way in orbit sets. That
is, for each orbit set o = {(a, m;)} over (L(p, q), \), we set & = {(a;, m;)}.

Lemma 2.9.5. Under the assumptions and notations in Lemma 2.9.3, there

is a labelling {T'o, I'1,...., Tp—1} = H1(L(p,q)) satisfying the following con-
ditions.

1. T'o =0 in Hi(L(p.q)).
2. IfA(GL7) < A(&,”), theni < i orj < 7.
3. Foranyi=0,1,2.... and T'; € {T'o, I'1, ..., T'p—1}, %I(diri) =j inZ/pZ.
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Proof of Lemma 2.9.5. By Proposition 2.9.1, for each I' € Hy(L(p,q)),
%I(d{) in Z/pZ is independent of i. Moreover, by Lemma 2.9.4, every ECH
generator of (S3, 5\) comes from some of (L(p,q),A) and so in the notation
of Lemma 2.9.2 and Lemma 2.9.3, the set {dg}izo,l,..., TeH, (L(p,q)) 1S exactly
equivalent to {a;}. These arguments imply Lemma 2.9.5 (see the below
diagram).

(0= a°) <— (ap") ~— (ap*) < (") (2.94)
U
(a1°) (a") < (ay) < (@)

O]

Lemma 2.9.6. Suppose that all simple orbits in (L(p,q),\) are negative
hyperbolic and p is prime. For I' € Hi(L(p.q)), we set f(I';) = %I(dfj) =
j € Z/pZ for some i > 0. Then this map has to be isomorphism as cyclic
groups. Here we note that by Lemma 2.9.5, this map has to be well-defined
and a bijective map from Hy(L(p.q)) to Z/pZ.

Proof of Lemma 2.9.6. Since under the assumption there are infinity many
simple orbits and |H1(L(p,q))| < oo, we can pick up p different simple peri-
odic orbits {y1, 2, ..., Yp} in (L(p, ), A) with [y1] = [y2] = ... = [yp] =T for
some I' € Hi(L(p,q)). Since there is no contractible simple orbit (Lemma
2.9.4), ' # 0 and so f(I') # 0. For i = 1,2,..,p, let 4; be the corre-

sponding orbit in (S3,A) of 7; and C5, be a representative of Zz;, where
{Zz,} = H2(S%;7;,0) (see Definition 1.3.2).

Claim 2.9.7. Suppose that 1 < i,5 < p and i # j. Then the intersection
number #([0,1] x % N C5,) in Z/pZ does not depend on the choice of i,j
where ([0, 1] x 4; N C5,) is the algebraic intersection number in [0,1] X Y.

Proof of Claim 2.9.7. By the definition, we have

STGrUA3) = 2103) + #(0,1] x %N Cs,) (2.95)

98



So in Z/pZ,

- | 1.
#((0,1] x 3 N C5,) = S1(% U35, %) — 51(%)
1. 1 1
25—7(% Ud;) — 5—7(%) - 5—7(%’) = f(20) —2f(I)
This implies that the value #([0,1] x 4; N C5,) in Z/pZ depends only on
f(2T') and f(T'). This complete the proof of Claim 2.9.7. O

(2.96)

Return to the proof of Lemma 2.9.6. we set [ := #([0,1] x 7, N C5,) €
Z/pZ for i # j.

In the same way as Claim 2.9.7, for 1 < n < p, we have

U 5 U a=g160+ X #0.10x5005,)  (297)

1<i<n  1<i<n—1 1<i<n—1

and so
f(nl) = f((n—=1I') = f(T')+ (n—1)l in Z/pZ. (2.98)

Suppose that [ # 0. Since p is prime, there is 1 < k < p such that
f(T') + (k— 1)l = 0. This implies that f(kI') — f((k — 1)I') = 0. But this
contradicts the bijectivity of f. So [ = 0 and therefore f(nI') = nf(T).
Since f(T") # 0, we have that f is isomorphism. O

Lemma 2.9.8. Suppose that all simple orbits in (L(p,q),\) are negative
hyperbolic. Let Ymin and Ysec be orbits with smallest and second smallest
actions in (L(p,q), \) respectively. Then,

I(:Ymin) = I(’N)’sem :)/min) =2 (2.99)

and moreover,
6 < I(ﬁ/min U ﬁsec) < 2p- (2.100)

Proof of Lemma 2.9.8. Consider the diagram (2.94) and Lemma 2.9.2.
As ECH generators, dmin and dgec correspond to dgl and 6482

This implies (2.99).

Next, we show the inequality (2.100). See @;° in the diagram (2.94). By
the diagram, I(@}°) = 2p. Moreover, this comes from o° with [}°] =0 €
Hyi(L(p,q)). By Lemma 2.9.4, alfo has to consist of at least two negative
hyperbolic orbits. This implies that A(Jmin U Ysec) < A(&{O) and so by
Lemma 2.9.2, T(Fmin U sec) < I(a1°) = 2p.

respectively.
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Considering the above argument and Lemma 2.9.2; it is enough to show
that I(Jmin U Ysec) # 6. We prove this by contradiction. Suppose that
I(Amin U Asec) = 6. Since Agec corresponds to de, we have I(%sec) = 4 and
$O0 I(Amin U Jsecs Ysee) = 2. To consider the U-map, fix a generic almost
complex structure J on R x 3. Consider the U-map U(&p' = Fmin) = (0).
This implies that for each generic point z € S3, there is an embedded J-
holomorphic curve C, € M (Fin, #) through (0, 2) € R x S3. By using this
C,, we have

I(:Ymin U :Ysec,:)/sec) = I(R X :Ysec U Cz) (2101)

Note that the right hand side of (2.101) is the ECH index of holomorphic
curves R X Agec U C,. Since I(Ymin U Fsec) = 2 and Proposition 1.3.10, we
have R X Fgec N C, = 0.

Consider a sequence of holomorphic curves C, as z — Jgec. By the
compactness argument, this sequence has a convergent subsequence and this
has a limiting holomorphic curve C, which may be splitting into more than
one floor. But in this case, C'», can not split because the action of the positive
end of C is smallest value A(Fmin). This implies that R X Jgec N Coo #
0. Since I(Fmin U Asecs Fsee) = TR X Ysee U Coo) = 2, R X Fgee N Cop # 0
contradicts the fourth statement in Proposition 1.3.10. Therefore, we have
I(Amin U Asec) 7 6 and thus complete the proof of Lemma 2.9.8. O

Proof of Theorem 2.2.5. We may assume that p is prime because the
condition that all simple periodic orbits are negative hyperbolic does not
change under taking odd-fold covering. By Lemma 2.9.6 and (2.99), we
have [Ysec] = 2[Ymin] and so [Ymin U Ysec] = 3[Ymin] in H1(L(p, q)). Since f is
isomorphic, we have £I(Jmin U¥sec) = 3 in Z/pZ. But this can not occur in
the range of (2.100). This is a contradiction and we complete the proof of
Theorem 2.2.5. O

Proof of Theorem 2.2.7. We prove this by contradiction. By Theorem
2.2.3, we may assume that there is no elliptic orbit and so that all simple
orbits are negative hyperbolic. In the same as Lemma 2.9.2, there is exactly
one ECH generator o;; whose ECH index relative to ) is equal to 2i. If there
is a non Z/2Z-invariant orbit 7, by symmetry, there is two orbit with the
same ECH index relative to (). this is a contradiction. So we may assume
that all simple orbits are Z/2Z-invariant.

Let (RP3,)\) be the non-degenerate contact three manifold obtained as
the quotient space of (53, \) and v be a Z/2Z-invariant periodic orbit. Then,
this orbit corresponds to a double covering of a non-contractible orbit +' in
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(R]P’S, A'). This implies that the eigenvalues of the return map of y are square
of the ones of 7/. This means that the eigenvalues of the return map of ~ are
both positive and so -y is positive hyperbolic. This is a contradiction and so
we complete the proof of Theorem 2.2.7. O

Proof of Corollary 2.2.8. Note that if (L(p,q),A) has a simple positive
hyperbolic orbit, then its covering space (.53, 5\) is also the same. Considering
a non-trivial cyclic subgroup acting on the contact three sphere together
with Corollary 2.2.6 and Theorem 2.2.7, we complete the proof of Corollary

2.2.8. O
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Chapter 3

Birkhoff sections of
disk-type, convex Reeb flows
and Embedded contact
homology

3.1 Background

At first, we recall some notions. Let D denote the unit closed disk.

Definition 3.1.1. Let (Y, \) be a contact three-manifold. A Birkhoff section
of disk type for Xy is a compact immersed surface D — Y such that

(1). u(D\OD) C Y\u(9D) is embedded,
(2). Xy is transversal to u(D\OD),
(3). u(OD) consists of a periodic orbit of Xy,

(4). For every x € Y\u(dD), there are —oo < t; < 0 < t} < 400 such that
qbtli'r (z) € u(D\OD) where ¢ is the flow of X).

Consider Birkhoff sections of disk type. A remarkable benefit of the ex-
istence of a Berkhoff section is that the restriction of dA on u(ID) define a
volume form and the first return map ¢ : (u(D), d\) — (u(D),d\) is an ori-

entation and volume preserving map. Hofer, Wysocki and Zehnder [HWZ4]
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constructed a Birkhoff section of disk type from a J-holomorphic curve in a
dynamically convex contact 3-sphere and proved by applying the Franks’ re-
sult and Brouwer’s translation theorem that there are either infinitely many
simple periodic orbits or exactly two simple periodic orbits in a dynami-
cally convex contact 3-sphere. Here, the notion of dynamically convex was
introduced in [HWZ4] as a generalization of strictly convex contact hyper-
surface in the 4-dimensional standard symplectic Euclidean space (R*,w).
In particular, strictly convex contact hypersurface in (R*,w) is dynamically
convex.

Remark 3.1.2. According to [HT3, CHrHL1] if a contact 3-manifold (Y, A)
has exactly two simple periodic orbit, then (Y, \) is dynamically convex and
both of them are non-degenerate elliptic orbit. In addition, Y is a lens
space. If (Y, \) is non-degenerate and not a lens space with exactly two
simple orbits, there are infinitely many periodic orbits (see[CHP, CoDR])).

The next is the precise definition of dynamical convexity.

Definition 3.1.3 ([HWZ4]). Assume that a contact three manifold (Y, \)
satisfies c1(§)|xy(vy = 0. A is called dynamically convez if paisk(v) > 3 for
any contractible periodic orbit v, where pqisk(y) is defined as follows. Take
a smooth map u : {|z| < 1|z € C} =D — Y with u(e*™*) = v(Tyt) and a
global trivialization Tk : ©*§ — D x C. Then paisk(y) = fryy (7). Note
that pgisk(7y) is independent of the choice of u since c1(§)|x, vy = 0.

We define a contact lens space to be stirictly convex as follows.

Definition 3.1.4. (S3,)\) is strictly convex if there is an embedding i :
S3 — C? such that i(S3) C C? is a strictly convex hypersurface surrounding
0 and i*Ag = A. More generally, consider (L(p,q),\) and the covering map
p:S% — L(p,q). (L(p,q),N\) is strictly convex if there is an embedding
i 8% — C2% with i*\g = p*\ such that i(S®) C C? is a strictly convex

hypersurface surrounding 0 and in addition © is an equivalent map under
. o

2
(21,22) — (e$z1,e quzg).

Theorem 3.1.5. [HWZ}] If (S3,\) (resp. (L(p,q),\)) is strictly conver,
then (S3,\) (resp. (L(p,q),\)) is dynamically convez.

Remark 3.1.6. It follows from the definition that the condition of dynam-
ical convexity is preserved under taking a finite cover.

In this chapter we focus on lens spaces L(p, q) and the standard contact
structure &q on them. Recall the standard contact structures. Let p >
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q > 0 be mutually prime. The standard contact structure £gq is defined
as follows. Consider a contact 3-sphere (0B(1), Ao|pp(1)) Where 9B(1) =
{(21,22) € C¥|z1)? + |22|*> = 1}, Ao = %Zi:m(zid,@ — Zidz;). The action

27 2miq

(21,22) = (e » z1,e 7 23) preserves (OB(1), \olsp(1)) and the tight contact
structure. Hence we have the quotient space which is a contact manifold
and write (L(p,q), Apq); Esta = KerXp 4.

To explain results, we recall some notions.

Definition 3.1.7. A knot K C Y3 is called p-unknotted if there exists an

immersion u : D — Y such that w(D) C Y\u(9D) is embedded and u|sp :
0D — K is a p-covering map.

Remark 3.1.8. Let K C Y be a p-unknotted knot and v : D — Y be a
immersed disk as above. Then the union of a neighborhood of u(D) and K
is diffeomorohic to L(p, k)\B? for some k where B? is the 3-ball. Therefore,
Y is L(p, k)#M for some k and a closed 3-manifold M. In particular, if a
lens space admits a p-unknotted knot, then it is diffeomorphic to L(p, k) for
some k [BE, cf. Section 5].

Definition 3.1.9. [BE, cf. Subsection 1.1] Let (Y, \) be a contact 3-manifold
with KerA = &. Assume that a knot K C Y is p-unknotted, transversal to
& and oriented by the co-orientation of £. Let u : D — Y be an immersion
such that u]int(D) is embedded and u|gp : OD — K is a orientation preserving
p-covering map. Take a mon-vanishing section Z : D — u*§ and consider
the immersion . : t € R/Z — expu(ezm)(eZ(u(eth))) € Y\K for small
e > 0.

Define the rational self-linking number sl?(K, u) € Q as
Q 1
sl (K, u) = ?#(Im% Nu(D))
where # counts the intersection number algebraically. If c1(§)|r,v) = 0,

sl?(K, u) is independent of u. Thus we write sl?(K).

Remark 3.1.10. In generall, (rational) self-linking number is defined for
rationally null-homologous knot by using a (rational) Seifert surface. See
[BE].

According to [HWZ3, HWZ4, HWZ5, Hrl], if a dynamically convex con-
tact 3-manifold (Y, \) with Ker\ = ¢ has a 1-unknotted simple orbit v with
self-linking number -1, then (Y,&) is contactomorphic to (S2,&sq) and in
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addition there is a global surface of section of disk type binding . More-
over any dynamically convex contact form A on S has a 1-unknotted simple
orbit v with self-linking number —1 and pgisk(y) = 3.

In [HrLS], Hryniewicz, Licata, and Salomao generalized the result to
lens spaces as follows. Let p € Z~g. A closed connected contact 3-manifold
(Y,€) is contactomorphic to (L(p,k),&stq) for some k if and only if there
is a dynamically convex contact form A with KerA = £ such that X, has a
p-unknotted simple orbit v with self-linking number —%. In connection with
these results, Hryniewicz and Salomao showed the following result.

Theorem 3.1.11. [HrS2, Theorem 1.7, Corollary 1.8] If X\ is any dynami-
cally convez contact form on L(p, q), then for every p-unknotted simple orbit
v with sl?('y) = _%’ P must bound a disk which is a global surface of section
for the Reeb flow. Moreover, this disk is a page of a rational open book de-
composition of L(p,q) with binding v such that all pages are disk-like global
surfaces of section.

It is natural to consider the next question.

Question 3.1.12. Does any dynamically convez contact form X on L(p,q)

with KerA = &iq have a p-unknotted simple orbit with self-linking number

G
>

For (L(p,q), ), define

. . 1
Sp(L(p, q), A) := {v simple orbit of (L(p,q), A)| p—unknotted, sl?(’y) =——}

p

We sometimes write S, instead of S,(L(p, q), A) if there is no confusion.

Originally as mentioned, Hofer, Wysocki and Zehnder proved in [HWZ4]
that any dynamically convex contact form A on S® admits v € S; with
taisk(y) = 3. In particular, they used the compactification of pseudoholo-
morphic curves coming from an ellipsoid in a symplectic manifold which
connects the symplectization of the ellipsoid with the one of (53, )). After
that, Hryniewicz and Salomao proved in [HrS2] that any dynamically con-
vex contact form A on L(2,1) admits v € Sy with ugisk(y?) = 3 especially
such orbits are elliptic. Recently, Schneider generalized in [Sch] the results
to (L(p,1),\) with KerA = &xq.

In any case, the original ideas in [HWZ4] of considering the compactifi-
cation of pseudoholomorphic curves coming from an ellipsoid are essentially
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used. Note that in lens spaces, we should consider the multiple covers of
pseudoholomorphic curves and in [HrS2, Sch] they observe that such curves
behave good in (L(p,1),&xq)-

In summary;

Theorem 3.1.13. [HWZ}, HrS2, Sch] Let (L(p,1),\) be dynamically con-
vexr with Ker\ = &q. Then, there is a simple orbit v such that v € S, and

Haisk(7P) = 3.

Organization of this chapter

In §3.2, we introduce main results. §3.2 consists of three parts. In §3.2.1,
we will present the results concerning the existence of a Birkhoff section of
disk type on convex L(p,p—1) and its relation with the first ECH spectrum.
The contents of §3.2.1 based on [Shi3]. Next, §3.2.2 will discuss the ellipticy
of a rational unknotted Reeb orbit on a lens space and its relation with
a Birkhoff section of disk type. In addition, we will also see the first ECH
spectrum on convex L(3,1). The contents of §3.2.2 are based on [Shi4]. Last,
in §3.2.3, we will discuss area-preserving diffeomorphisms on the open unit
disk with certain properties and its applications to the existence of infinitely
simple positive hyperbolic orbits on a lens space with a Birkhoff section of
disk type. §3.2.3 is based on [AsaShi] which is a joint work with Masayuki
Asaoka.

3.2 Main results

3.2.1 Existence of Birkhoff section of disk type on convex
L(p,p — 1) and the first ECH spectrum

The main result of §3.2.1 is to find a simple orbit v € S, in (L(p,p—1), &sta)
by using Embedded contact homology and relate their periods to the first
ECH spectrum.

