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The link of the An singularity, L An ⊂ C3 admits a natural contact structure ξ0

coming from the set of complex tangencies. The canonical contact form α0

associated to ξ0 is degenerate and thus has no isolated Reeb orbits. We show that
there is a nondegenerate contact form for a contact structure equivalent to ξ0 that
has two isolated simple periodic Reeb orbits. We compute the Conley–Zehnder
index of these simple orbits and their iterates. From these calculations we compute
the positive S1-equivariant symplectic homology groups for (L An , ξ0). In addition,
we prove that (L An , ξ0) is contactomorphic to the lens space L(n+1, n), equipped
with its canonical contact structure ξstd.

1. Introduction and main results

The classical topological theory of isolated critical points of complex polynomials
relates the topology of the link of the singularity to the algebraic properties of the
singularity [Milnor 1968]. More generally, the link of an irreducible affine variety
An
⊂ CN with an isolated singularity at 0 is defined by L A = A ∩ S2N+1

δ . For
sufficiently small δ, the link L A is a manifold of real dimension 2n− 1, which is
an invariant of the germ of A at 0. The links of Brieskorn varieties can sometimes
be homeomorphic but not always diffeomorphic to spheres (see [Brieskorn 1966],
a preliminary result which further motivated the study of such objects). Recent
developments in symplectic and contact geometry have shown that the algebraic
properties of a singularity are strongly connected to the contact topology of the link
and symplectic topology of (the resolution of) the variety. A wide range of results
demonstrating the power of investigating the symplectic and contact perspective
of singularities include [Keating 2015; Kwon and van Koert 2016; McLean 2016;
Ritter 2010; Seidel 2008b; Ustilovsky 1999].

In this paper we study the contact topology of the link of the An singularity,
providing a computation of positive S1-equivariant symplectic homology. This
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is done via our construction of an explicit nondegenerate contact form and the
computation of the Conley–Zehnder indices of the associated simple Reeb orbits
and their iterates. Our computations show that positive S1-equivariant symplectic
homology is a free Q[u] module of rank equal to the number of conjugacy classes
of the finite subgroup An of SL(2;C). This provides a concrete example of the
relationship between the cohomological McKay correspondence and symplectic
homology, which is work in progress by McLean and Ritter [≥ 2017]. As a result,
the topological nature of the singularity is reflected by qualitative aspects of the
Reeb dynamics associated to the link of the An singularity.

The link of the An singularity is defined by

L An = f −1
An
(0)∩ S5

⊂ C3, f An = zn+1
0 + 2z1z2. (1-1)

It admits a natural contact structure coming from the set of complex tangencies,

ξ0 := TL An ∩ J0(TL An ).

The contact structure can be expressed as the kernel of the canonically defined
contact form,

α0 =
i
2

( m∑
j=0

(z j dz j − z j dz j )

)∣∣∣∣
L An

.

The contact form α0 is degenerate and hence not appropriate for computing Floer-
theoretic invariants as the periodic orbits of the Reeb vector field defined by

α0(Rα0)= 1, ιRα0
dα0 = 0

are not isolated.
Our first result is the construction of a nondegenerate contact form αε such that

(L An , kerα0) and (L An , kerαε) are contactomorphic. Define the Hamiltonian on
C3 by

H : C3
→ R,

(z0, z1, z2) 7→ |z|2+ ε(|z1|
2
− |z2|

2),

where ε is chosen so that H > 0 on S5. We will show

αε =
1
H

[
(n+1)i

8
(z0dz0− z0dz0)+

i
4
(z1dz1− z1dz1+ z2dz2− z2dz2)

]
(1-2)

is a nondegenerate contact form. We also find the simple Reeb orbits of Rαε
and compute the associated Conley–Zehnder index with respect to the canonical
trivialization of C3 of their iterates.

Theorem 1.1. The 1-form αε is a nondegenerate contact form for L An such that
(L An , kerα0) and (L An , kerαε) are contactomorphic. The Reeb orbits of Rαε are
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defined by
γ+(t)= (0, e2i(1+ε)t , 0), 0≤ t ≤ π/(1+ ε),

γ−(t)= (0, 0, e2i(1−ε)t), 0≤ t ≤ π/(1− ε).