According to [HrHuRa], the next Theorem holds.
Theorem 3.2.1. [HrHuRa] Assume that (S3,\) is dynamically convex and

cFCH(S3 \) is the first ECH spectrum of (S, \) (explained in the next sub-
section). Then

ECH/ g3 :
S30) = inf [ A
e (5% 2) = inf ;
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Consider (L(p,p — 1), A) with Ker\ = &sq. Since &q is trivial, we can
take a global symplectic trivialization 7giop @ &sta — L(p,p — 1) x C. For
an orbit v, define g1 () as the Conley-Zehnder index with respect to the
global trivialization. We note that if v is contractible, jigion(7) = faisk(7)-

Our main results are as follows.
Theorem 3.2.2.

(1). If (L(2,1),\) is strictly convex or non-degenerate dynamically convex,
then

1
inf A== ECH(L(2,1),\).
wesz,uglobw):l/v pc (1))

Moreover there exists v € Sy satisfying pglon(y) = 1 and
1
[ A=z,
o 2

(2). Suppose that (L(p,p — 1), \) is strictly convex. If p =3 or 4 or 6, there
exists v € Sp satisfying pgion(y) = 1 and

1
Y

(8). Suppose that (L(p,p—1), \) is non-degenerate dynamically conver.. Then
for any p, there exists v € S satisfying pigion(y) = 1 and

1
JEEE LT ERIRY!
i

Remark 3.2.3.

(1). In general, in order to prove something under degeneracy, we usually
consider it as a limiting case of non-degenerate objects. The reason why we
only consider p = 3,4, 6 in the Theorem 3.2.2 (3) is that otherwise the limit
of simple orbits might not be simple.

(2). In contrast to Theorem 3.1.13, if p > 3 in L(p,p — 1), the orbit v is
Lelob () = 1 but p(7”) might not be equal to 3. The author thinks that this
relates to the difficulty of applying the original method in [HWZ4] to L(p, q)
under ¢ # 1. Note that Schneider mentions in [Sch, Remark 1.6] that even
if we can find an orbit v € S, in L(p, ¢) under ¢ # 1, pg105(7?) might not be
equal to 3.
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As an immediate application of Theorem 3.2.2 and Theorem 3.1.11, we
have

Corollary 3.2.4. If (L(p,p — 1), \) is non-degenerate dynamically convex,
then Xy admits a p-unknotted closed Reeb orbit vy with pigon(y) = 1 which
is the binding of a rational open book decomposition. Each page of the open
book is a rational global surface of section of disk type whose contact area is
not larger than gc]fCH(L(p,p —1),\). Moreover, if (L(p,p—1),)) is strictly
convezx and p = 2,3,4,6, we can exclude the condition of non-degeneracy.

By combining with Theorem 3.2.1, we have

Corollary 3.2.5. Assume that (L(p,p — 1),\) is strictly convex or non-
degenerate dynamically convex. Let p : S® — L(p,p — 1) be the covering
map. Then,

FM(S?, o) < M L(p,p— 1), M),

Proof of Corollary 3.2.5. If non-degenerate, it follows from Theorem 3.2.2
that there is v € Sy(L(p,p—1), A) with pu(vy) =1 and fv A< R (L(p,p—

1),A). Let 4 be the periodic orbit in (S3, p*A,,) such that pl5 : ¥ — v is a

p-fold cover. It is obvious that ¥ € S1(S3,p*A). It follows from Theorem

3.2.1 that

PS5, p*\) = inf AS/P*A:P/)‘S DECH(L(p,p—1).0). (3.1)
€S Sy o v 2

Therefore, we have cf°H(53, p*\) < BHFCH(L(p,p — 1), ).

If strictly convex, we consider a sequence of strictly convex and non-
degenerate contact forms A, such that Ker), = &q and A, — A in C°-
topology. Then it follows from the property of ECH spectrum that ¢FH(S3, p*\) <

ch{:CH(L(p,p — 1), \) as the limit. We complete the proof. O

Remark 3.2.6. The Weyl law with respact to ECH spectrum proved in
ECH/q3 ,*))\2 ECH _ 2
[CHR] says limy oo w = 2Vol(53, p*A) and limy_ oo - (L(zzp DA _

2Vol(L(p,p — 1), A). This implies that

po GONSE N [ Vol(SB ) s (32
k=00 CECH(L(p7p - 1)7 )‘) VOI(L(p7p - 1)7 A) . .

FOH(S3,0" )
FOH(L(pp—1),A) —
£. This implies that if p = 2, 3, the ratio is not close to \/p when k = 1.

But if )\ is strictly convex, it follows from Corollary 3.2.5 that
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Idea and outline of the proof

The basic idea is to find the orbits from the algebraic structure of ECH
called U-map. From the behaviors of J-holomorphic curves and algebraic
structure, we can find an ECH generator « satisfying (Uyj.a,0) # 0 and
Ala) < FCH(L(p, p — 1), \). In addition, it follows that if (U «a,0) # 0,
is described as either

(1). o= (v,p) with vy € Sy, u(7?) =3 and pu(y) =1, or
(2). a=(71,1) U (72,1) with y1,72 € Sp, (1) = p(r) = 1.

In §3.3.1, we focus on non-degenerate cases and study the behaviors of
Conley-Zehnder index and J-holomorphic curves. In §3.3.2, we complete
the proof Theorem 3.2.2 under non-degeneracy. In §3.3.3, we extend the
result of §3.3.2 to degenerate cases under strictly convex and p = 2, 3,4, 6.
In §3.3.4, we prove Theorem 3.3.10 used in §3.3.1.

3.2.2 Elliptic bindings on lens spaces and the first ECH spec-
trum on L(3,1)

Besides the existence of Birkhoff sections, there is a long-standing conjec-
ture whether a convex energy hypersurface in the standard symplectic Eu-
clidean space carries an elliptic orbit, and there are many previous studies
under some additional assumptions (c.f. [AbMal], [AbMa2], [DDE], [HuWa/,
[LoZ]). As one of them, it is natural to consider the quotient of a convex
energy hypersurface by a cyclic group action which becomes a lens space
([AbMal], [AbMa2]) . In this case, the result depends on the lens space.

Our first result in this subsection as follows is to introduce a sufficient

condition for a given rational unknotted Reeb orbit v in L(p, q) to be elliptic
by using the rational self-linking number sl?(v) and the Conley-Zehnder
index pqisk (7).
Theorem 3.2.7. Let p > q > 0 be mutually prime. Let X be a contact form
on L(p,q) with A\ANd\ > 0. Let KerA = £ and ~y be a p-unknotted Reeb orbit
in (L(p,q),\). Suppose that —2r — 2p - sl?(’y) — taisk(YP) is not divisible by
p for any r € Z satisfying either r = —q mod p or rq = —1 mod p. Then ~
is elliptic.

As will be mentioned, the sufficient condition is especially useful under
the existence of Birkhoff sections.
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We note that it is obvious that a periodic orbit with pqi(7?) = 3
on dynamically convex (L(2,1),\) is elliptic as follows. As mentioned,
Ker\ = ¢ is universally tight if (L(2,1),\) is dynamically convex. There-
fore £ is topologically trivial and we can take a global symplectic trivializa-
tion Tgop 1 & — L(2,1) x R2. If a periodic orbit « is hyperbolic, we have
Mrglob(WQ) = 2fry, () (c.f. Proposition 1.2.4). On the other hand, since
+2 is contractible, it follows from the definition that Hrgion (v?) = paisk(v?)-
This means that 27, (V) = tr,,, (v*) = paisk(v*) = 3. This contradicts
Hrgion (v) € Z.

In general, the above argument can not be applied to (L(p,1),A) with
AAdA > 0 unlike L(2,1) because the universally tight contact structure on
L(p, 1) is not topologically trivial for p > 2. But it follows from Theorem
3.1.11 that the same result holds for L(p,1) as follows.

Corollary 3.2.8. Let (L(p,1),\) with A A dX > 0 be dynamically convex.
Let v be a periodic orbit such that vP binds a Birkhoff section of disk type
and paisk(Y?) = 3. Then ~y is elliptic. Note that according to [Sch], such a
periodic orbit always exists.

Remark 3.2.9. It is proved in [AbMal] that a dynamically convex (L(p, 1), \)
admits an elliptic orbit.

Proof of Corollary 3.2.8. We apply Theorem 3.1.11 to L(p,1). In this

case, ¢ = 1 and hence it suffices to consider r € Z satisfying »r = —1 mod p.
Since r = —1 mod p, paisk(7?) = 3 and sl?(’y) = —]% (Theorem 3.1.11),
we have —2r — 2p - sl?('y) — paisk(7?) = 1mod p. This means that v is
elliptic. ]

As a generalization, it is a natural to ask the following question.

Question 3.2.10. Let (L(p,q),\) (including S® asp =1, ¢ = 0) be dynam-
ically convex. Does there always exist a periodic orbit v such that v binds
a Birkhoff section of disk type?

Note that the author does not know whether the periodic orbits are
elliptic obtained in Theorem 3.2.2 for dynamically convex (L(p,p — 1), \)
with A A dA > 0.

Our second result in this subsection is to compute the first ECH spectrum
on convex L(3,1) as in Theorem 3.2.2. In the computation, our first result
Theorem 3.2.7 plays an important role.
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Theorem 3.2.11. Let (L(3,1)\) be a strictly conver (or non-degenerate
dynamically convex) contact 3-manifold. Then

1 gcn _ : /
3% (LG, 1)>\)_7€83, ;}Esfk('y3)=3 7)\‘

As an immediate corollary, we have

Corollary 3.2.12. Assume that (L(3,1),\) is strictly convex or non-degenerate
dynamically convex. Let p: S® — L(3,1) be the covering map. Then,

FH(S3, p*A) < FH(L(3,1), A).

The proof is completely the same with Corollary 3.2.5.

Idea and outline of the proof

At first, we prove Therorem 3.2.7. The idea is as follows. Let + be a
unkonotted orbit in a lens space. Take a tubular neighborhood, then we
have a Heegaard splitting of genus 1. Consider the twist of the gluing map
and compare the trivializations of the contact structure over the solid torus
and a binding disk. By combining them with the properties of Conley-
Zehnder index, we have Therorem 3.2.7. The observation of the proof is
also essential in the following proof of Theorem 3.2.11.

Next, we consider Theorem 3.2.11.

The estimate inf,cs, . (v9)=3 J, A < 2cFOH(L(3,1))) is a hard part
of the proof. At first, we conduct technical computations regarding indices
present in ECH to clear which holomorphic curves appear as U-map to the
empty set. As a result, it follows that any moduli space of holomorphic
curves counted by U-map gives a structure of rational open book decompo-
sition (Lemma 3.4.7 and Lemma 3.4.10). Next, I consider the rational open
book decompositions. By considering which actually supports (L(3,1), {xd),
we can narrow down the list of holomorphic curves. Then it turn out that
any binding of the rational open book decomposition coming from the U-
map 7 is in S3 and pgisk(Y?) = 3 and in addition we can choose it so that
fv)‘ < LcFCH(L(3,1), ) (Proposition 3.4.6). In this manner, we have the
theorem.

The estimate +cFCH(L(3,1))) < infcg,,
same with Theorem 3.2.2.

i (1) =3 fy)\ is almost the
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3.2.3 Area-preserving diffeomorphisms on the disk and pos-
itive hyperbolic orbits

Area-preserving diffeomorphisms on the open annulus or the open disk have
been studied and play important roles in 3-dimentional dynamics. They
frequently arise as return maps on Birkhoff sections. For instance, J. Franks
[Fr2, Fr3| showed that an area-preserving homeomorphism of an open an-
nulus which has at least one periodic point has infinitely many interior pe-
riodic points and as an application, proved that every smooth Riemannian
metric on S? with positive scalar curvature has infinitely many distinct
closed geodesics. In the context of 3-dimensional Reeb flows, Hofer, Wysocki
and Zehnder [HWZ2] constructed a Birkhoff section of disk type from a J-
holomorphic curve in a dynamically convex contact 3-sphere and proved by
applying the Franks’ result and Brouwer’s translation theorem that there are
either infinitely many simple periodic orbits or exactly two simple periodic
orbits in a dynamically convex contact 3-sphere. The primary motivation
of the paper is to refine the result of Hofer, Wysocki and Zehnder and to
study periodic orbits in more detail. In particular, Our first theorem (The-
orem 3.2.13) leads to the existence of infinitely many periodic orbits with
the specific types called positive hyperbolic if there are at least 3 periodic
orbits.

Let ¥ be a surface. For a diffeomorphism f of 3, we call p € ¥ a periodic
point with period n(> 0) if p = f™(p) and in addition p # f™(p) for any
0 <m < n. fis called non-degenerate if for any n and any fixed point p of
f", the map df" : T, — T, has no eigenvalue 1.

Consider a volume form w on Y. Let f be a diffeomorphism of ¥ with
f*w = w. A periodic point p with period n is called positive (resp. neg-
ative) hyperbolic if the eigenvalues of df";T,¥ — T,3 are positive (resp.
negative) real numbers and elliptic if the eigenvalues of df™; T,¥ — T, are
of length 1. We note that since f is area-preserving, any periodic point is
either positive/negative hyperbolic or elliptic and if f is non-degenerate, the
conditions do not overlap each other.

Let D be the closed unit disk and I the interior. According to [Fr2, Fr3,
HWZ2], it follows that an area and orientation preserving map on I with
finite area has either exactly one periodic point or infinitely many periodic
orbits.

Our first result is as follows.

Theorem 3.2.13. Let w be a volume 2-form on D with f]ﬁ)w < 4o00. Let
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f be a non-degenerate diffeomorphism on . If f satisfies f*w = w and
has at least two periodic points on D, then the number of positive hyperbolic
periodic points on D is infinite.

As will be seen, the diffeomorphisms in Theorem 3.2.13 have highly
compatibility with the return maps of Birkhoff sections of disk type near
J-holomorphic curves in 3-dimensional Reeb flows.

Next, we observe how Theorem 3.2.13 is applied to 3-dimensional Reeb
flows.

As stated in §2.2 D. Cristofaro-Gardiner, M. Hutchings and D. Pomer-
leano [CHP] showed that a non-degenerate (Y, \) with b1(Y) > 0 has as least
one positive hyperbolic simple orbit by using Embedded contact homology
and Monopole floer homology, and asked the following question.

Question 3.2.14. [CHP] Suppose that a non-degenerate (Y,\) is not a
lens space with exactly two simple elliptic orbit. Does (Y, \) has as least one
positive hyperbolic simple orbit?

As we will see later, our results support an affirmative answer to the
question.

Before proceeding, we need to recall some notions. Let (Y, A) be a contact
3-manifold. Consider a simple periodic orbit v : R/T,Z — Y and v*{ — Y.
Then the linearized flow d¢'|¢ on the periodic orbit induces a flow on *¢
and hence on (v*¢\0)/Ri. we write (7*§\0)/R4 as T, and refer to the
vector field induced by d¢' on T., as linearized polar dynamics along 7. As
a set, the blown-up manifold is defined as Y, := (Y\y)||T,. Y, has a
smooth structure of a manifold such that the Reeb vector field X extend
smoothly to the linearized polar dynamics on T., (see [FHr, vl Lemma A.1]).
It is easy to see that if (¥, ) is non-degenerate, any periodic orbit of Y, is
non-degenerate.

Let u : D — Y be a Birkhoff section such that «(9D) is tangent to ~.
Then we can lift the map to @ : D — Y, = (Y'\y) || T smoothly as follows. If
z €D, then @(z) = u(x). If z € OD, then @(z) := produ(Rv) where v is the
outward unit vector at z and pr is the projection 7Y = RX @& — (£\0)/R.

Definition 3.2.15. [FHr, c.f. Definition 1.6] A Birkhoff sectionuw : D — Y
is 0-strong if for the lift 4 : D — Y., 4(0D) is transverse to the linearized
polar dynamics on T~ and any trajectory on T., intersects u(0D) infinitely
many times in the future and in the past. Here v is the simple periodic orbit
to which u(0D) is tangent.
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The following is an application of Theorem 3.2.13.

Theorem 3.2.16. If a non-degenerate contact 3-manifold (Y, \) admits a O-
strong Birkhoff section of disk type and has at least 3 simple periodic orbits,
then there exists infinitely many simple positive hyperbolic orbits.

Proof of Theorem 3.2.16. Since (Y, \) is non-degenerate and the Birkhoff
section is 0-strong, the return map on u(ID)) is non-degenerate, area-preserving
and orientation preserving map with respect to d\. In addition, it extends
smoothly to the boundary of the disk with non-degeneracy and fu(f)) dA <
400 because of the Stokes’ theorem. This implies that we can apply Theo-
rem 3.2.13 to this map. O

If a contact manifold is contactomorphic to a universally tight lens space,
we may simplify the assumption as follows.

Theorem 3.2.17. Let A be a non-degenerate contact form on (L(p,q), &sta)-
If (L(p,q), A) admits a Birkhoff section of disk type and has at least 3 sim-
ple periodic orbits, then there are infinitely many simple positive hyperbolic
orbits.

Remark 3.2.18. In [HrS1, HrLS], necessary and sufficient conditions for
(L(p,q),\) with KerA = &q to admit a Birkhoff section of disk type are
given.

The next proposition allows us to apply Theorem 3.2.16 to Theorem
3.2.17 and hence Theorem 3.2.17 follows immediately.

Proposition 3.2.19. Let A\ be a non-degenerate contact form on (L(p, q),&std)-
If (L(p,q),\) admits a Birkhoff section of disk type, then there is a O-strong
Birkhoff section of disk type with the same binding.

We assume that lens spaces L(p, ¢) contain S as a lens space with p = 1.

As an immediate corollary of Theorem 3.2.17 and Theorem 3.1.11, we
have

Corollary 3.2.20. Let (L(p, q), \) be a non-degenerate dynamically convex.
If there is a p-unknotted simple orbit v with sl?('y) = —%, then there are
either infinitely many simple positive hyperbolic orbits or exactly two simple
elliptic orbits.
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Corollary 3.2.21. Assume (Y, ) be a dynamically conver non-degenerate
contact 3-manifold such that 'Y is diffeomorphic to L(p,p — 1) for some p.
Then then there are either infinitely many simple positive hyperbolic orbits
or exactly two simple elliptic orbits.

Remark 3.2.22. It follows from [HrS2| that any dynamically convex (L(p, q), A)
with even p has an elliptic orbit. Combining with [Shil, Shi2], we have that
any non-degenerate dynamically convex (L(p,q),\) with at least 3 simple
periodic orbits has a simple positive hyperbolic orbit.

We end this section with the following question.

Question 3.2.23. Let (Y, \) be a non-degenerate contact 3-manifold. As-
sume (Y, \) is not a lens space with exactly two simple elliptic orbits. Does
(Y, \) have infinitely many simple positive hyperbolic orbits?

3.3 Proof of Theorem 3.2.2

3.3.1 Behaviors of Conley-Zehnder index and J-holomorphic
curves

In §3.3.1, we observe behaviors of Conley-Zehnder index and J-holomorphic
curves under non-degeneracy.

Lemma 3.3.1. Assume that (L(p,p — 1), \) is non-degenerate dynamically
convex contact manifold with KerA = &gq.-

(1). For any orbit v, pgion(y) > 1.

(2). Suppose that p = 2. If pgon(y) = 1, v is a simple non-contractible
elliptic orbit and if pgon(y) = 2, v is a simple non-contractible positive
hyperbolic orbit.

(3). Suppose that p > 2. If pgon(y) = 1, v is a simple non-contractible
negative hyperbolic orbit otherwise an elliptic orbit which may not be simple.
If pgiob(7) = 2, v is a non-contractible positive hyperbolic orbit.

Proof of Lemma 3.3.1. Suppose fglob(7) < 3. Since A is dynamically
convex, 7 is non-contractible. Note that 7 is contractible. Suppose that -
is hyperbolic. Then pigion(7”) = Phiglob(y) > 3. If p = 2, this implies that
Lelob(Y) = 2 and thus v is simple positive hyperbolic. If p > 2, pgi0n(7?) =
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Phiglob(7y) = 3 implies that piglon () = 1 or 2. If pig101(7y) = 2, 7 is a positive
hyperbolic orbit (may not be simple). If fig101(y) = 1, v is a simple negative
hyperbolic orbit.

Next suppose that v with pg10,(7) < 3 is elliptic. Then there is § € R\Q
such that pgon(7") = 2|nd] + 1 for every n € Zsg. Since pgion(7?) =
2|pf] +1 > 3, we have |[pf| > 1 and hence || > 0. In particular, since
Helob(Y) < 3, we have |#] = 0. Moreover in the case of p = 2, [20] = 1.
This implies that if p = 2, v is simple and pgio1(7) = 1. We complete the
proof. O

Lemma 3.3.2. Assume that (L(p,p — 1), A) is non-degenerate dynamically
convex contact manifold with Ker\ = &gq. Let a be an orbit set with [a] =

0c H(Y). If I(a,0) = 1, then M7 (a, () = 0.

Proof of Lemma 3.3.2. Suppose that M7 (a, 0)) # (). Choose u € M7 (a, 0)
and let {7;};=1, x denote the set consisting of all orbits to which the posi-
tive ends of w are asymptotic. Note that +; may not be simple. Since u is
embedded and of Fredholm index 1, we have

ind(u) =1=—=x(u)+ Y tgob(3) =29 =2+ > (pgiob(v) +1). (3.3)

1<i<k 1<i<k

Since pigion () +1 > 2, we have k = 1. Therefore we have

1 =29+ pgon(m) — 1. (3.4)

This implies that fig1on(71) = 2 and g = 0. It follows from Lemma 3.3.1 that
71 is non-contractible and hence [a] # 0. This contradicts the assumption.
We complete the proof. O

For u € M7 (a, (), let M denote the connected component of M (a, )
containing u. we introduce the following proposition given in [CHP] which
plays an important role in what follows.

Proposition 3.3.3 ([CHP]). Let (Y, ) be a non-degenerate contact three-
manifold, and let J be a compatible almost complex structure on R X Y. Let
C be an irreducible J-holomorphic curve in R X Y such that:

(1). Every C € MY, is embedded in R x Y.

(2). C is of genus 0, has no end asymptotic to a positive hyperbolic orbit and
ind(C) = 2.
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(3). C does not have two positive ends, or two negative ends, at covers of the
same simple Reeb orbit.

(4). Let v be a simple orbit with rotation nnumber 8 € R\Q. If C' has a
positive end at an m-fold cover of vy, then ged(m, |mf|) = 1. If C has a
negative end at an m-fold cover of v, then ged(m, [mf]) = 1.

(5). M{/R is compact.

Then (C) C Y is a global surface of section for the Reeb flow. In
addition for any section s : MLJ/R — ML, Uiest 7(s(t)) gives a rational
open book decomposition supporting the contact structure KerA = .

Lemma 3.3.4. Assume that (L(p,p — 1), \) is non-degenerate dynamically
convex contact manifold with KerA = &iq. Let a be an ECH generator with
I(c,0) =2 and [o] = 0. If (Uj.c,0) # 0, then there exists an simple orbit
v with pgion(7) = 1 and pgion(V7) = paisk(v¥) = 3 for which o = (v,p),
otherwise there exist simple orbits vi,v2 with pgob(V1) = Hglob(72) = 1
for which o = (71,1) U (y2,1). Moreover any element u € M”(a, () is
of genus 0 and w(u) is a global surface of section for Xy. In addition,
st ML/R = ML, U,eq 7(s(t)) gives a (rational) open book decomposition
supporting the contact structure KerA = &.

Proof of Lemma 3.3.4. Write o = {(7;,m;)}iz1, k. Let u € M7(a,)
be a J-holomorphic curve counted by U, ;. Then we have

I(u) = Jo(u) = Z figlob (V;")- (3.5)
=1,k

Therefore

2= _X(u)+ (ni_1)+ Z Mglob(%mi) =292+ Z (Nglob(’yzni)"i_zni_l)
i=1,..k i=1,..k i=1,..k
(3.6)
where n; is the number of positive ends of u asymptotic to ~; with some
multiplicities and g is the genus of w. Since pgionh(; ") + 2n; — 1 > 2 for
i1=1,..k, wehave k =1 or k = 2.

Suppose that £ = 1. Then we have 5 = 2g + pgiob(7]"") + 2n1. Note
that ¢ > 0, my,n; > 1 and ~; is simple. If n; > 2, we have ¢ = 0 and
1 = pgob(77™). Since X is dynamically convex, 7" is a non-contractible
elliptic orbit and hence [a] # 0. This contradicts the assumption. Therefore
n1 = 1 and hence 3 = 29 + pgion(77""). In the same way, we have g = 0 and
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50 3 = figlob(7™). In order to complete the proof of Lemma 3.3.4 in the case
of k =1, we have to show m = p, but since additional discussion is needed,
we would leave it for later.

Suppose that & = 2. Then 6 = 29+ 1g105(77"") + Hglob (V3 '*) + 201 + 2na.
Since g > 0 and m;,n; > 1, we have ny =ng =1, g = 0 and pg0b(77"") =
Pelob (73 ) = 1. We have to show m; = mg = 1. From Lemma 3.3.1, if p = 2,
71" and 45" are simple elliptic orbits and hence we have m; = mg = 1.
Therefore we may assume that p > 2. Without loss of generality, we consider
~v1 and m;. Suppose that m; > 2. By the definition of ECH generator, v;
is elliptic. Therefore there is # € R\Q such that pg0,(71") = 2|mb] 4 1 for
every m € Zsg. Since figlop(77") = 2[m18] +1 = 1, we have 2[if] + 1 =
1 for every 1 < i < my. Hence |m10] = my|6]. It follows from the
partition condition (Proposition 1.3.8) that each multiplicity of positive end
of u asymptotic to v is 1 and hence the number of ends asymptotic to 11
is mq. This implies that n; = m; > 2. This contradicts n; = 1. Therefore
we have m; = 1. In the same way, we have mo = 1.

Next, we show that for any element v € M”(a, (), m(u) is a global
surface of section for X. Since I(u) = 2, u € M”’(a, () is embedded.

According to Proposition3.3.3, in order to complete the proof, it is suf-
ficient to show that MY (o, 0)/R is compact. Indeed, if M”(a,()/R is com-
pact, u € M7 (a, () satisfies all of the assumptions of Proposition3.3.3

Suppose that M7 (a,?)/R is not compact. Let M7 (a,?)/R denote the
compactified space of M7 (a,))/R in the sense of SFT compactness. Choose
u € MY(a,)/RA\M?(a,0)/R. @ consists of some .J-holomorphic curves in
several floors. Let ug be the component of @ in the lowest floor. Then there
is an orbit set 3 such that ug € M7 (B,0)/R. By the additivity of ECH
index, we have I(3,0)) = 1. This contradicts Lemma 3.3.2. So M7 (a, 0)/R
is compact.

Summarizing the discussion so far, under the assumption of Lemma 3.3.4,
we have

(1). There is a contractible simple orbit 7 such that o = (y,m) and 3 =
fglob(Y™). Moreover any u € M”(«,0) is of genus 0 and 7(u) is a global
surface of section whose boundary is ™.

(2). There is non-contractible simple orbits ~1,v2 such that & = (y1,1) U
(72,1) and 1 = pglob(71) = Hglob(72). Moreover any u € M7 (a,0) is of
genus 0 and 7(u) is a global surface of section whose boundary is y; U 7s.
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Now, it is sufficient to show that m = p in (1) to complete the proof.
Take a section s : M7 (a,))/R — M7 (a, (). Then Urem (0 T(s(T)) =
M7 (a,0)/R is an (rational) open book decomposition of L(p,p — 1) (see
Proposition3.3.3). Note that M7(a,0)/R = S'. It is easy to compute
that the fundamental group of |, ¢ v(7(q,g)/r 7(s(7)) is isomorphic to Z/mZ,
which means m = p. This completes the proof. ]

Lemma 3.3.5. Suppose that « in Lemma 1.21 can be written as o = (7, p)
for a simple orbit y. Then v € Sp.

Proof of Lemma 3.3.5. This follows immediately from Lemma 3.3.4 and
Theorem 3.1.11. I

Lemma 3.3.6. Suppose that o in Lemma 1.21 can be writlten as o =
(71,1) U (72, 1) for simple orbits v1,7v2. Then vy1,72 € Sp

Lemma 3.3.6 follows from the properties of open book decomposition
supporting (L(p,p — 1),&xa). But here, we introduce a proof of Lemma
3.3.6 by constructing a Seifert surface from J-holomorphic curves.

In order to prove Lemma 3.3.6, we recall the existence of the following
local coordinate called Martinet tube which is useful for our arguments in
what follows.

Proposition 3.3.7. [HWZ1] Let (Y3,)\) be a contact three manifold with
Ker\ = £. For a simple orbit v, there is a diffeomorphism called Martinet
tube F : R/Z x Ds — U for a sufficiently small § > 0 such that F(t,0) =
~(t) and there exists a smooth function f : R/Z x D — (0,+00) satisfying
f(0,0) = Ty, df(6,0) = 0 and F*\ = f(0,z + iy)(df + xzdy). Here D5
is the disk with radius 6. Note that KerF* Az« {0y = span(9y,0,). Let
7+ Y& = R/Z x R? denote the induced trivialization by F which maps
ady + by to (a,b) € R? on each fiber.

Remark that we may take F' so that the trivialization 7r realizes a given
homotopy class of trivializations over ~.

It is convenient to see J-holomorphic curves in this coordinate. Recall

the following property.

Proposition 3.3.8. [HWZ1, cf. Theorem 1.3] Let (Y, \) be a non-degenerate
contact manifold ( not necessarily L(p,p—1)). Let J be an admissible almost
complex structure on R x Y. Consider a J-holomorphic curve g = (a,u) :
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([0,00) x S, jo) = (R x Y, J) such that u(s,t) — y(mTyt) for a simple pe-
riodic orbit vy : R/T,Z —Y and m > 0. Here jo(0s) = 0;. Take a Martinet
coordinate F : S x Dy — U, and write F~(u(s,t)) = (0(s,t), 2(s,t)) Then
there is constant ¢ and d > 0 such that

0% (a(s,t) — Tys — )| < Me™%, |0°(0(s,t) — mt)| < Me™%.

for all multi-indices B with constants M = Mg.

In addition, if g does not map onto a trivial cylinder, there is negative
etgenvalue v € O'(Lsd)’y TFopm), etgenfunction e, OfLS(M popm with eigenvalue
v, and a smooth map w : [0,00) with w(s) — v as s — 0o such that

z(s,t) = ef;w(“)d”(ey(t) +7(s,t))

Here LS(257 o is the operator defined in §1.2. Moreover, r(s,t) satisfies

Pm
0% (s,t) — 0
for all derivatives a = (aq, o), uniformly in t € St

As a corollary, the next follows.

Proposition 3.3.9. Consider a J-holomorphic curve g = (a,u) : (]0,00) x
St jo) = (R x Y, J) such that u(s,t) — y(mTyt) for a simple periodic orbit
v :R/T\Z =Y and m > 0. Suppose that g does not map onto a trivial
cylinder.

For large s, let wind(g) denote the winding number of t — z(s,t) € Ds.
Then .
wind(g) < [#7=0"))

Note that this is independent of large s.

In the same way, consider a J-holomorphic curve g = (a,u) : ((—oo, 0] X
St jo) = (R x Y, J) such that u(s,t) — v(mTyt) for a simple periodic orbit
v:R/TVZ =Y and m > 0 as s — —oo. suppose that g does not map onto
a trivial cylinder. Then The similar result holds. That is, take a Martinet
coordinate F : S* x D5 — U, and write F~(u(s,t)) = (0(s,t), 2(s,t)). For
small s, let wind(g) denote the winding number of t — z(s,t) € Ds. Then

Hrp (Vm)
(9) > [TW

wind
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Let Z : L(p,p — 1) — &sq denote a non-vanishing global section satis-
fying 7g100(Z(2)) = (x,1) € L(p,p — 1) x C where 7o is the fixed global
trivialization.

We fix the parameters v; : R/TVZ — Y, 79 : R/TZ — Y. Here we write
the periods of 1, y2 as 11, T» for simplicity.

The next theorem is used to construct Seifert surface to compute their
self-linking number and will be proved in §3.3.4.

Theorem 3.3.10. Assume that (L(p,p — 1), \) is non-degenerate dynami-
cally convex contact manifold with Ker\ = &xq. Let a be an ECH generator
with I(o,0) = 2 and [a] = 0. Suppose that (Uj .o, 0) # 0 and o can be writ-
ten as a = (y1,1) U (y2,1) for simple orbits v1,~v2. Then there is a smooth
map @ = (a,u) : St x R x ST = R x Y satisfying the following properties.

1. u:S' xR x S = Y is embedding.

2. For any o € SY, i(o,-,-) = 1y = (ag,uy) € P’ with u(s,t) — 1 (T1(t +
po)) as s — +oo and u(s,t) — y1(—Tst) as s = —o0

3. S1'3 0w [i,) € M7 (a,0)/R is a diffeomoprhism map where [i,] is the
equivalent class containing .

Proof of Lemma 3.3.6. Without loss of generality, we may consider ~;.
Let @ = (a,u) : S' x R x S' — R x Y be as in Theorem 3.3.10. We
define a continuous map v : C — L(p,p — 1) by v(re?"") = u,(logr,0) and
v(0) = 72(0). Then by the construction, we have v(re?™™) — v (pTi7) as
r — 400 and moreover this map is immersion and injective other than 0 and
1. In order to obtain Seifert surface to compute the self-linking number,
we change v near ,(0) and v,

Take Martinet tubes of v, F': ST xDs — L(p, p—1) so that 74 and Tgob
are in the same homotopy class. Fix ¢ € S'. According to [CHP, Proof
of Lemma 3.3], the winding number wind(u,) as in Proposition 3.3.8 is 0.
Therefore, by moving o € S, it follows that for small 6§, F~(F (S x 9Ds) N
w(v(C))) is (p, 1)-cabling or (p, —1)-cabling.

For small § > 0, we consider a surface constructed by connecting F(S' x
0Ds) Nm(v(C)) with v by an isotopy. And we connect it smoothly with the
outer part of v(C) together and change small neighborhood of v(0) to be
embedded. We write the surface as D C L(p,p — 1). By the construction,
this is a (rational) Seifert surface of disk type binding v; with multiplicity p.

Moreover by the construction sl?(’yl) = —% or % which depends on whether
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F~YF(S' x D) N 7(v(C))) is (p,1)-cabling or (p, —1)-cabling. On the
other hand, since &4tq is universally tight and +; is transversal knot, we may
apply (rational) Bennequin inequality to this (see [BE]). Therefore we have
sl?(%) < —%X(F) = —%. This implies sl?(fyl) = —%. We complete the
proof. O

3.3.2 Proof of Theorem 3.2.2 in non-degenerate cases

The purpose of this section is to prove Theorem 3.2.2 under non-degeneracy.
It is easy to check that Theorem 3.2.2 under non-degeneracy follows from
the next propositions. We prove them respectively.

Proposition 3.3.11. Assume that (L(p,p — 1), A) is non-degenerate and
dynamically conver with KerA = &gq. Then there exists v € S, satisfying

fglob(7) = 1 and
1
JEEE L RNy (37)
v

Proposition 3.3.12. Assume that (L(2,1),\) is non-degenerate and dy-
namically convex. Then

1 ECH . /
— L(2,1),)) < f A 3.8
9 (& ( ( ’ )7 ) — ’yESg,p};}ob(’y):l N ( )

Proof of Proposition 3.3.11

Here, we prove For a sum of ECH generators aq + ... + o with d5(aq + ...+
ag) = 0, we write (o1 + ... + o) as the equivalence class in ECH (Y, ).

Lemma 3.3.13. Let oy, ..., ax be ECH generators with [o;) = 0 and I(a;,0) =
2 fori=1,...k. Suppose that dj(a1+...+ax) =0 and 0 # (a1 + ... + o) €
ECH(Y, \,0). Then there exists i such that (Uja;,0) # 0.