The Conley–Zehnder index for γ = γ N
±

in 0≤ t ≤ Nπ/(1± ε) is

µC Z (γ
N
±
)= 2

(⌊
2N

(n+ 1)(1± ε)

⌋
+

⌊
N (1∓ ε)

1± ε

⌋
−

⌊
2N

1± ε

⌋)
+ 2N + 1. (1-3)

Remark 1.2. If ε is chosen such that 0< ε� 1/N then (1-3) can be simplified to

µC Z (γ
N
−
)= 2

⌊
2N

(n+ 1)(1− ε)

⌋
+ 1,

µC Z (γ
N
+
)= 2

⌊
2N

(n+ 1)(1+ ε)

⌋
+ 1.

(1-4)

The proof of Theorem 1.1 is obtained by adapting methods of Ustilovsky [1999]
to obtain αε and to compute the Conley–Zehnder indices. The Conley–Zehnder
index is a Maslov index for arcs of symplectic matrices and is defined in Section 2D.
These paths of matrices are obtained by linearizing the flow of the Reeb vector field
along the Reeb orbit and restricting to ξ0. To better understand the spread of the
Reeb orbits and their iterates in various indices, we have the following example.

Example 1.3. Let n = 2 and 0< ε� 1
10 . Then

µC Z (γ−)= 1, µC Z (γ+)= 1,

µC Z (γ
2
−
)= 3, µC Z (γ

2
+
)= 3,

µC Z (γ
3
−
)= 5, µC Z (γ

3
+
)= 3,

µC Z (γ
4
−
)= 5, µC Z (γ

4
+
)= 5,

µC Z (γ
5
−
)= 7, µC Z (γ

5
+
)= 7,

µC Z (γ
6
−
)= 9, µC Z (γ

6
+
)= 7,

µC Z (γ
7
−
)= 9, µC Z (γ

7
+
)= 9.

It is interesting to note that the spread of integers is not uniform between µC Z (γ
N
−
)

and µC Z (γ
N
+
), and where these jumps in index occur. However, we see that there

are n = 2 Reeb orbits with Conley–Zehnder index 1 and n + 1 = 3 orbits with
Conley–Zehnder index 2k+ 1 for each k ≥ 1.

Remark 1.4. Extrapolating this to all values of n and N demonstrates that the
numerology of the Conley–Zehnder index realizes the number of free homotopy
classes of L An. Recall [6L An ] = π0(6L An ) = π1(L An )/{conjugacy classes} and
H1(L An ,Z) = Zn+1. The information that the (n+ 1)-th iterate of γ± is the first
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contractible Reeb orbit is also encoded in the above formulas. Qualitative aspects of
the Reeb dynamics reflect this topological information in the following computation
of a Floer-theoretic invariant of the contact structure ξ0.

Theorem 1.1 allows us to easily compute positive S1-equivariant symplectic
homology SH+,S

1

∗
. Symplectic homology is a Floer-type invariant of symplectic

manifolds with contact-type boundary; see [Seidel 2008a]. Under additional as-
sumptions, one can prove that the positive S1-equivariant symplectic homology
SH+,S

1

∗
is in fact an invariant of the contact structure; see [Gutt 2015, Theorems 1.2

and 1.3; Bourgeois and Oancea 2012, Section 4.1.2]. Because of the behavior of the
Conley–Zehnder index in Theorem 1.1, we can directly compute SH+,S

1

∗
(L An , ξ0)

and conclude that it is a contact invariant. As a result, the underlying topology of
the manifold determines qualitative aspects of any Reeb vector field associated to a
contact form defining ξ0.

Theorem 1.5. The positive S1-equivariant symplectic homology of (L An , ξ0) is

SH+,S
1

∗
(L An , ξ0)=


Qn, ∗ = 1,
Qn+1, ∗ ≥ 3 and odd,
0, ∗ else.

Proof. To obtain a contact invariant from SH+,S
1

∗
we need to show in dimension 3

that all contractible Reeb orbits γ satisfy µC Z (γ )≥ 3; see [Gutt 2015, Theorems 1.2
and 1.3; Bourgeois and Oancea 2012, Section 4.1.2]. The first iterate of γ± which
is contractible is the (n + 1)-th iterate, and by Theorem 1.1, will always satisfy
µC Z (γ±)≥ 3.