Proof of Lemma 3.3.13. Since KerA = &q, 0 +Im(9s|pcc, (v,0,0)) 18 not
zero in ECHy(Y,\,0). It follows from Lemma 3.3.2 that if non zero ele-
ment in ECHo(Y, A, 0) is represented as 51 + ... + 8 +1m(0;| poc, (v,r0)) for
some ECH generators f1, ..., 5;, there is k such that £, = () and Z#k Bs
is in Im(0s|pcc, (v r0))- Indeed, if Br # 0 for every 1 < k < 4, 0 +
Im (9| pccy (v a0)) and B+ ...+ B; +1Im (0| oc, (v,r0)) are linearly indepen-
dent in ECHy(Y, \,0). Otherwise since ECHs(Y,\,0) 2 F, 0 + 31 + ... +
Bi +1Im(0s|pccy (va0)) 18 zero in ECHy(Y, A,0) and so ) + 1 + ... + 5 €
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Im(9s|gcc, (vr0))- This implies that there is an ECH generator o with
I(o,0) = 1 such that M7 (o, 0) # 0, but this contradicts Lemma 3.3.2.
Since U : ECH3(Y,\,0) — ECHy(Y,\,0) is isomorphism, it follows
that Uy (o1 + ... + ax) + Im(9s|pcey (via0) 18 not zero in ECHy(Y; A, 0).
Summarizing these arguments, if (U a4, 0) = 0 for any ¢, we have Uy, (o1 +
ot ax) € Im(97|pec, (v,r,0))- Therefore there is i such that (Uj.a;,0) # 0.
We complete the proof. O

Proof. Now we complete the proof of Proposition 3.3.11. From the definition
of cPCH_ there are ECH generators ar, ..., oy, with [e;] = 0, I(cy, ) = 2 and
Ala;) < FCH(L(p.p — 1), ) for i = 1,...k such that dy(a; + ... + ) = 0
and 0 # (o1 + ... + o) € ECH»(Y, \,0). By Lemma 3.3.13, we can find
i such that (Uj.a;,0) # 0. By combining with Lemma 3.3.4 and Lemma
3.3.6, there is either v € S, with pgen(y) = 1 for which a; = (v,p) or
1,72 € Sp with fig1ob(71) = Hglob(72) = 1 for which a; = (71,1) U (72, 1).
In any cases, this implies that there is v € S, with p(y) = 1 such that
ECH(L(p,p — 1),A) > 2f7 A. Thus we have £ cF°H(L(p,p — 1), ) > f7 A.
This completes the proof.

Proof of Proposition 3.3.12
Here, we focus on the case of p = 2.

Lemma 3.3.14. For any v € Sz with pgon(y) = 1 (that is, paisk(v?) =
fgiob(Y?) = 3). Then (v,2) is an ECH generator and I((v,2),0) = 2.

Proof of Lemma 3.3.14. We will give the proof more generally in Lemma
3.4.18. ]

Lemma 3.3.15. Let (L(2,1),)\) be a non-degenerate dynamically convex
contact manifold. Let c, = (7,2) for v € Sp. If paisk(v?) = 3, then there is
no somewhere injective J-holomorphic curve satisfying the following;

(1). There is only one positive end. In addition, the positive end is asymptotic
to v with multiplicity p.

(2). There is at least one negative end.

(3). Any puncture on the domain is either positive or negative end.
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Proof of Lemma 3.3.15. We will give the proof more generally in Lemma
3.4.19. O

Lemma 3.3.16. For any v € Sy with pugisk(7?) = 3, Ojay = 0.

Proof of Lemma 3.3.16. We will give the proof more generally in Lemma
3.4.21. O

Define a set G consisting of ECH generators as
G = {a] (Us0,0) £0 }. (3.9)

Lemma 3.3.17. For~y € Sy with pu(y) =1, let ay = (7,2). Then (Uj .y, 0) #
0 for generic z € L(2,1). That is oy € G.

Proof of Lemma 3.3.17. Recall that each page of the rational open book
decomposition constructed in [HrS2, Theorem 1.7, Corollary 1.8] is the pro-
jection of J-holomorphic curve from (C, ) to L(2,1). Moreover in this case,
M7 (., 0)/R is compact and any two distinct elements uy, us € M7 (v, D)
has no intersection point. Hence : M7 (a.,0)/R = S and for a section
s M7 (ay,0)/R — M7 (ary, D), Urem(a, 0y 7(s(7)) — M (ay,0)/R is
an (rational) open book decomposition of L(2,1). This implies that for
z € L(2,1) not on ~, there is exactly one J-holomorphic curve in M7 (cv, 1)
through (0,2) € R x L(2,1). Therefore we have (Uj .o, 0) # 0. O

Lemma 3.3.18. Suppose that B is an ECH generator with I(3,a) = 1.
Then

> (0sB,0) =0 (3.10)

a€cg

Proof of Lemma 3.3.18. Write

0;8="> (0s8,c)a+ Y. (9s8,0)0. (3.11)

acg 1(B,0)=1,0¢G

Then we have

(U2018,0) =Y (018, a)(Usea, )+ D> (918,0)(0,0) = > (018, )
aeg I1(B,0)=1,0¢G aeg
(3.12)

Here we use that for o € G, (Uj,a,0) =1 and for o with o ¢ G, (Uj.0,0) =
0.
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Since Uy .05 = 95Uy, we have (U;,0;3,0) = (0;U;.5,0) = 0 (Here
we use Lemma 3.3.2). This completes the proof. O

Lemma 3.3.19. For any v € Sy with pigon(y) = 1, 0 # (ay) = ((7,2)) €
ECH,(Y,\,0).

Proof of Lemma 3.3.19. Suppose that 0 = (ay) € ECH(Y, A, 0). Then
there are ECH generators (1,...5; with I(8;,a,) = 1 for any ¢ such that
05(B1 + ... + B;) = ay. From Lemma 3.3.18, we have

SN 058y =D (ay,a) =0. (3.13)

1<i<j a€eg acg

But since ay, € G, Y, cg{ay,a) = 1. This is a contradiction. We complete
the proof. ]

Proof. Now, we complete the proof of Proposition 3.3.12. From Lemma
3.3.19 and the definition of cP°H(L(2, 1), \), we have 2 S,Az FCH(L(2,1),))
for any v € S with pigion(y) = 1. This implies inf,cs, 0 (1)=1 fv)‘ >
%CIECH(L(& 1), A). This completes the proof. O

3.3.3 Extend the results to degenerate cases
Case of p =2

Here, we prove Theorem 3.2.2 (1) under degenerate strictly convex as a
limiting case of non-degenerate result. At first, we show;

Proposition 3.3.20. Assume that (L(2,1),)\) is strictly convex. Then
there exists a simple orbit v € Sy such that pgon(y) = 1 and fv)\ =

$ FCH(L(2,1),N). In particular,

1
inf A< = ECH(L(2,1),\). 3.14
'YESQ,Hglob('Y):l/y —2! (L@ 1. ( )

Proof of Proposition 3.3.20. Let L = cF“H(L(2,1),)\). Take a sequence
of strictly convex contact forms A, such that A, — X\ in C"*°-topology and
An is non-degenerate for each n. Therefore we have

1
inf An = = FON(L(2,1), A, 3.15
WGSM(W)=1/7 21 (L(2,1), An) (3.15)
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Note that ¢FCH(L(2,1),\,) — L as n — +oo. This means that there is a
sequence of v, € Sa(L(2,1), fu\) with pigion(n) = 1 such that f% An — 3L.
By Arzela—Ascoli theorem, we can find a subsequence which converges to a
periodic orbit v of A in C*°-topology.

Claim 3.3.21. v is simple. In particular, v € So(L(2,1), ) and pgion(y) =
1.

Proof of Claim 3.3.21. By the argument so far, there is a sequence of
Yo € S2(L(2,1), A\p) with figion(vn) = 1 which converges to v in C*°. Note
that uglob(’yQ) = 3. Suppose that ~ is not simple, that is, there is a simple
orbit 4/ and k € Z-g with 4/* = ~. Form the lower semi-continuity of s,
we have fglob(72) — Hglob(7?F) = figob((7/?)*) = 3. Note that here we use
the fact that 7/2* is contractible and pgon((7/2)*) > 3. But since 72 is also
contractible, we have pigon(72) > 3. Hence it follows from Proposition 1.2.4
that pgon((7)%) > 2k + 1 > 5. This is a contradiction. Therefore 7 is
simple. This implies that for sufficiently large n, 7, is transversally isotopic
to . This implies that v is 2-unknotted and has self-linking number —%.

At last, we prove pgon(y) = 1. Form the lower semi-continuity of s,
we have fglob(Yn) — Hglob(y) = 1 or 0. Suppose figloh(y) = 0. Then from
Proposition 1.2.4, we have pgon(7?) = 0. This contradicts the assumption
of dynamical convexity. Hence we have pgon(y) = 1. We complete the
proof. O

As discussion so far, there is a sequence of v, € S2(L(2,1), fyA) with
Pelob(1n) = 1 and v € Sa(L(2,1), A) with figion(7y) = 1 such that f% faX —
%L and -y, converges to v of A in C*-topology. Therefore we have fv A=
%C{ECH(L(Q, 1),A\) in C*°-topology. we complete the proof of Proposition
3.3.20. -

Now, we have Proposition 3.3.20. Therefore in order to complete the
proof of Theorem 3.2.2 (1), it is sufficient to show the next proposition.

Proposition 3.3.22. Assume that (L(2,1),\) is strictly convex. Then

1 ECH : /
- L(2,1),)\) < f A 3.16
2 Cl ( ( ’ )7 ) o 76327;;1101)(7):1 % ( )

Proof of Proposition 3.3.22. We prove this by contradiction. Suppose
that there exists v\ € So(L(2,1), A) with fgion(72) = 1 such that £ ¢FH(L(2,1), 1) >

S
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Lemma 3.3.23. There exists a sequence of smooth functions fy, : L(2,1) —
Rsq such that f, — 1 in C*>-topology and satisfying fn|y, =1 and dfy|,, =
0. Moreover, all periodic orbits of Xy, of periods < n are non-degenerate
and all contractible orbits of periods < n have Conley-Zehnder index > 3.
In addition, v is a non-degenerate periodic orbit of Xy, x with pglon(7r) = 1
for every n.

Proof of Lemma 3.3.23. See [HWZ4, Lemma 6.8, 6.9] O

For a sequence of smooth functions f, : L(2,1) — R< in Lemma 3.3.23,
fix N >> 0 sufficient large so that ¢F“H(L(2,1), fy\) > fw Aand N >
2cPCH(L(2,1), fyA). We can take such fy because ¢PCH is continuous in
CP-topology.

Lemma 3.3.24. Let f : L(2,1) — Rsg be a smooth function such that
f(z) < fn(x) for any x € L(2,1). Suppose that f\ is non-degenerate dy-
namically convex. Then there exists a simple periodic orbit v € Sa(L(2,1), f\)
with pigion(y) = 1 such that fv A< fw A

Outline of the proof of Lemma 3.3.24. See [HrS2, Proposition 3.1]. In
the proof and statement of [HrS2, Proposition 3.1], ellipsoids are used in-
stead of (L(2,1), fyA), but the important point in the proof is to find
2-unknotted self-linking number —% orbit with Conley-Zehnder index 1
and construct a suitable J-holomorphic curve from [HrLS, Proposition 6.8].
Now, we have v\ € Sa(L(2,1), fnA) with pgon(ya) = 1 and hence by ap-
plying [HrLS, Proposition 6.8], we can construct a suitable J-holomorphic
curve. By using this curves instead of ones in the original proof, we can show
Proposition 3.3.24. Here we note that Lemma 3.3.15 is needed to prove the
same result of [HrS2, Theorem 3.15] O

Now, we would complete the proof. Let f : L(2,1) — R5( be a smooth
function such that f(z) < fny(x) for any x € L(2,1), fA be non-degenerate
strictly convex and [ A < FECH(L(2,1), fA) < 3FCH(L(2,1), faN). We
can check easily that it is possible to take such f. Due to Lemma 3.3.24,
there exists a simple periodic orbit v € Sa(L(2,1), fA) with pgen(y) = 1
such that fv A< fw A. Since infres, oy (y)=1 j; fa= %CIECH(L(Z 1), fN),
we have [ A < $cEOH(L(2,1), fA) < J, fA. This is a contradiction. We
complete the proof. O
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Case of p=3,4,6

At first, we consider general p and after that, we focus on p = 3,4, 6.

Suppose that (L(p,p — 1), \) is strictly convex. Then we can take a
sequence of strictly convex non-degenerate contact form with A\, — A. Hence
from Proposition 3.3.11, we can find vy, € Sp(L(p,p—1), An) with pigion(1n) =
1 such that f% An < % FCH(L(p,p—1),\y). If v, converges to a simple orbit
v, It follows from the same mathod of Proposition 3.3.20 and Claim 3.3.21
that v € Sp(L(p,p — 1), A) and pgon(y) = 1. But since figiop(7?) may be
larger than 3 for p > 3, the limiting orbit v of v, may not be simple and
hence we can’t say v € Sp(L(p,p — 1), A) directly. In this subsection, we
observe the limiting behavior of v, and find a subsequence converging to a
simple orbit v in the case of p = 3,4, 6.

At first, we recall how to find v, € S, in (L(p,p — 1),\,). Due to
Section 3,4, from the algenbraic structure of ECH and the behaviors of J-
holomorphic curves, we can find an ECH generator «, satistying (Uy, ., 0) #
0 and A(a,,) < FCH(L(p,p — 1),\,). In addition, we can see that if
(U, .0n,0) # 0, o is described as either

(1). an = (Yn,p) With 7, € Sp, pigiob(7h) = 3 and figion(1n) = 1, or

(2). an = (Yn,1, 1)U(Vn,2, 1) wWith v, 1,72 € Sp, tglob(Vn,1) = Hglob(Tn,2) =
1.

In any case, we obtain exactly what we want.

Now, for A, — A, we pick and fix a sequence of ECH generators «,
satisfying (U, ., 0) # 0 and A(ay,) < FCH(L(p,p — 1), \n).

Lemma 3.3.25. Suppose that {o,} consists of an = (yn,p) with v, € Sp,
Belob(7h) = 3 and pgion(vn) = 1. Then there exist a simple orbit vy of
(L(p,p — 1), A) and a subsequence {yn,} such that v, — 7. In particular,

v E Sp7 Mglob(’yp) =3 and ,Ufglob(f}/) =1

Proof of Lemma 3.3.25. The proof is the same as the one of Claim 3.3.21.
O

Next, suppose that {a;, } consists of oy, = (.1, 1)U(Vn,2, 1) With v, 1,Ym,2 €
Sp, Hglob(Vn,1) = Hglob(Tn,2) = 1. By Arzel‘a-Ascoli theorem, we may as-
sume that there are simple orbits 7.1 and 7.2 such that v, 1 — 7&,1 and

Vn,2 = 750272 for some k1, ko € Z~y.
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Lemma 3.3.26. IfVoo,1 # Yoo,2, then ky = ko = 1. In particular, 7oo,1,Yo0,2 €
Sp and uglob(’yoo,ﬂ = Mglob(%o,2) =1

Proof of Lemma 3.3.26. Without loss of generality, we focus on i = 2.
Note that Hy(L(p,p—1)\n,1) = Z and [y 2] generates Hy(L(p, p—1)\Vn1)-
Take small neighborhoods v ; C V; for i = 1,2 satisfying V1NV, = 0. Then,
Yn,i C V; for sufficiently large n. This means that when we fix large ng, 52
is isotopic to ’ylfo’? in L(p,p—1)\"Yne,1 for any n > ng. Hence [y, 2] generates
Hi(L(p,p — 1)\Vng,1) and [yn 2] = k2[Vso,2). Therefore we have ko = 1. In
particular, by the same method with Claim 3.3.21, we have 7,2 € S, and
1(Yoo0,2) = 1. We complete the proof. O

Lemma 3.3.27. If Yoo,1 = Voo,2, then k1 4k = p. In addition, both ki and
ko are mutually prime with p.

Proof of Lemma 3.3.27. For simplicity, write 7o := Voo,1 = Yoo,2. Since
Y1 — & and vu2 — 752, we have [yn1] = ki[veo) and [yn2] = k2[yoo]
in Hi(L(p,p — 1)) = Z/pZ. Since [yn1] + [Yn,2] = 0 and [y,,1] generates
Hi(L(p,p—1)), [7s0) also generates Hy(L(p,p — 1)) and kj, ko are mutually
prime with p. Moreover, k1 + ko = kp for some k € Z~g.

Suppose that kK > 2. Then k1 > p+ 1 or ko > p+ 1. Without loss of
generality, we may assume k1 > p + 1.

Since vA is contractible, we have figon(75) > 3 and hence pglon((15)1) >
2k1 + 1 > 2p + 3 (Proposition 1.2.4).

On the other hand, for any n, 2p — 1 > pgon(7y, ;). Indeed, if v is
hyperbolic, Nglob(VﬁJ) = Pliglob(Vn,1) = p. If 4,1 is elliptic, since v,1 is
non-degenerate, there is 6, € R\Q such that pugon(1y1) = 2[mby,] + 1 for
every m € Zso. Note that 0 < 6, < 1 because figion(Vn,1) = 1. Hence we
have figion (75, 1) = 2[pOn] +1 < 2p — 1.

Now, we have 2p — 1 > pgon (75, ,)- Since v, — Bk

and p is lower
semi-continuous, we have 2p — 1 > uglob('ygfl) = f1glob((75%)*), but this
contradicts figion ((750)¥1) > 2k + 1 > 2p + 3. Therefore, we have k = 1 and

complete the proof. O

Complete the proof in the case of p = 3,4,6. For A, — A, consider a
sequence of ECH generators «,, satisfying (U, .on,0) # 0 and A(a,) <
C?CH(L(pap - 1)7 )\n)
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If {a,} contains an infinity subsequence consisting of oy, = (yp,1,p) with
Yn € Spy Hglob(7h) = 3, we can apply Lemma 3.3.25 and hence we obtain
v € S, satisfying pg10n(y) = 1 and pfv A< FCH(L(p,p—1),N).

If {a,} contains an infinity subsequence consisting of a,, = (y5,1,1) U
('7n,211) with Yn,1, Vn2 € ‘Spa Mglob(ﬁ’n,l) = Mglob('Y'rL,Q) =1 In additiona
suppose that v, 1 and v, 2 converge to different orbits, then we may apply
Lemma 3.3.26 and hence we obtain two simple orbits vss,1700,2 € Sp With
Hglob(Voo,1) = Hglob(Voo,2) = 1 satisfying vn1 — Yoo,1, M2 = Yeo,2. Hence
we have f%o,l A+ f%oj A < FCH(L(p,p — 1), N).

If {a,} contains an infinity subsequence consisting of o, = (y5,1,1) U
(Yn,2, 1) With v,.1, Y02 € Sp and figloh(Vn,1) = Hglob(Tn,2) = 1. In addition,
suppose that 7, 1 and 7,2 converge to the same orbit v, with some multi-
plicities k1, ko. Then we may apply Lemma 3.3.27. If p = 3,4, 6, any pairs
(k1, k2) satisfying Lemma 3.3.27 contain 1. Therefore (ki, k2) = (1,p — 1)
or (p —1,1). This implies that v,1 = Yoo, Tn2 — ’y&_l or Yn,1 — 7&_1,
Yn,2 = Yoo and hence we have 7o, € S and figloh (7o) = 1 by the same way
as Claim 3.3.21. Moreover, we have pf%o A< FCH(L(p,p—1),N).

In any case, we complete the proof. O

3.3.4 Construction of a family of J-holomorphic curves

The purpose of this section is to prove Theorem 3.3.10.

Recall the conditions.

Let v1 : R/TYZ — Y and v : R/T%Z — Y be simple periodic orbits
with figloh (V1) = Hglob(72) = 1. Here we fix their parametrizations. Let 22
denote the set of J-holomorphic curves (a,u) : (Rx S, jo) = (RxY,J) with
u(s,t) = y1(Tht + e1) as s — 400 and u(s,t) = y1(—Tat + e3) as s - —00
for some e; € R where jo(0s) = 0. Note that a(s,t) = 400 as s — Fo0.

In order to prove the theorem, we recall the description of P/ as a finite
dimensional submanifold in a suitable infinite dimensional Banach manifold
according to [Dr].

For ~; i = 1,2, there is an open neighborhood ~;(R/T;Z) C U; C Y and
a Martinet tube Fj : S x Ds, — U; such that the trivialization 7 is in the
same fomotopy class with 7gop.

Definition 3.3.28. [Dr, ¢f. Definiton 4] Let 6 > 0 and q > 2. (a,u) €
C®R x SLR x Y) is (d,1,q)-convergence to v1, —vy2 if it satisfies the
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following properties.

1. there is a sufficient large number R >> such that u([R,+o0) x S!) C Uy
and u((—oo, —R] x S1) C Us.

2. Let Ffl(u(svt)) = (el(svt)wzl(s?t)) and F271(u(57t)) = (92(57t)7z2(87t))'
Then there are d; € R and ¢; € R such that

eés(ai(eis,t) —eTs — d;), 663(9i(eis,t) — et — ¢;) € WH([R, +00) x SY,R)
(3.17)

and
%z (eis,t) € WHI([R, +o00) x ST, R?) (3.18)

where € = +1, e = —1.

Define B* € C®°(Rx S, RxY) as the set consisting of (4, 1, g)-convergence
elements to v1, —y2 of C°(R x ST, R x Y).

Note that for sufficiently small §, any element in P is (6, 1, ¢)-convergence
and hence P/ C By® [HWZ1, cf. Theorem 1.3].

Next we complete B5° to a suitable Banach manifold. Fix a Riemannian
metric gy on R x Y where

97(ads + h,bds + k) = ab+ A(R)A(k) + dA(h, Jk). (3.19)

Let (a,u) € B’ and 7 :Rx S — T(R x Y) such that J(s,t) €
Tla(s,t)us,t)) (R X Y).

Definition 3.3.29. [Dr, cf. Definition 5.] For 5 € W,2((a,u)*T(R x Y)),
write

Y(s,t) = (b(s, )0, h(s,t) Xa(u(s, 1)) + Q(u(s,1)))
where Q(u(s,t)) € &uesy)- If by h, Q satisfies,

(b, h) € WH([R,00)] x ST, R?), e %%(b,h) € W14((—00, —R] x S, R?)
and
Q€ WH((ul i 00)xs1) ) €*Q € WH((u](—oo—Rjxs1) ")
for a sufficiently large R >> 0. Then we say 5 € Wg’q((a,u)*T(R xY)).
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Let h = (a,u) € B> and suppose that a([R, +00)x.S') C Uy, h((—o0, —R]x
S') C Uy for a sufficient large R >> 0. Let F, '(u(s,t)) = (01(s,t), z1(s,1))
and Fy '(u(s,t)) = (02(s,t), 22(s,t)). Consider a smooth function x : R —
[0, 1] such that x(s) = 0 for [s| < R+ 3 and (s) = 1 for |s| > R+ 1. For
d = (dy,ds),c = (c1,c2) € R?, define B(C,d) as fz(ad) =hon [-R,R] x S and

hicay(s,t) = (a(s,t) + k(s)di, ¢i(0i(s,t) + K(s)ci, zi(s,1))) (3.20)
on R\[-R, R] x S!

Definition 3.3.30. [Dr, ¢f. Definition 6] Fiz small ¢ > 0 so that 2 is
smaller than the injective radius with respect to gy. We define

By? = {expy, o775 € Wi 9(hi, oy T(RXY)), (c;d) € RY, [Flco <, |eil, |di| <€ i=1,2}
i (3.21)
where h € B§°.

Theorem 3.3.31. B;’q is endowed with the differentiable structure of an
infinite-dimensional, separable Banach manifold.

For a map h € Bg’q, let

U={(3 (c;d) € Wy (TR xY)) xRY| [Flco < ¢, |cil, |dil <e i=1,2}.
3 (3.22)
Then by the construction, we can describe a local chart around h € B;’q as

E; U — {expy, , oTail (7, (e.d) € U} C B;* (3.23)

where B, (3, (¢, d)) = expy,  ol(c,)7 and I g : WT(RXY) = by, T(Rx

Y) is the parallel transport along the shortest geodesic from a point of h to
a point of . 4. This implies that there is a natural identification

T By =2 WU TR x Y)) @ R? (3.24)

where T;LB;’q is the tangent space at h € Bé’q.

Next, we consider the tangent space at he P’ asa subspace of T;LB;’q.

From the standard argument, 7 EPJ can be identified with the kernel of

F By 2 W (W T(R X Y)) @R — LIAY T (R x SYY @ T(R x Y)).
(3.25)
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Here, Fj is the linearization of the Cauchy-Riemann operator at h and
described as follows.

Define
- d —1 A -
PB(’}/, (C, d)) = H(c,d) e} (I)}%C )(H(c,d)’)/) 1 o} 8Jexp,~1(c,d)l'[(c7d)'y (326)
,d) & .
where (I);%C )(g) : Tﬁ(ad) (RxY) — TeXp;L(c,d) B (RxY) is the parallel transport

for £ € Ty RXY).

a)

Then Fj is given by

Fi (3 (e,d)) = -5 PO, Ales ) o (3.27)

Moreover, there is a natural identification

T; P’ ~ KerF; (3.28)

From this construction, it can be described as
F, (%, (¢,d)) = Dj,(3) + K(c,d) (3.29)
where D; : Wi (R*T(R x Y)) — LLAYIT*(R x S1) @, h*T(R x Y)) and
K :R* = LYAIT*(R x SY) @ B*T(R x Y)).
Note that F; and Dj are Fredholm operators and we fix a generic J so

that Fj is surjective for any he P/,

Proposition 3.3.32. [Dr, Theorem 9]

IndFj, = IndDj, +4 = 4. (3.30)
In particular, IndDj, = 0.

From Proposition 3.3.32, we can see that pr : TBPJ = Kerfj, — R* is
an isomorphism where pr is the restriction of the natural projection pr, :
T: By = Wil(R*T(R x Y)) @ R* — RY to T; P/ = KerF;.

Recall the moduli space M7 (a,())/R =2 S'. This is a quotient space of
P’. Consider the projection 7 : P/ — MY(a,0)/R = S, For h = (a,h) €
P’

)
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m(w(h) ™t = {(a(s+d,t+c)+e,h(s+d,t+c)) € P/|(c,d,e) € S xRxR}
(3.31)
So M7 (a,)/R = S is a fiber bundle whose fiber is isomorphic to
St xR xR.
Take a section ¥ : M7(a,0)/R = S' — P/. For ¢ € S, write 9(0) =
(ag,vs) € P, Let py1, p2 : ST — S denote the functions defined by

iy (s,) = (Tt + p1 (o)) (3.32)
lim_v(s,1) = 7(~Ta(t + pa(0))) (3.33)

Proposition 3.3.33. pi, po : S' — S! are smooth functions such that
L=p1 —po: St — St is a locally diffeomorphism.

Proof of Proposition 3.3.33. In order to prove Proposition 3.3.33, we
have to observe the tangent space along the fiber.

Fix 09 € S'. Take e; € S! and f; € R so that

lim vy, (s,t) = vi(eTi(t +e:)), li)m ar(s,t) —€Tis = fi.  (3.34)

€;5—+00 —+o00

Let @ : (—e,€) — P’ be a smooth path with @(0) = ©(cg) where € > 0
is sufficiently small. Write w(A\) = (by,w,) € P’ and let ¢; : (—¢,¢) — S1,
d; : (—e,e) - R i =1,2 denote the functions defined by

lim wy(s,t) =7vi(&Ti(t+ci(0))), Um by(s,t)—eTis =di(o). (3.35)

€;5—400 €;5—400
From the construction we can easily check that
(w(o)) = (c1(0) — €1, c2(0) — €2, d1(0) — f1,d2(0) — f2) (3.36)

where Ej,  is the map defined by (3.23).
This implies that for @'(0) € Tﬁ(UO)PJ = KerF(gy)s

pr(@'(0)) = (c1(0), ¢5(0),d1(0), d5(0)). (3.37)

proo B!

9(00)

Under these understandings, we observe the tangent space along the fiber
at 9(og). For i =1,2,3, define w; : (—e,¢) — P’ as

W1(0) = (A, (8,1) + 0,v0,(5, 1)), (3.38)
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Wa(0) = (agy (s + 0,t), v (s + 0, 1)), (3.39)
W3(0) = (agy(s,t +0),v7(s,t + 0)). (3.40)

Since (3.31), the tangent space along the fiber at ©(og) is spaned by
w}(0), w5(0) and w5(0). From the definition, we have

pr(ﬁ)ll (0)) = (0,0,1,1), pr(u?é(O)) = (0,0,T1, —T>), pl“(ﬂ)é(())) = (1,1,0,0).
(3.41)

Since ¥ : M7(a,0)/R = S — P’ is a section, ¥/(10), @}(0), @h(0)
and w4(0) span T, ﬂ(UO)P‘] KerFy(5,). From the definition, the first two
coordinate of pr(¥/(cv)) is (p}(00), p4(c0)). Since pr : T; P’ = KerF; — R*
is an isomorphism, pr(@}(0)), pr(w(0)), pr(w5(0)) and pr(?’'(cp)) span R*
and so we have p}(ag) — ph(c0) # 0. This implies that ¢ = p; —py : S — S*
is a local diffeomorphism and hence we complete the proof. ]

~
~

Proposition 3.3.34. . =p; — py : S* — St is a p-fold cover.

Proof of Proposition 3.3.34. By considering a composition function of
t =t — pa(0) with §(o), we may assume that for (o) = (as,vs) € P/,

i vo(s,6) = (T3 + (o) (.42
SLi]gloo Vo (8, 1) = v2(—=Tht) (3.43)

Moreover by considering ¢ — —o, we may assume that ¢ : S* — S is an
orientation preserving map.

For R >> 0 Consider two solid torus |J,cg1 vo((—00, —R] x S') UImys
and |J,c g1 v ([R, +00) x S') UImy; whose boundaries have coordinates

St x S5 (0,t) = ve (=R, 1), vo(R, ). (3.44)
From the construction, we can see that the map on the boundaries

b | ve({=R}x 8" = | ve({R} x §1), vo(—R,t) = ve(R,t) (3.45)

cest oest

is a diffeomorphism and the lens space constructed by gluing the two solid
torus by this map is diffeomorphic to L(p,p— 1). This implies that for fixed

00 € 51, Yu([Uyesr vo(—R.0)]) = plvg, ({—R} x S')] where

ot Hi(|J ve({=R} x §1) = Hi( | vo({R} x S")) (3.46)

oest cest
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is the induced map by 1. Consider the inclusion i : |J,cg1 vo ({R} x S') —
Uyest Vo ([R,+00) x S') UImy;. Then iy 0 ¢u([U,eqt vo(—R,0)]) = p[mn].
This implies that the multiplicity of ¢ : S — S' is p. We complete the proof
of Proposition 3.3.34. O

Proof of Theorem 3.3.10. Since ¢ : S — S is a p-fold cover, by consid-
ering a composite function o +— o — 0y, we may assume that ¢(0) = 0. Let
St = R/pZ and T : S — S! be the natural projection. Then there is a lift
p:(SY,0) = (S',0). Since p is a diffeomorphism, the map p~! : ST — §?
is defined and p o p~! = 7. Define j : S! — S! as j(0) = po. then there is
a lift j : (S',0) — (S*,0) with 7 o j = j. From the construction, we have
Ltoptoj=1j.

Define (o) = #(p~' 0 j(c)). Then this is exactly what we want. Indeed

lim ug(s,t) = y1(Ti(t+pop ' 0j(0)) = n(Ti(t+(0))) = n(Ti(t+po))

s——+00
(3.47)
E{n Ug(s,t) = y2(—That). (3.48)
We complete the proof of Theorem 3.3.10. O

3.4 Proof of Theorem 3.2.7 and Theorem 3.2.11

At first, we prove Theorem 3.2.7.

Consider V; = S'xD, Vo = S'xD and a gluing map g : 9V} = S'xoD —
St x 9D = OV; which is described as

(= 2)

c d

in standard longitude-meridian coordinates on the torus where a, b, c,d € Z,
b > 0 and ad — bc = 1. Then, there is an orientation-preserving diffeo-
morphism from the glued manifold V; U, Vo to L(p, ¢) if and only if b = p
and in addition either d = —¢ mod p or dg = —1 mod p (as remarked, the
orientation of L(p,q) is induced by the 4-dimensional ball). Note that the

boundary of a meridian disk of V; is glued by g along a (p,d)-cable curve
on OV, = St x 9D.

Let v C (L(p,q), \) be a p-unknotted Reeb orbits and w : D — L(p, q) be
a rational Seifert surface of 4?. Take a Martinet tube F : R/T,Z x Dy — U
for a sufficiently small § > 0 onto a small open neighbourhood v C U.
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As Remark 3.1.8, U is a solid torus such that L(p,q)\U is also a solid
torus, which gives a Heegaard decomposition of genus 1. In addition, u(ID)N
(L(p,q)\U) is a meridian disk of L(p, q)\U. Therefore, F~1(u(D)NoU) is a
(p,7) cable such that either —r = ¢ mod p or —rq = 1 mod p with respect
to the coordinate of R/T,Z x . Therefore, Theorem 3.2.7 follows directly
from the next proposition.

Proposition 3.4.1. Suppose that the above F~1(u(D)NAU) is a (p,r) cable.
If —2r — 2p- sl?(’y) — paisk(YP) is not divisible by p, then ~ is elliptic.

To prove the above proposition, we take sections Zgisx : R/pT,Z —
(vP)*¢€ and Zp : R/pT,Z — (7P)*€ so that Zgg extends to a non-vanishing
section on u*¢ and Zg corresponds to 0, on the coordinate induced by F'.
Let Z§y : R/pTyZ — L(p,q) and Z§, : R/pT,Z — L(p,q) denote the curves
Zgiac(t) = expyy) (€Zaisk (t)) and Z5(t) = exp, ) (eZp(t)) for small € > 0 re-
spectively. Then, it follows from a direct observation and the definition that
#(u(D) N Z5) = —rp and #(u(D) N Z5y.) = pzsl?(’y) (note the orientation
and sign).

Let p : S — L(p,q) be the covering map. We can take lifts of 77 :
R/pT,Z — L(p,q) and the rational Seifert surface u : D — L(p,q) to S,
and write 7 : R/pT,Z — S3, i : D — S? respectively. We may assume that
F(pTyt) = a(e*™). In the same way, we take lifts of Zaisk, Zr : R/pT,Z —
(vP)*€ and write Zdisk,NZF : R/pT,Z — 5*¢ respectively. Let Z54(t) =
exps(y) (€Zaisk(t)) and Zi(t) = expsy(€Zp(t)). Then it follows from the
construction that Zgisk and Z% are lifts of Z3,, and Z§ respectively. Since
there are p ways of lifting Z3,,., Z% and each intersection number of a lift
with @(D) is equal to each other, we have

#(u(D) N Z§) = p#(a(D) N Z§:), #(u(D) N Zig) = p#(a(D) N Zgy,)

and hence #(a(D) N Z%) = —r, #(D)N Zfﬁsk) = PSZ?(’Y)-

Recall that 7p : "¢ — R/T, x R? denotes the trivialization induced by
F. As mentioned, we use the same notation 7 for a trivialization (y?)*¢ —
R/T., x R? induced by 7p : v*§ — R/T, x R2

Lemma 3.4.2. fir, (%) — 2psld () — 2 = paisk(77)

Proof of Lemma 3.4.2. Take a section Waisk R/pTyZ — (7)*€ so that
the map ¥°§ 5 aZgisk+bWaisk — a+ib € R? gives a symplectic trivialization.
Since Zgisk : R/pTyZ — (7)*€ extends globally to a non-vanishing section on
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u*¢, the homotopy class of this trivialization is 7giqc. In the same way, we
take a section W : R/pT,Z — (7)*¢ so that the map 7*¢ 3 aZp + bWp —
a +ib € R? gives a symplectic trivialization. Since Zp : R/pT\Z — (7)*¢
corresponds to 0, with respect to the coordinate induced by F', the homotopy
class of this trivialization is 7p. Therefore it follows directly that

wind(rp, Taisk) = #(@(D) N Z§) — #(@(D) N Zig) = —r — pslg (). (3.49)
It follows from Proposition 1.2.3 that

Hrp (Wp) + 2Wind(TF7 Tdisk) = Hrp (,yp) —2r— 2]98[?(’}’) = :udisk(’yp)' (350)

This completes the proof. O

Now, we shall complete the proof of Proposition 3.4.1. Suppose that
v C L(p,q) is hyperbolic. Then according to Proposition 1.2.4, u.(7?) =
piirp (7). Therefore it follows from Lemma 3.4.2 that —pp,. (v) = —2psl?(’y)—

2r — pqisk (yP). This means that if —2psl?(’y) —2r — pqisk (7P) is not divisible
by p, then v must be elliptic. This completes the proof.