If α is a nondegenerate contact form such that the Conley–Zehnder indices of
all periodic Reeb orbits are lacunary, meaning they contain no two consecutive
numbers, then we can appeal to [Gutt 2015, Theorem 1.1]. This result of Gutt
allows us to conclude that over Q-coefficients the differential for SH S1,+ vanishes.
In light of Theorem 1.1 we obtain the above result. �

Remark 1.4 yields the following corollary of Theorem 1.5, indicating a Floer-
theoretic interpretation of the McKay correspondence [Ito and Reid 1996] via the
Reeb dynamics of the link of the An singularity. The An singularity is the singularity
of f −1

An
(0), where f An is described as (1-1). This is equivalent to its characterization

as the absolutely isolated double point quotient singularity of C2/An , where An is
the cyclic subgroup of SL(2;C); see Section 4A. The cyclic group An acts on C2

by (u, v) 7→ (e2π i/(n+1)u, e2π in/(n+1)v).

Corollary 1.6. The positive S1-equivariant symplectic homology SH+,S
1

∗
(L An , ξ0)

is a free Q[u] module of rank equal to the number of conjugacy classes of the finite
subgroup An of SL(2;C).
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Remark 1.7. The ongoing work of Nelson [2015; ≥ 2017] and Hutchings and
Nelson [2014; ≥2017] is needed in order to work under the assumption that a related
Floer-theoretic invariant, cylindrical contact homology is a well-defined contact
invariant of (L An , ξ0). Once this is complete, the index calculations provided in
Theorem 1.1 show that positive S1-equivariant symplectic homology and cylindrical
contact homology agree up to a degree shift.

Bourgeois and Oancea [2012] prove that there are restricted classes of contact
manifolds for which one can prove that cylindrical contact homology (with a degree
shift) is isomorphic to the positive part of S1-equivariant symplectic homology
when both are defined over Q-coefficients. Their isomorphism relies on having
transversality for a generic choice of J , which is presently the case for unit cotangent
bundles DT ∗L such that dim L≥5 or when L is Riemannian manifold which admits
no contractible closed geodesics [Bourgeois and Oancea 2015]. Our computations
confirm that their results should hold for many more closed contact manifolds.

Our final result is an explicit proof that the singularity (L An , ξ0) and the lens
space (L(n+ 1, n), ξstd) are contactomorphic. The lens space

L(n+ 1, n)= S3/
(
(u, v)∼ (e2π i/(n+1)u, e2πni/(n+1)v)

)
admits a contact structure, which is induced by the one on S3 and can be expressed
as the kernel of the contact form

λstd =
1
2 i(udū− ūdu+ vd v̄− v̄dv).

Theorem 1.8. The link of the An singularity (L An , ξ0 = kerα0) and the lens space
(L(n+ 1, n), ξstd = ker λstd) are contactomorphic.

Theorems 1.5 and 1.8 allow us to reprove the following result of Kwon and
van Koert [2016]. Since (L An , ξ0) and (L(n+ 1, n), ξstd) are contactomorphic and
SH S1,+
∗

is a contact invariant, SH S1,+
∗

(L(n+ 1, n), ξstd)= SH S1,+
∗

(L An , ξ0).

Theorem 1.9 [Kwon and van Koert 2016, Appendix A]. The positive S1-equivariant
symplectic homology of (L(n+ 1, n), ξstd) is

SH+,S
1

∗
(L(n+ 1, n), ξstd)=


Qn, ∗ = 1,
Qn+1, ∗ ≥ 3 and odd,
0, ∗ else.

Their proof relies on the nondegenerate contact form on (L(n + 1, n), ξstd).
If a1, a2 are any rationally independent positive real numbers then

λa1,a2 =
i
2

2∑
j=1

a j (z j dz j − z j dz j )
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is a nondegenerate contact form for (L(n+ 1, n), ξstd). The simple Reeb orbits on
L(n+ 1, n) are given by

γ1 = (ei t/a1, 0), 0≤ t ≤ (2a1π)/(n+ 1),

γ2 = (0, ei t/a2), 0≤ t ≤ (2a2π)/(n+ 1),

which descend from the simple isolated Reeb orbits on S3. Again, the n+1 different
free homotopy classes associated to this lens space are realized by covers of the
isolated Reeb orbits γi for i = 1 or 2. The Conley–Zehnder index for γ N

1 is

µC Z (γ
N

1 )= 2
(⌊

N
n+ 1

⌋
+

⌊
Na1

(n+ 1)a2

⌋)
+ 1, (1-5)

with a similar formula holding for γ N
2 .