3.4.1 Immersed J-holomorphic curves

In this sectin, we assume that ¥ = L(3,1) and (Y, \) is non-degenerate
dynamically convex. From now, we fix a generic admissible almost complex
structure J and trivialization 7, € P(v) of the contact surface £ on each
simple orbit 7. Let 7 := {7,},.

Proposition 3.4.3. Letu : (3,7) — (RxY,J) be an immersed J-holomorphic
curve with no negative end.

(1). ind(u) is not equal to 1.
(2). If ind(u) = 2, then u is of genus 0.

Proof of Proposition 3.4.3. Let g(u) denote the genus of u. Since w is
immersion, we have

ind(u) = — (2= 29(u) = k) + 2¢ () + Y 1r(v)
1<i<k

= — (2= 29(w) + 2 () + Y (ur(3i) +1)

1<i<k

(3.51)
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where {~;}; is the set of periodic orbits to which the ends of u are asymptotic.
We may assume that v; is hyperbolicif 1 < ¢ < k' and ellipticif ¥'+1 < i < k.

Lemma 3.4.4. Let a periodic orbit v be elliptic. For any symplectic trivi-
alization 7 : v*€ — v x R? and p € Z~g, we have

ppr(7) = pr (V) +p > 1. (3.52)

Proof of Lemma 3.4.4. Let 6 denote the monodolomy angle with respect
to 7. Then p(7?) = 2|pf] +1 for any p € Z~. Since either [20] =2|0]+1
or [20] = 2|0, we have 2|0| +1 > |26]. It is easy to check by inducting
that p|@] +p —1 > |pf|. This completes the proof. O

Recall Y 22 (3, 1). Hence for any periodic orbit -y, 3 is contractible. Let
« denote the orbit set to which the positive ends of u are asymptotic. Then
{[u]} = H2(Y,,0). Now, we note some obvious facts. First, c;({|sp)) =
3¢ (&) where ¢, is the first relative Chern number and {3[u]} = Ha2(Y, 3a, ).

Next, since any 7’ is contractible, 2¢(&]31))+20 1 <i<p ir (7)) = 2o 1<ich Haisk (V7)-

Based on this understanding, we multiply both sides of (3.51) by 3. Then
we have

3ind(u) = — 3(2 — 2g(w)) + 2¢- (Elspy) + Y (1r(77) +3)

1<i<k/

+ > O+ Y () — () +3)

K +1<i<k K +1<i<k

=—3(2-29(u)) + Z (naisk(77) +3)
1<i<k’

+ > k(D + DL Bpen) — i) +3)

k'+1<i<k k'+1<i<k

>6g(u) =6+ > (nask()) +3)+ D (nask(¥) +1)
1<i<k’ K 1<i<k

(3.53)

Here Lemma 3.4.4 is used.

Suppose that ind(u) = 1. From (3.53), we have

9>6g(u)+ Y (pask()+3)+ Y. (pas(¥) +1) (3.54)
1<k K+ 1<i<k

We note that pgisk(73) + 3 is at least 6 and Zk’+1§i§k(ﬂdisk(7§) +1) is at
least 4 because of dynamical convexity. Since ind(u) = 1 is odd, it follows
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from (3.51) that at least one ; must be positive hyperbolic. Therefore &’ > 1
and thus ¥’ = k = 1. This means that the only one orbit ; is contractible.
Now we go back to (3.51). We have 1 = 2¢g(u) — 1 + pqisk(71)- This does not
happen since pgisk(71) > 3 and g(u) > 0. This proves Proposition 3.4.3(1).

Next we suppose that ind(u) = 2 and g(u) > 1. From (3.53), we have

6> > (nask()+3)+ Y (pask(}) +1) (3.55)
1<i<k’ k+1<i<k

In the same way as above, we have k = 1 and so from (3.51) 2 = ind(u) =
2g(u) — 1 + pgisk(71). But this does not happen since pgisk(71) > 3 and
g(u) > 1. This proves Proposition 3.4.3(2). O

Remark 3.4.5. In general, the above argument does not work for any
L(p, q).

Proposition 3.4.6. Let o be an ECH generator with (Uyj o, 0) # 0. Then
a satisfies one of the following:

(1). There are simple elliptic orbits 1, v2, v3 € S3 with Mdisk(’Y?) = 3 for
1 =1,2,3 such that o = (y1,1) U (72,1) U (73, 1).

(2). There is a simple elliptic orbit v € Ss with pgisk(Y?) = 3 such that
a=(v,3).

(3). There are simple elliptic orbits 1, Y2 € S3 with paisk(73) = pdisk(V3) = 3
such that o = (y1,2) U (72,1).

There are many steps to prove Proposition 3.4.6. At first, we com-
pute some indices and list the properties of ECH generators o which satisfy

<UZ7JOC, ®> ?é 0.

Lemma 3.4.7. Let a be an ECH generator with (Uj.o,0) # 0. Then
by conducting some computations regarding indices, we have that any u €
M7 (a,0) has no two ends asymptotic to the same orbit. In addition, o
satisfies one of the following:

(1). There are simple elliptic orbits y1, Y2, 3 with paisk(v3) = 3 fori=1,2,3
such that oo = (y1,1) U (72,1) U (73, 1).

(2). There is a simple elliptic orbit v with paisk(73) = 3 such that a = (v,3).

(3). There are simple elliptic orbits v1 and Yo with pgisk(73) = pdisk(V3) = 3
such that o = (71,2) U (72, 1).
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(4). There are simple elliptic orbits v1 vy2 with sk (7)) = 5 and paisk(v3) = 5
such that o = (71,2) U (72,1).

(5). There are simple orbits y1 and 2 such that o = (v1,1)U (72, 1) and each
of them is not positive hyperbolic.

(6). There are simple elliptic orbits y1 and 2 such that « = (y1,2) U (72, 2).

(7). There is a simple orbit v such that a = (v,1) and ~ is not positive
hyperbolic.

Proof of Lemma 3.4.7. Set o = {(7;,m;i) }1<i<k- We may assume that
~v; is hyperbolic for 1 < ¢ < k/ and elliptic for ¥ +1 < i < k. Of course,
m; = 1 for 1 < i < k/ since a is an ECH generator. Let u € M7 (a, ) be a
J-holomorphic curve counted by (U, je, ) # 0. Then we have

1<i<k

=2— (—x(w) + Y (nf —1)) (3.56)

1<i<k

=2—(2g(u) =2+ h+ Y (nf —1)).

1<i<k

Here h is the number of the positive ends of u and nj is the number of the
positive ends asymptotic to ;. It follows from Proposition 3.4.3 (2) that
g(u) = 0. Hence we have

d=h+ Y (nf =1 +2e(Ew)+ Y w0 (3.57)

1<i<k 1<i<k

Now, we conduct similar calculations with the proof of Proposition 3.4.3.
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Multiplying both side by 3, it follows from Lemma 3.4.4 that

12=30+3 Y (n} —1) + 2 (Elgp) + Y. (D)

1<i<k 1<i<k’
oY (M) D Bue(h™) = ke (™)
K +1<i<k K +1<i<k
=3h+3 ) (nf =1+ Y (naw(r}) +3)
1<i<k . 1<i<k’ N - (3.58)
+ > pask() A Y Bue(0) — (1) +3) — 3k
K +1<i<k kK +1<i<k
>3(h—k)+3 > (nf —1)
1<i<k
+ Z (naisk () +3) + Z (ttaisk (™) + 1).
1<i<K k' +1<i<k

Claim 3.4.8. nj =1 for any 1 <i < k. That is, the number of the ends
of u asymptotic to ~y; is 1 for any 1 < i < k. This means h = k and
Yicick(ni —1) =0 in (3.58).

Proof of Claim 3.4.8. We prove this by contradiction. Assume that n;r >
1 for some k' +1 < j < k. Then 3(h — k) > 3 and 3)_,,;(n]” —1) > 3.
Therefore we have

6> > (pas() +3)+ D (aw(y]™) +1). (3.59)
1<i<k’ K +1<i<k

Moreover m; > 1. It follows easily from (3.59) that k& = 1. Indeed If
k > 1, the right hand side of (3.59) is at least 8. Hence k = j = 1. If 7 is
contractible, udisk(73m1) > 6m1+1 > 13. Thisis a contradiction. So «; must
be non-contractible. Suppose that 7 is non-contractible. Since [a] = m[7y1]
must be zero in Hy(L(3,1)), my is divisible by 3. Write my = 3m/}. We
have pgisr(Y3™) +1 = ,udisk((73)3m'1) +1>6m)+1+1 > 8 (Proposition
1.2.2). This contradicts (3.59). In summary, we have n;” = 1 for any i. This
completes the proof. O

Having Claim 3.4.8, it follows from (3.58) that
12> 3" (pasc)) +3)+ D (pais(™) + 1)
1<i<k’ K/ +1<i<k (3.60)

>6k' + A(k — k).
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The pair (k — k', k") must satisfy (3.60). Thus (k — k', k") is one of the
following. (k—k', k') = (3,0),(0,2),(1,1),(2,0),(0,1),(1,0). We check their
properties one by one.

The next claim is obvious but it is worth to be mentioned explicitly for
further arguments.

Claim 3.4.9. Suppose that p,(y) > 3. If u;(Y*) =5 or 7 for k > 1, then
pr(y) = 3. In addition if . (v*) =5 for k > 1, then k = 2 and if u,(v*) =7
for k > 1, then either k =2 or k = 3.

Proof of Claim 3.4.9. Note that « is elliptic if j;(7*) = 5 or 7 for k > 1.
Indeed if v is hyperbolic, then p,(v¥) = ku-(y) (c.f. Proposition 1.2.2),
but since 5 and 7 are prime, this is a contradiction. Since ~ is elliptic,
there is § € R\Q such that u,(y*) = 2|k6] + 1 for any k& > 1 (Proposition
1.2.2). If p-(y) > 5, then 6 > 2 because p,(v) = 2|0] + 1 > 5. Therefore
pr(7%) = 2| k6| +1 > 4k+1 (c.f. Proposition 1.2.4). But any k > 1 does not
satisfy u,(v¥) = 5 and 7. This is a contradiction. Thus we have p.(y) = 3.

If i, (v*) = 5 for k > 1, k = 2 follows directly from Proposition 1.2.4.
In the same way, we have if p,(y*) = 7 for k > 1, then either & = 2 or
k=3. O

(a) If (k — K/, k') = (3,0). In this case, we have o = (y1,m1) U (72, m2) U
(3, mg) for some elliptic orbits ;. Moreover from (3.60), ,udlsk(%?’ml)
3 for ¢ = 1,2,3. This implies that m; = 1 (Proposition 1.2.4) and thus

paisk(7P) = 3 for i = 1,2,3. Thus « satisfies (1) in Lemma 3.4.7.

(b) If (k — k', k") = (0,2). In this case, we have a = (y1,1) U (y2,1) with
,udisk(’yi)’) = udisk(’yg’) = 3. Thus 71 and 9 are negative hyperbolic, and «
satisfies (4) in Lemma 3.4.7.

(c) If (k—FK',K') = (1,1). In this case, « = (y1,1) U (72, m2) for elliptic y2
and negative hyperbolic v;. Since 12 > (paisk(75) +3) + (Ndlsk(%mQ) +1), it
follows from dynamical convexity that either (ugisk(73), ,udlsk(’Yg 2)) = (3,5)

or (5,3) or (3,3).

Suppose that (paisk(73), tdisk(v™2)) = (3,5). Then mg = 1 or 2 (Clam
3.4.9). If my = 1, « satisfies Lemma 3.4.7 (5). If my = 2, paisk(75™2) =
pdisk((73)?)) = 5 implies that pgisk(y3) = 3 (Claim 3.4.9) and thus a =
(71,1) U (72, 2) satisfies Lemma 3.4.7 (3).

Suppose that (paisk(71), taisk(v3"2)) = (5,3) or (3.3). paisk(v3"?) = 3
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implies that m; = 1 (Proposition 1.2.4) and thus a = (71, 1)U(72, 1) satisfies
(5) in Lemma 3.4.7.

(d) If (k— K, k") = (2,0). In this case, we have o = (71, m1) U (72, m2) for
elliptic orbits 4, and ~o. It follows from (3.60) that 10 > paig(Y>™) +
paisk(v3™?). Without of loss generality, we may assume that gk (y1) >
Ndisk(’y?)' Then we have (Mdisk(’ﬁ)ml)a Mdisk(’yng)) = (77 3)7 (5’ 5)7 (57 3)7 (37 3)

Suppose that (/Jdisk(’Y?ml%Mdisk(7§m2)) = (7,3). Then mg = 1 and
taisk(72) = 3 (Proposition 1.2.4) and in addition either m; = 1 or m; = 2
or mp = 3 (Claim 3.4.9). If m; = 1, then « satisfies (5) in Lemma 3.4.7. If
m1 = 2, then pgisk(73) = 3 (Claim 3.4.9) and thus « satisfies (3) in Lemma
3.4.7. If my = 3, then since [a] = mi[y1] + [y2] =0, [y2] = 0 and thus 75 is
contractible. But this is a contradiction because gk (v3) > 2x3+1=7
(Proposition 1.2.4).

Suppose that (udisk(’yfml)vMdisk(’)’gm2)) = (5,5). Then it follows from
Claim 3.4.9 that either m; = 1 or 2 for each ¢ = 1,2 and in addition if
m; = 2, then pgisk(73) = 3. This means that « satisfies either (4) or (5) or
(6) in Lemma 3.4.7.

Suppose that (pgige (V™ ), paisk(75™2)) = (5,3). Then my = 1 and
taisk(72) = 3 (Proposition 1.2.4) and in addition either m; = 1 or m; = 2.
If m; = 1, then « satisfies (5) in Lemma 3.4.7. If m1 = 2, then pqisk(73) = 3
(Claim 3.4.9) and thus « satisfies (3) in Lemma 3.4.7.

3mo

Suppose that (aisk(17™); paisk(15™2)) = (3,3). Then my = mg = 1.
Thus « satisfies (5) in Lemma 3.4.7.

(e) If (k—K',K') = (0,1). In this case, we have a = (y1,1) for a negative
hyperbolic 71 and thus « satisfies (7) in Lemma 3.4.7.

(f) If (k — K, k') = (1,0). In this case, & = (71, m1) for some m; and elliptic
7. Suppose that 7 is contractible. Then pgisk(77™) > 2m; + 1 (Proposition
1.2.4). If m; > 2, we have ind(u) = paisk(77"") —1 > 4. This contradicts
ind(u) = 2. Therefore m; = 1 and « satisfies (7).

Next, suppose that 7; is not contractible. Since [a] = 0, m; = 3m/ for
some m/, € Zsq. Therefore, we have ind(u) = paisk((75)™) —1 > 2m/,. This
implies that m{ = 1 and ugsk(77) = 3. Hence we have a = (71,3), which
satisfies (2).

In summary. we complete the proof of Lemma 3.4.7. O
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3.4.2 Rational open book decompositions and binding orbits

In this section, we narrow down the list in Lemma 3.4.7. For the purpose,
we observe topological properties of the moduli space of holomorphic curves.
The next lemma plays important roles in what follows.

Lemma 3.4.10. Let o be an ECH generator with (Uj .o, () # 0. Suppose
that u € M7(a,0) is a J-holmorphic curve counted by Uy.. Then the
quotient space M;{/]R is compact and thus diffeomorphic to S*. In addition,
for any section s : M /R — M, U,eq m(s(t)) gives a rational open book
decomposition on'Y = L(3,1) where m : R x Y — Y is the projection.

Proof of Lemma 3.4.10. It follows from Lemma 3.4.7 that any u € M (a, 0)
counted by Uy, satisfies (1), (2), (3) in Proposition 3.3.3. To prove that

u € M7 (a, ) satisfies (4) in Proposition 3.3.3, we recall the following prop-
erty.

Claim 3.4.11. Let § € R\Z. For any q € S—p , ged(q, |g0]) = 1.

Proof of Claim 3.4.11. Claim 3.4.11 follows directly from the definition
of Sy. Here, note that —|fq| = [—¢0]. O

According to Proposition 1.3.8, if an end of u € MY (a, 0) is asymptotic
to simple orbit v with some multiplicity, the multiplicity is in S_g where 8 is
the monodromy angle of . Therefore it follows thatu € M7 («, ) satisfies
(4) in Proposition 3.3.3.

At last, we check that u € M7(a, () satisfies (5) in Proposition 3.3.3.
Suppose that M; /R is not compact. Let M /R denote the compactified
space of M} /R in the sense of SFT compactness. Choose @ € M /R\ (M /R).
@ consists of some J-holomorphic curves in several floors. Let u’ be the
component of # in the lowest floor. Then there is an orbit set 5 such that
u' € M7(B,0)/R. By the additivity of ECH index, we have I(3,0) = 1.
This contradicts Lemma 3.4.3. Thus M. /R is compact. O

Lemma 3.4.12. L(3,1) does not admit rational open book decompositions
coming from (6), (7) in Lemma 3.4.7.