Outline. The necessary background is given in Section 2. The construction of a
nondegenerate contact form and the proof of Theorem 1.1 is given in Section 3.
The proof of Theorem 1.8 is given in Section 4.

2. Background

In this section we recall all the necessary symplectic and contact background which
is needed to prove Theorems 1.1 and 1.8.

2A. Contact structures. First we recall some notions from contact geometry.

Definition 2.1. Let M be a manifold of dimension 2n+ 1. A contact structure is a
maximally nonintegrable hyperplane field ξ = kerα ⊂ TM .

Remark 2.2. The kernel of a 1-form α on M2n+1, ξ = kerα, is a contact structure
whenever

α∧ (dα)n 6= 0,

which is equivalent to the condition that dα be nondegenerate on ξ .

Note that the contact structure is unaffected when we multiply the contact form α

by any positive or negative function on M . We say that two contact structures
ξ0 = kerα0 and ξ1 = kerα1 on a manifold M are contactomorphic whenever there
is a diffeomorphism ψ : M→ M such that ψ sends ξ0 to ξ1,

ψ∗(ξ0)= ξ1.

If a diffeomorphism ψ : M→ M is in fact a contactomorphism then there exists a
nonzero function g : M→ R such that ψ∗α1 = gα0. Finding an explicit contacto-
morphism often proves to be a rather difficult and messy task, but an application of
Moser’s argument yields Gray’s stability theorem, which essentially states that there
are no nontrivial deformations of contact structures on a fixed closed manifold.
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First we give the statement of Moser’s theorem, which says that one cannot vary
a symplectic structure by perturbing it within its cohomology class. Recall that a
symplectic structure on a smooth manifold W 2n is a nondegenerate closed 2-form
ω ∈�2(W ).

Theorem 2.3 (Moser’s theorem, [McDuff and Salamon 1998, Theorem 3.17]). Let
W be a closed manifold and suppose that ωt is a smooth family of cohomologous
symplectic forms on W . Then there is a family of diffeomorphisms9t of W such that

90 = id, ψ∗t ωt = ω0.

The aforementioned contact analogue of Moser’s theorem is Gray’s stability
theorem, stated formally below.

Theorem 2.4 (Gray’s stability theorem, [Geiges 2008, Theorem 2.2.2]). Let ξt ,
t ∈ [0, 1], be a smooth family of contact structures on a closed manifold V . Then
there is an isotopy (ψt)t∈[0,1] of V such that

ψt∗(ξ0)= ξt for each t ∈ [0, 1].

Next we give the most basic example of a contact structure.

Example 2.5. Consider R2n+1with coordinates (x1,y1,...,xn,yn,z) and the 1-form

α = dz+
n∑

j=1

x j dy j .

Then α is a contact form for R2n+1. The contact structure ξ = kerα is called the
standard contact structure on R2n+1.

As in symplectic geometry, a variant of Darboux’s theorem holds. This states
that locally all contact structures are diffeomorphic to the standard contact structure
on R2n+1.

A contact form gives rise to a unique Hamiltonian-like vector field as follows.

Definition 2.6. For any contact manifold (M, ξ = kerα) the Reeb vector field Rα
is defined to be the unique vector field determined by α,

ι(Rα)dα = 0, α(Rα)= 1.

We define the Reeb flow of Rα by ϕt : M→ M, ϕ̇t = Rα(ϕt).

The first condition says that Rα points along the unique null direction of the
form dα and the second condition normalizes Rα. Because

LRαα = dιRαα+ ιRαdα,
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the flow of Rα preserves the form α and hence the contact structure ξ . Note that
if one chooses a different contact form f α, the corresponding vector field R f α is
very different from Rα, and its flow may have quite different properties.

A Reeb orbit γ of period T associated to Rα is defined to be a path γ :R/T Z→M
given by an integral curve of Rα. That is,

dγ
dt
= Rα ◦ γ (t), γ (0)= γ (T ).

Two Reeb orbits
γ1, γ0 : R/T Z→ M

are considered equivalent if they differ by reparametrization, i.e., precomposition
with a translation of R/T Z.

The N -fold cover γ N is defined to be the composition of γ± with R/N T Z→

R/T Z. A simple Reeb orbit is one such that γ : R/T Z→ M is injective.

Remark 2.7. Since Reeb vector fields are autonomous, the terminology “simple
Reeb orbit γ ” refers to the entire equivalence class of orbits, and likewise for its
iterates.

A Reeb orbit γ is said to be nondegenerate whenever the linearized return map

d(ϕT )γ (0) : ξγ (0)→ ξγ (T )=γ (0)

has no eigenvalue equal to 1. A nondegenerate contact form is one whose Reeb
orbits are all nondegenerate and hence isolated. Note that since the Reeb flow
preserves the contact structure, the linearized return map is symplectic.

Next we briefly review the canonical contact form on S3 and its Reeb dynamics.

Example 2.8 (canonical Reeb dynamics on the 3-sphere). If we define the function
f : R4

→ R,
f (x1, y1, x2, y2)= x2

1 + y2
1 + x2

2 + y2
2 ,

then S3
= f −1(1). Recall that the canonical contact form on S3

⊂R4 is given to be

λ0 := −
1
2 d f ◦ J = (x1dy1− y1dx1+ x2dy2− y2dx2)|S3 . (2-1)

The Reeb vector field is given by

Rλ0 =

(
x1

∂

∂y1
− y1

∂

∂x1
+ x2

∂

∂y2
− y2

∂

∂x2

)
= (−y1, x1,−y2, x2). (2-2)

Equivalently we may reformulate these using complex coordinates by identifying
R4 with C2 via

u = x1+ iy1, v = x2+ iy2.
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We obtain
λ0 =

1
2 i(udū− ūdu+ vd v̄− v̄dv)|S3,

and

Rλ0 = i
(

u
∂

∂u
− ū

∂

∂ ū
+ v

∂

∂v
− v̄

∂

∂v̄

)
= (iu, iv).

(2-3)

The second expression for Rλ0 follows from (2-2) since iu = (−y1, x1) and iv =
(−y2, x2).

To see that the orbits of Rλ0 define the fibers of the Hopf fibration, recall that a
fiber through a point

(u, v)= (x1+ iy1, x2+ iy2) ∈ S3
⊂ C2

can be parameterized as

ϕ(t)= (ei t u, ei tv), t ∈ R. (2-4)

We compute the time derivative of the fiber

ϕ̇(0)= (iu, iv)= (i x1− y1, i x2− y2).

Expressed as a real vector field on R4, which is tangent to S3, this is the Reeb
vector field Rλ0 as it appears in (2-3), so the Reeb flow does indeed define the Hopf
fibration.

2B. Hypersurfaces of contact type. Another notion that we need from symplectic
and contact geometry is that of a hypersurface of contact type in a symplectic
manifold. The following notion of a Liouville vector field allows us to define
hypersurfaces of contact type. Liouville vector fields will be used to understand the
Reeb dynamics of the nondegenerate contact form α1 as well as to construct the
contactomorphism between (L An , ξ0) and (L(n+ 1, n), ξstd).

Definition 2.9. A Liouville vector field Y on a symplectic manifold (W, ω) is a
vector field satisfying

LYω = ω.

The flow ψt of such a vector field is conformal symplectic, i.e., ψ∗t (ω)= etω. The
flow of these fields is volume expanding, so such fields may only exist locally on
compact manifolds.

Whenever there exists a Liouville vector field Y defined in a neighborhood of
a compact hypersurface Q of (W, ω), which is transverse to Q, we can define a
contact 1-form on Q by

α := ιYω.
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Proposition 2.10 [McDuff and Salamon 1998, Proposition 3.58]. Let (W, ω) be a
symplectic manifold and Q ⊂W a compact hypersurface. Then the following are
equivalent:

(i) There exists a contact form α on Q such that dα = ω|Q .

(ii) There exists a Liouville vector field Y :U→ T W defined in a neighborhood U
of Q, which is transverse to Q.

If these conditions are satisfied then Q is said to be of contact type.

We will need the following application of Gray’s stability theorem to hypersur-
faces of contact type to prove Theorem 1.8 in Section 4.