Proof of Lemma 3.4.12. It is obvious that if a 3-manifol Y has a open
book decomposition such that each page is embedded disk, then Y is diffeo-
morphic to S3. Therefore (7) is excluded.
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Next, we consider (6) in Lemma 3.4.7. For v; and 72, we take Martinet
tubes F; : R/T,,7Z x Ds — U; for a sufficiently small § > 0 where v; C U;.
Since 7(s(t)) is embedded and connected on Y, F;, ' (R/T,,Z x 0Ds N7 (s(t)))
is (2,p;)-cable for odd integers p; € Z for any ¢t € S'. In addition, the
gluing map from Fy(R/T,,Z x 0Ds) to F>(R/T,,Z x 0Ds) which maps the
(2, p1)-cabling curve to the (—2, —ps)-cabling curve along pry(s(t)) for each
t € S1 recovers Y = L(3,1) (note the sign). We note that the gluing map is

C d

in standard longitude-meridian coordinates on the torus. Since the matrix
send a (2, pp)-cabling curve to a (—2, —ps)-cabling curve, it follows from the
first line of the matrix that —2 = 2a — 3p;. Since p; is odd, this can not
occur. Thus (7) is excluded. O

Lemma 3.4.13. Any open book decomposition coming from (5) in Lemma
3.4.7 does not support (L(3,1),&sxd)-

Proof of Claim 3.4.13. As mentioned, for any section s : M /R — M/,
Uiegr m(s(t))) gives a rational open book decomposition of L(3,1) support-
ing &q. But it is well-known that the contact structure on L(3, 1) supported
by an open book decomposition such that each page is an embedded annulus
is overtwisted. This completes the proof. O

Lemma 3.4.14. Suppose that « satisfies either (1) or (2) or (3) or (4) in
Lemma 3.4.7. Then any simple orbit v; in « is in Ss.

Proof of Lemma 3.4.14. It follows from Theorem 3.1.11 that if « satisfies
(2) in Lemma 3.4.7, v in « is in Ss.

Next, we consider (1), (3), (4) in Lemma 3.4.7.

We note that each monodromy of (rational) open book decomposition
coming from (1), (3), (4) is unique up to isotopy. Indeed, in the case of (3)
or (4), it follows from straightforward arguments since each page is annulus
type. In the case of (1), it is complicated but follows from the classification
of contact structures supported by planer open book decompositions with
three boundaries given in [Ar]. Therefore, it suffices to check the state-
ment specifically. For the purpose, we give the specific (rational) open book
decompositions as Milnor fibrations.
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Let S3 := {(21,22)| |21]* + |22/> = 1} C C? denote the unit sphere.
Recall that (53, \o|gs) is a contact 3-sphere with tight contact structure
whose Reeb vector field is given by the derivative of the action of multiplying
by €27, In this case, any flow is periodic and any simple periodic orbit is a
Hopf fiber. In addition, it is obvious that any Hopf fiber is in Sj.

Let (L(3,1), Ao|r(3,1)) denote the contact manifold obtained by taking the

quotient of (S3, A\g|gs) under the action (z1,22) — e%(zl,zy). Under the
action, any Hopf fiber is preserved. Therefore any flow on (L(3,1), Aolr(3,1))
is periodic. In addition, any simple periodic orbit is tangent to a image of a
Hopf fiber of S® — L(3,1) and thus obviously in Ss.

At first, we describe (1) as a Milnor fibration. Consider a map f : C? —
St with f(z1,22) = 23 +23. It is easy to check that g = f/|f] : S3\f~1(0) —
S1 gives a open book decomposition supporting the tight contact structure
and the binding consists of periodic orbits of (5%, A\g|gs). In addition, for
each 6 € S, g71(0) is connected and of genus 1 with three boundary com-
ponents (cf. [M]). Since f(e%wzl,e%ﬁzQ) = f(z1,22), g induces, by taking
a quotient space, an open book decomposition on (L(3,1), Xo|r3,1)). It fol-
lows that each fiber of the open book decomposition is of genus 0 and three
boundary components consisting of periodic orbits on (L(3,1), Ao[r3,1)),
which gives a description of (1). Therefore any simple orbit +; in « is in
Ss.

Second we describe (3) and (4). Consider a map f : C2 — S! with
f(z1,22) = z123. g = f/If] : S3\f1(0) — S gives a open book decompo-
sition supporting the tight contact structure and the binding link consists
of periodic orbits of (53, Ag|gs) (see the remark below). In addition, since
f(e% 21, e%zg) = f(z1, 22), g induces, by taking a quotient space, an open
book decomposition on (L(3,1), Ao|r,3,1)) Wwhose boundary consists of peri-
odic orbits on (L(3,1), Xo|r(s,1)). Moreover, for any 6 € S', g=(0) is of
genus 0 with two boundary components and thus each page of the induced
open book decomposition of (L(3,1),&sq) is of genus 0 with two boundary
components which are periodic orbits of (L(3, 1), Ao|r3,1)), which gives a de-
scription of (3) and (4). This means that if « satisfies (3) or (4) in Lemma
3.4.7, then any simple orbit v; in « is in Ss. O

Remark 3.4.15. Consider a map g = f/|f| : S — S! with f(21,22) =
2 . .

IZZI' Then for § € S, the fiber g71(6) is the set {(re> 01, /1 — r2e2™01)| 9, +

2

205 =0 }.
Remark 3.4.16. Let p; : M\B; — St and po : M\By — S! be rational
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open book decompositions supporting a contact manifold (M,¢). Suppose
that each page are diffeomorphic to each other and the monodromies are
the same up to isotopy. Then the binding links B; and By are the same
as transversal links. Indeed, Let B; C U; be a sufficiently small tubu-
lar neighborhood. Then we can construct a diffeomorphism f : M — M
such that f(B(1)) = B(2) and f maps each page of p; : M\U; — S* to
p2 : M\Us — S. Tt follows from standard arguments that we can con-
struct an isotopy of contact structures from f.(£) to & so that the binding
link f(B(1)) = B(2) is preserved with transversal to the isotopic contact
structures.

Proof of Proposition 3.4.1. Having Lemma 3.4.12, Lemma 3.4.13 and
Lemma 3.4.14, it suffices to exclude (4) in Lemma 3.4.7. Suppose that «
satisfies (4) in Lemma 3.4.14. Then there are two elliptic orbits v; and o
such that o = (71,2) U (92, 1), uaisk(79) = 5 and pqisk(73) = 5. Note that

M disk(’)’?) = 5 means udisk(’ﬁ% ) =3

In addition, according to Lemma 3.4.14, we have v € S3. Recall that
72 € S3 means that there is a rational Seifert surface u : D — L(3,1) with
u(e*™) = y9(3T,,t) and sl?(’yg) = —1. Take a Martinet tube F : R/T},Z x
Ds — U for a sufficiently small § > 0 onto a small open neighbourhood
vo CU. Let 7r : y7¢ = R/ T,,7Z x R? be a trivialization induced by F. We
may choose F' so that p-,.(y2) = 1.

Note that F~!(u(D)NAU) is a (3,7) cable such that r = 3k — 1 for some
k € Z with respect to the coordinate of R/T,7Z x . It follows from Lemma
3.4.2 that

prp (48) = 21 — 613 (72) = prais(73)

In this case, it follows from r = 3k — 1 and sl?(’yz) = —1 that pr, () —

2r — 6sl?(72) = 7 (73) +4 — 6k. Since 7, is elliptic, there is § € R\Q such
that . (75") = 2|mb| + 1 for every m € Z~o. Recall that we take 7 so
that g, (72) = 1. Hence 0 < 6 < 1 and so we have ji,,(73) = 1 or 3 or 5.

Since udisk(V3) = 5. prp(73) +4 — 6k = paisk(73) holds only if & = 0 and
pre (V3) = 1. Let u € M7 (a, (). From (3.53), it follows that
3ind(u) = - 3(2 - Qg(u) - 2) + 207(6’3[14) + 3:“/70 ('72) + 3:“/7(’7%)
= — 6+ paisk (V) + paisk(73)
+ (Btre (12) = pre (93) +3) + Bur (1) — 1r((41)%) +3)
> — 6+ paisk(77) + Hatisk(15) + Bpiry (12) = pirp (73) +3) + 1
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Here 7 is a trivialization on 7; and we use Lemma 3.4.4. Since pi,,(72) =
pre(v3) = 1, we have 3pr,(72) — prp(73) + 3 = 5. In addition since

paisk(V3) = paisk(13) = 5, we have paisk(73) + paisk(79) = 10. In summary
we have

—6 + paisk(73) + paisk(V5) + (Birp (12) — frp(73) +3) + 1 = 10.

But 3ind(u) = 6. This contradicts the inequality. This means that (4) in
Lemma, 3.4.7 is impossible. This completes the proof. ]

3.4.3 Proof of the main theorem under non-degeneracy

What follows in this section is written in almost the same way with §3.3.2.

Let (a1 + ... + o) denotes the element in ECH (Y, \) for a sum of ECH
generators ag + ... + ag with dy(aq + ... + ax) = 0.

Lemma 3.4.17. Let (L(3,1),\) be a dynamically conver non-degenerate
contact manifold with X\ A d\ > 0. Let ay,...,ap be ECH generators with
[;] =0 and I(a;,0) =2 for i =1,...k. Suppose that Oj(a1 + ... + ag) =0
and 0 # (a1 + ... + ai) € ECH>((3,1),),0). Then there exists i such that
<UJ7Z067;, @> 7é 0.

Proof of Lemma 3.4.17. The proof is the same with Lemma 3.3.13. [

Lemma 3.4.18. Let (L(p,1),\) be a (not necessarily dynamically convez)
non-degenerate contact manifold with A\NdX\ > 0. Let oo, = (7, p) fory € Sp.
If paisk(YP) = 3, then oy is an ECH generator. In addition I(cw, ) = 2.

Proof of Lemma 3.4.18. According to Corollary 3.2.8, v is elliptic and
hence by definition o, = (7, p) is an ECH generator.

Take a Martinet tube F': R/T,Z x Ds — U for a sufficiently small § > 0
onto a small open neighbourhood v C U.

Recall that v € S, means that there is a rational Seifert surface v : D —

L(p,1) with u(ezm) = v(pT,,t) and 319(7) = _%‘

We may take F so that F~1(u(D) N dU) is (p,p — 1)-cabling such that
r = 3k — 1 for some k € Z with respect to the coordinate of R/T,,Z x Ds.
Let 7p : v*¢ — R/T,Z x R? be the trivialization induced by F. Let 0 €
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R\Q denote the monodoromy angle of v with respect to 7. In this case,
e (V) = 2| kO] + 1 for any k € Z~g. It follows from Lemma 3.4.2 that

prp (V) +4 = 2p = 2|pb] + 5 — 2p = paisk (") = 3.

and hence

[p0] =p—1.
This implies that 1 — % < 0 < 1. In particular, this means that p,,(v*) =
2(k—1)+1 for any 1 < k < p. Therefore we have

> k() =1

1<k<p

To compute the relative self intersection number ), take another Seifert
surface v/ : D — Y of 4 so that w(D) N«/(D) = §. This is possible be-
cause u(DD) is a page of a rational open book decomposition. Now, we take
immersed S1,S2 C [0,1] x Y which are transverse to {0,1} x Y so that
pry(S1) = u(D) and pry(S2) = «/(D) where pry : [0,1] X Y — Y is the
projection. Set {Z} := Ha(Y, ay, ). It follows from the definition that we
have Q-.(Z) = —l;, (51, 52) + #(S1 N S2) where 1-,.(S1,52) is the linking
number. More precisely, [, (51, S2) is one half the signed number of cross-
ings of F~!(pry(S1 N {1l — €} x Y)) with F~(pry(Sa N {1l — €} x Y)) for a
small € > 0 in the projection (id, pr;) : R/T,Z x R?* — R/T,Z x R where we
naturally assume that R/7T,Z x D5 C R/T,Z x R? and pr; : R? — R is the
projection to the first coordinate. For more details, see [H1].

In this situation, it follows from the choice of S; and Sy that #(51NS2) =
0. In addition, since we take F' so that F~1(u(D)NdU) is a (p, p—1) cabling,
we have I, (S1,52) = p(p — 1). In summary, we have Q,.(Z) = —p(p — 1).

At last, we compute the relative first chern number c;,. Since 7gisk :
(vP)*¢ — R/pT,Z x R? extends to a trivialization by definition, we have
Crp = wind(7p, Taisk). It follows from (3.49) that wind(7r, 7qisk) = 2 —p and
hence ¢;, = wind(7p, Taisk) = 2 — p. By summarizing above results, we have
I(ay,0) = (2 — p) + (—p(p — 1)) + p? = 2. This completes the proof. O

Lemma 3.4.19. Let (L(p,1),\) be a non-degenerate dynamically convex
contact manifold with AN dX > 0. Let oy = (7,p) for v € Sp. If paisk(V?) =
3, then there is no somewhere injective J-holomorphic curve satisfying the
following;

(1). There is only one positive end. In addition, the positive end is asymptotic
to v with multiplicity p.
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(2). There is at least one negative end.

(3). Any puncture on the domain is either positive or negative end.

Proof of Lemma 3.4.19. In this proof, we set Y = L(p,1). Suppose that
h:(2,7) = (R xY,J) is a somewhere injective curve satisfying the proper-
ties.

Recall that v € S, means that there is a rational Seifert surface u :
D — L(3,1) with u(e®™) = v(pT,,t) and sl?(’y) = —% such that u(D) is a
Birkhoff section for X of disk type. We note that Hi(Y\vy) = Z.

For a sufficiently large s >> 0, consider m(h(X) N ([=s,s] xY)) C Y.
Since #(yNm(h(X)N([—s,s] xY))) > 0 because of positivity of intersection,
it follows topologically that #(u(D) N7 (h(X) N ({s} x Y))) > #(u(D) N
m(h(X) N ({—s} x Y))). This contradicts the next claim.

Claim 3.4.20.
(1). 0= #(u(D) N7 (h(X) N ({s} x Y)))
(2)- #(uD) Na(h(E) N ({-s} xY))) =1

Proof of Claim 3.4.20. Take a Martinet tube F' : R/T,Z x Dy — U for a
sufficiently small § > 0 onto a small open neighbourhood v C U.

We may take F so that F~!(u(D)NoU) is a (p,p — 1) cable. Let 7f :
v*¢ — R/T,Z x R? be a trivialization induced by F. Let § € R\Q denote
the monodromy angle of v with respect to 9. That is ., (v*) = 2| k0] + 1
for any k € Z~¢. It follows from the same argument that 1 — % <f<1l In
particular, this means that k6] =k — 1 for any 1 < k < p.

At first, we consider F~(m(h(Z)N({s} xY))NdU). Let prp, : R/T,Z x
Ds — Dg denote the projection. Then it follows that the winding number
of prp, o F~1(w(A(X) N ({s} x Y)) N U) C Dy is at most [“20 | —p 1.
This means that the slope of F~1(n(h(X) N ({s} x Y)) N AU) is at most
p%. Since the multiplicity of the positive end is p, it follows that 0 >
#uD)Nnw(h(X) N ({s} xY))). This proves (1).

Next, we consider F~Y(r(h(X) N ({—s} x Y)) N OU). We note that the
total multiplicity of negative ends asymptotic to v is at most p — 1 because

of the Stokes’ theorem. Suppose that a negative end of h is asymptotic to
~ with multiplicity 1 < k < p— 1. Then it follows that the winding number

of prp, 0 F=1(m(h(2) N ({5} x Y)) NOT) C Dy is at least [“00] = k. This
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means that the slope of F~1(7(h(2)N({s} x Y))NAU) is at least 1. On the
other hand, F~!(u(D)NAU) is a (p,p — 1) cable and hence the slope is p%l.
This means that the negative end intersects u(ID) positively. Therefore, if
there is a negative end asymptotic to v, we have #(u(D) N7 (h(X)N({—s} x
Y))) > 1. Finally suppose that there is no negative end asymptotic to ~.
Since u(D) is a Birkhoff section for X, any periodic orbit other than ~
intersects u(D) positively. Therefore it follows from the assumption that
#uD)Nw(h(X) N ({—s} xY))) > 1. This completes the proof. O

Having Claim 3.4.20, Lemma 3.4.19 follows. O

Lemma 3.4.21. For any v € Sy with pgisk(V?) = 3, 0jay = 0.

Proof of Lemma 3.4.21. Let 3 be an ECH generator with I(ay, 3). Let
h € M7(ay,B). Tt follows from the partition condition that the number
of positive ends of h is one and the positive end is asymptotic to v with
multiplicity p. According to Lemma 3.4.19, such a h does not exist. This
means that M7 (o, 8) = ). Hence we have d;a., = 0. O

Now, we focus on Y = L(3,1). Since djay, = 0 for any v € Sz with
paisk(73) = 3, we may consider oy as an element in ECH>(Y, \,0). The
following lemma means that o is not zero in FCH(Y, A, 0).

Lemma 3.4.22. For any v € S3 with paisk(v?) = 3, 0 # (o) = ((7,3)) €
ECH;(Y, ,0).

To prove Lemma 3.4.22, define a set G consisting of ECH generators as
G :={a| (Uj.a,0) #0 }. (3.61)
Note that (Uj ., 0) # 0 if and only if o € G.
Claim 3.4.23. For any v € S3 with ugisk(73) = 3, ay €G.

Proof of Claim 3.4.23. Recall that each page of the rational open book
decomposition constructed in Theorem 3.1.11( [HrS2]) is the projection
of J-holomorphic curve from (C,i) to L(3,1). Moreover in this case, :
M (e, 0)/R is compact and any two distinct elements uy,us € M7 (v, 1)
has no intersection point. Hence : M7 (a,,0)/R = S and for a section
s M7 (ay,0)/R — M7 (ay,0), Urem(a, 0y 7(s(7)) — M7 (ay, 0)/R is
an (rational) open book decomposition of L(2,1). This implies that for
z € L(3,1) not on v, there is exactly one J-holomorphic curve in M7 (a, D)
through (0,z) € R x L(3,1). Therefore we have (Uj .o, 0) # 0. O
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Claim 3.4.24. Let a € G. Suppose that 8 is an ECH generator with
I(B,a) = 1. Then
Z(f%ﬁ, a)=0 (3.62)

acg

Proof of Claim 3.4.24. This proof is completely the same with Lemma
3.3.18. We give it below.

Write
0;8=">) (0sB,a)a+ Y (958,0)0. (3.63)
aEg 1(B,0)=1,0¢G

Then we have

<UJ,ZaJﬁ7 ®> = Z<8JB7 O£> <UJ,za7 ®>+ Z <8J57 U> <U7 ®> = Z<8J/Ba CM>
a€g 1(B,0)=1,0¢G acg
(3.64)
Here we use that for « € G, (Uj .o, 0) =1 and for o with o ¢ G, (U;.0,0) =
0. Since Uy .05 = 05Uy, we have (U;.0;6,0) = (0;Us.5,0) = 0. This
completes the proof. ]

Proof of Lemma 3.4.22. Suppose that 0 = (ay) € ECH(Y, A, 0). Then
there are ECH generators 1, ...3; with I(8;,a,) = 1 for any 4 such that
05(B1 + ... + Bj) = ay. From Lemma 3.4.24, we have

SN 058y =D (ay,a) =0. (3.65)

1<i<j oG agG

But since oy € G, ) cg{ay, @) = 1. This is a contradiction. We complete
the proof. ]

Proof of Theorem 3.2.11 under non-degeneracy. At first, we estimate
PN (L(3,1)A) from below. It follows from the definitin of ECH spectrum
that we can take an ECH generator a such that (Uj.a,0) # 0 and A(a) <
cFCH(L(3,1),\). According to Proposition 3.4.1, a contains v € S3 such
that paisk(v3) = 3. We may assume that v has the minimum period in a.
Then [ A < T A(e) < £FCH(L(3,1),\). This means that there is a y € S
with paisk(72) = 3 such that f,y A< 3 A(0) < 3eFOR(L(3,1), N).

At last, we estimate cF“H(L(3,1)A\) from above. Since 0 # (a,) =
((7,3)) € ECHy(Y, \,0) for any v € S3 with pqisk(7®) = 3 (Lemma 3.4.22),
we have C]ECI?(L(?), 1)A) < A(ay) for any v € S3 with paisk(v®) = 3. This
means that $cFN(L(3,1)A) < inf. s, praie (19)=3 f7 A
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In summary, we have 3¢ M (L(3,1)A) = inf e, uin(4%)=3 LA O

3.4.4 Extend the results to degenerate cases

In this subsection, we extend the above result to degenerate case as a limit
of non-degenerate result. The content in this section is completely the same
with §3.3.3. However we provide the details as follows.

At first, we show;

Proposition 3.4.25. Assume that (L(3,1),\) is strictly convex. Then
there exists a simple orbit v € Sz such that pais(v®) = 3 and fﬂ/)\ =

%C]ECH(L(?), 1), A). In particular,

1
inf )\<*CECH L3,1 ’>\ . 366
’Y€53:Mdisk(’y3)=1/y -3 1 ( ( ) ) ( )

Proof of Proposition 3.4.25. Let L = cF“H(L(3,1), ). Take a sequence
of strictly convex contact forms A, such that A\, — A in C*°-topology and
An is non-degenerate for each n. Therefore we have

1
inf A = = ACH(L(3,1), M 3.67

VESS:Hdisk(VS):s/y SR (L3, 1> 2n) ( )
Note that ¢"°H(L(3,1),\,) — L as n — +oo. This means that there is a
sequence of 7, € S3(L(3,1), fuX) with ik (72) = 3 such that f% An — 3L
By Arzela—Ascoli theorem, we can find a subsequence which converges to a
periodic orbit v of A in C*°-topology.

Claim 3.4.26. v is simple. In particular, v € S3(L(3,1),\) and pgisk(73) =
3.

Proof of Claim 3.4.26. By the argument so far, there is a sequence of
Yn € S3(L(3,1), \n) with paisk (v2) = 3 which converges to v in C*. Suppose
that v is not simple, that is, there is a simple orbit 7/ and k € Z~q with v'* =
7. From the lower semi-continuity of u, we have pais(73) — faisk(Y>F)
paisk ((Y)F) = 3. This contradicts Proposition 1.2.4. Therefore v is simple.
This means that for sufficiently large n, ~, is transversally isotopic to ~.

Therefore, v is 3-unknotted and has self-linking number —%.

At last, we prove jigisk(73) = 3. From the lower semi-continuity of p, we
have paisk (V2) — paisk(73) = 3 or 2. paisk(7?) = 2 contradicts the assump-
tion of dynamical convexity. Thus we have pgisk(v?) = 3. We complete the
proof. O
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As discussion so far, there is a sequence of v, € S3(L(3,1), fpA) with
:udisk(%?;) =3 and v € 53(L(37 1)7 >‘) with /'Ldisk(fyg) = 3 such that ffyn oA —
%L and -, converges to v of A in C*°-topology. Therefore we have f,y A=

%C]ECH(L(S, 1),A\) in C*°-topology. we complete the proof of Proposition
3.4.25. 0

Having Proposition 3.4.25, to complete the proof of Theorem 3.2.7, it is
sufficient to show the next proposition.

Proposition 3.4.27. Assume that (L(3,1),\) is strictly convex. Then

1 gcn : /
—c L(3,1),A) < inf A 3.68
3! (LG, 1),2) YES3,haisk(13)=3 J (3.68)

Proof of Proposition 3.4.27. We prove this by contradiction. Suppose
that there exists v\ € S3(L(3,1), ) with paisk(73) = 3 such that £ FH(L(3,1),A) >
f%\ A

Lemma 3.4.28. There exists a sequence of smooth functions f, : L(3,1) —
Rsg such that f, — 1 in C*-topology and satisfying fn|y, =1 and dfy|y, =
0. Moreover, all periodic orbits of Xy, \ of periods < n are non-degenerate
and all contractible orbits of periods < n have Conley-Zehnder index > 3.
In addition, vy is a non-degenerate periodic orbit of Xy, x with ,udisk(fyi) =3
for every n.

Proof of Lemma 3.4.28. See [HWZ4, Lemma 6.8, 6.9] O

For a sequence of smooth functions f,, : L(3,1) - Rs in Lemma 3.4.28,
fix N >> 0 sufficient large so that cPCH(L(3,1), fyA) > f% Aand N >
2cPCH(L(3,1), fyA). We may take such fy because c°H is continuous in
CP-topology.

Lemma 3.4.29. Let f : L(3,1) — Rsg be a smooth function such that
f(z) < fn(x) for any x € L(3,1). Suppose that fX is non-degenerate dy-
namically convex. Then there exists a simple periodic orbit v € S3(L(3,1), f\)
with u(y) =1 such that fv A< f% A

Outline of the proof of Lemma 3.4.29. See [Sch, Proposition 4.1]. In
the proof and statement of [Sch, Proposition 4.1], ellipsoids are used in-
stead of (L(3,1), fyA), but the important point in the proof is to find 3-
unknotted self-linking number —% orbit v with ik (v?) = 3 and construct

155



a suitable J-holomorphic curve from [Sch, Proposition 4.1]. Now, we have
Yx € S3(L(3,1), fyA) with paisk(73) = 3 and hence by applying [Sch, Propo-
sition 4.1], we can construct a suitable J-holomorphic curve. By using this
curves instead of ones in the original proof, we can show Proposition 3.4.29.
Here we note that the discussion in the proof of Lemma 3.4.19 is needed to
prove the same result of [Sch]. O

Now, we would complete the proof of Proposition. Let f : L(3,1) —
R>o be a smooth function such that f(z) < fy(x) for any = € L(3,1),
fA be non-degenerate strictly convex and fw A< %C]ECH(L(?), 1), f\) <
%C}E‘CH(L(?), 1), fnA). We can check easily that it is possible to take such f.
Due to Lemma 3.4.29, there exists a simple periodic orbit v € S3(L(3,1), fA)
with paisk(72) = 3 such that fﬁ/ A< f'm A. Since inf,es, 1y (v3)=3 fv fa=
T FCH(L(3,1), fA), we have S A< FcFOH(L(3,1), ) < J, fA. This is a
contradiction. We complete the proof. O

3.5 Proof of Theorem 3.2.13 and Proposition 3.2.19

3.5.1 Proof of Theorem 3.2.13

Here, we prove Theorem 3.2.13. For the purpose, we start in general situa-
tions.

Let ¥ be a surface. We denote the set of fixed point of f by Fix(f),
the set |, qq Fix(f™) of periodic points with odd period by Per®dd(f) and
the set of positive hyperbolic periodic points by Perp, (f). For any isolated
fixed point p of f, let ind(p, f) be the fixed point index of f. Notice that
the fixed point index of a fixed point in the boundary is defined by the
fixed point index for then extension f of f to an open manifold ¥ such
that f (f]) = Y. When the diffeomorphism is non-degenerate, any periodic
points at the boundary are ‘positive half-saddles’, whose fixed point index
is 0 (contracting along the boundary circle) or —1 (expanding along the
boundary circle).

Fix an area preserving diffeomorphism f which is non-degenerate and is
isotopic to the identity map. The following lemmas reduce Theorem 3.2.13
to finding infinitely many periodic points with odd period of f or f2.

Lemma 3.5.1. Let f be a non-degenerate diffeomorphism of compact sur-
face X which is area-preserving on the interior and isotopic to the identity
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map. In addition, we assume that f is area preserving on the interior with
respect to a volume form defined on the interior. If Per"dd(f) s infinite,
then Per®®(f) N Pery,, (f) is infinite.

Proof of Lemma 3.5.1. Suppose that f admits infinite number of peri-
odic points with odd period but only finite number of them are positive
hyperbolic. Let K be the number of positive hyperbolic periodic points
of f and periodic points in the boundary of ¥ with odd period. Put
A, = Fix(f™) N (Perp4(f) UOY). Then, we have

Z Hld(p’ fn) Z -K

pEA,

for any odd n. Put L = Y ,o,(—1)"dim H;(S). Since f is isotopic to the
identity map, the Lefschetz number of f™ equals to L for any n > 1. There
are infinitely many periodic points with odd period which are not posi-
tive hyperbolic and the boundary of 3 contains only finitely many periodic
points. Hence, we can take periodic points pi,...,px4r41 in Per®dd(f)\
(Perpy (f) UOX). Let N be the product of the periods of p1,...,px+r+1
Then N is odd and any point p € Fix(fV) \ A, satisfies ind(p, fV) = 1 We
have

Yo oindp M) = Y ind(p, fN)+ Y ind(p, V)

peFix(fN) peFiIx(fN)\An PEAL
K+L+1
> Y ind(py, )+ ) ind(p, /)
i=1 PEAL

>K+L+1-K>L+1.

This contradicts to the Lefschetz fixed point theorem since the Lefschetz
number of fV equals to L. O

Lemma 3.5.2. Let f be a non-degenerate diffeomorphism of compact sur-
face ¥ which is area-preserving on the interior and isotopic to the identity
map. Suppose that Per®?(f2) is infinite then Perj, (f) is infinite.

Proof of Lemma 3.5.2. If Per®d4(f) is infinite, then Perj, (f) is infinite
by Lemma 3.5.1 again. Suppose that Per®dd(f) is finite. By Lemma 3.5.1,
the set Perj,, (f2) N Per®dd(#2) is infinite. This implies that Perj, (f2) N
(Perdd(£2) \ Per®d(f)) is infinite. The period of any point in Per,, (f2) N
(Per®dd(£2)\ Per®dd(f)) is twice of an odd number, and hence, such a point,
is positively hyperbolic. Hence, Pery (f) is infinite. O
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Let A be the annulus A = S' x [0,1] and 7 : R x [0, 1]—A the universal
covering. For a homeomorphism f of R x [0,1] and Z € x[0, 1], we define
tthe translation number 7(Z) by

- f@n — i
() = i O

if the limit exists, where f(#); and Z; are the first coordinates of f™ (&)
and Z. For a homeomorphism f of A and z € A, take lifts f of f and Z
of  to R x [0,1]. Then, the translation number 7(Z) modulo Z does not
depend on the choice of lift if it exists. We define the rotation number p(x)
by p(z) = 7(Z) + Z. To finding infinitely many periodic points with odd
period, we use the following fixed point theorem by Franks.

Theorem 3.5.3. [Fr1, Cororraly 2.4][Fr2, Theorem 2.1] Let f be a homeo-
morphism of A which is isotopic to the identity map such that any point of A
is chain recurrent. Suppose that a lift of f to R x [0,1] admits points T,q €
R x[0,1] such that the translation numbers 7(z), 7(g) exists and 7(Z) < 7(7).
Then for any pair (m,n)of co-prime integers with n > 1 and 7(Z) < m/n <
¥, there exists %/, € R x [0,1] such that f"(i:m/n) = T"(Zpn/n), where
T :R x [0,1]=-R x [0,1] is the translation given byT (x,y) = (x + 1,y), In
particular, W(iﬁm/n) s a periodic point of f whose period is n.

Corollary 3.5.4. Let f be a homeomorphism of A which is isotopic to the
identity map such that any point of A is chain recurrent. If there exists
x,y € A such that p(x) # p(y) then, f has infinitely many periodic points
of odd period.

Remark 3.5.5. See for the definition of chain recurrence [Frl]. Note that
for a diffeomorphism f on DD in Theorem 3.2.13, any point in D is chain
recurrent. This follows immediately from the Poincare recurrence theorem.

Now, we prove Theorem 3.2.13. Let f be an area preserving diffeo-
morphism of D on the interior which is non-degenerate and is orientation
preserving. We show that f or f2 has infinitely many periodic points with
odd period. Then, Lemmas 3.5.1 and 3.5.2 imply that f admits infinitely
many positive hyperbolic periodic points.

Recall that the fixed point index of any possible fixed point on the boun-
day of D is 0 or —1. By the Lefschetz fixed point theorem, f admits a fixed
point p, in the interior of D with ind(ps, f) = 1. Take the blow-up annulus
Ap,at p, and lift the diffeomorphism f to a diffeomorphism f on Ap, . Let
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pp be the rotation number of f along the boundary component of A4, which
corresponds to the boundary of D and p,,, the rotation number of f along
the boundary component of A, which corresponds to p,. Since the fixed
point index of p, is one, p, is either negative hyperbolic or elliptic. We have
pp. = 1/2 in the former case and pp, is irrational in the latter case.

The easiest case is that pp # pp,. In this case, Corollary 3.5.4 implies
that f, and hence, f has infinitely many periodic points of odd period.

The second case is that pp = p,, and they are irrational. By the as-
sumption, f has at least two periodic points. Hence, there exists a periodic
point g, of f different from p,. In the blow-up annulus A,,, the periodic
point g, has rational rotation number for f. Since pPD = pp, is irrational, we
can apply Corollary 3.5.4 and obtain infinitely many periodic points of odd
period.

The last case is that pp = p,, = 1/2. In this case, p. is negative
hyperbolic. If f has a fixed point ¢, different from p,, then the lift to the
blow up annulus at p, has a fixed point ¢., whose rotation number is zero
by definition, and the boundary components whose rotation number is 1/2.
By Corollary 3.5.4, f , and hence, f has infinitely many periodic points of
odd period. Suppose that f has no fixed point other than p,. Since p, is a
positive hyperbolic fixed point of f2, we have ind(ps, f?) = —1. Recall that
the fixed point index of any fixed point in the boundary is non-positive. By
the Lefschetz fixed point theorem, f must have a 2-periodic point r, with
ind(rs, f2) = 1. The rotation number of f? along the boundary is 0 and the
rotation number of the blow up of f? at r, is 1/2 or irrational. Therefore,
f? has infinitely many periodic points with odd period by Corollary 3.5.4.
Now, Lemma 3.5.2 completes the proof.

3.5.2 Proof of Proposition 3.2.19

In the assumptions, we may replace the given Birkhoff section of disk type to
one coming from a J-holomrphic plane as follows. Let v be the simple orbit
to which the given Birkhoff section is tangent. Note that by the assumption,
any periodic orbit in L(p, q))\1y is not contractible in L(p, q))\y. According
to [HrLS, Theorem 1.12, i) — iii)], 7 is p-unknotted and sl?(’y) = —2%. In
addition, the Conley-Zehnder index of P with respect to a trivialization
induced by a binding disk is at least 3. Now, we recall the proof of [HrLS,
Theorem 1.12, iii) — i)]. To explain it, we consider an almost complex
structure J on R x L(p,q) which satisfies J&q = &sta, J(0r) = X, dA-
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compatible and R-invariant, where t is the coordinate of R. Let pr : R x
L(p,q) — L(p, q) be the projection In the proof, they find an almost complex
structure J as above and a J-holomorphic plane & : (C,j) — (R x Y, J) such
that pr o h(re?™) — y(pT,t) as r — 400 and in addition pr(h(C)) becomes
a Birkhoff section. More precisely, there is a C! Birkhoff section of disk type
u: D — L(p,q) such that pr(h(C)) = u(D) as sets (see [FHr, vl, Lemma
C.3]).

Having a C' Birkhoff section of disk type u : D — L(p,q) coming from
a J-holomorphic plane, it follows from [FHr, vl, Lemma C.6.] that we can
find a C*° @-strong Birkhoff section w’ : D — L(p, ) which is arbitrary close
to u in C'-topology. Which completes the proof of Proposition 3.2.19. We
note that although originally [FHr, Lemma C.3] and [FHr, Lemma C.6.] are
discussed on S3, we may apply the proofs to L(p, q) in exactly the same way.
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