Lemma 2.11 [Geiges 2008, Lemma 2.1.5]. Let Y be a Liouville vector field on a
symplectic manifold (W, ω). Suppose that M1 and M2 are hypersurfaces of contact
type in W . Assume that there is a smooth function

h :W → R (2-5)

such that the time-1 map of the flow of hY is a diffeomorphism from M1 to M2.
Then this diffeomorphism is in fact a contactomorphism from (M1, ker ιYω|TM1) to
(M2, ker ιYω|TM2).

2C. Symplectization. The symplectization of a contact manifold is an important
notion in defining Floer-theoretic theories like symplectic and contact homology. It
will also be used in our calculation of the Conley–Zehnder index. Let (M, ξ =kerα)
be a contact manifold. The symplectization of (M, ξ = kerα) is given by the
manifold R×M and symplectic form

ω = et(dα−α∧ dt)= d(etα).

Here t is the coordinate on R, and it should be noted that α is interpreted as a 1-form
on R×M , as we identify α with its pullback under the projection R×M→ M .

Any contact structure ξ may be equipped with a complex structure J such that
(ξ, J ) is a complex vector bundle. This set is nonempty and contractible. There is a
unique canonical extension of the almost complex structure J on ξ to an R-invariant
almost complex structure J̃ on T (R×M), whose existence is due to the splitting,

T (R×M)= R
∂

∂t
⊕RRα ⊕ ξ. (2-6)

Definition 2.12 (canonical extension of J to J̃ on T (R× M)). Let [a, b; v] be
a tangent vector where a, b ∈ R and v ∈ ξ . We can extend J : ξ → ξ to J̃ :
T (R×M)→ T (R×M) by

J̃ [a, b; v] = [−b, a, Jv].
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Thus J̃ |ξ = J and J̃ acts on R∂/∂t ⊕RRα in the same manner as multiplication
by i acts on C, namely J∂/∂t = Rα.

2D. The Conley–Zehnder index. The Conley–Zehnder index µC Z is a Maslov
index for arcs of symplectic matrices which assigns an integer µC Z (8) to every
path of symplectic matrices 8 : [0, T ] → Sp(n), with 8(0)= 1. In order to ensure
that the Conley–Zehnder index assigns the same integer to homotopic arcs, one must
also stipulate that 1 is not an eigenvalue of the endpoint of this path of matrices, i.e.,
det(1−8(T )) 6= 0. We define the following set of continuous paths of symplectic
matrices that start at the identity and end on a symplectic matrix that does not have
1 as an eigenvalue:

6∗(n)={8 :[0, T ]→Sp(2n) :8 is continuous,8(0)=1, and det(1−8(T )) 6=0}.

The Conley–Zehnder index is a functor satisfying the following properties, and
is uniquely determined by the homotopy, loop, and signature properties.

Theorem 2.13 [Robbin and Salamon 1993, Theorem 2.3, Remark 5.4; Gutt 2014,
Theorem 2, Propositions 8 and 9]. There exists a unique functor µC Z called the
Conley–Zehnder index that assigns the same integer to all homotopic paths 9
in 6∗(n),

µC Z :6
∗(n)→ Z,

such that the following hold:

(1) Homotopy: The Conley–Zehnder index is constant on the connected compo-
nents of 6∗(n).

(2) Naturalization: For any paths 8,9 : [0, 1] → Sp(2n),

µC Z (898
−1)= µC Z (9).

(3) Zero: If 9(t) ∈ 6∗(n) has no eigenvalues on the unit circle for t > 0, then
µC Z (9)= 0.

(4) Product: If n= n′+n′′, identify Sp(2n′)⊕Sp(2n′′) with a subgroup of Sp(2n)
in the obvious way. For 9 ′ ∈ 6∗(n′) and 9 ′′ ∈ 6∗(n′′), we have µC Z (9

′
⊕

9 ′′)= µC Z (9
′)+µC Z (9

′′).

(5) Loop: If 8 is a loop at 1, then µC Z (89)= µC Z (9)+2µ(8), where µ is the
Maslov Index.

(6) Signature: If S ∈ M(2n) is a symmetric matrix with ‖S‖ < 2π and 9(t) =
exp(J0St), then µC Z (9)=

1
2 sgn(S).

The linearized Reeb flow of γ yields a path of symplectic matrices

d(ϕt)γ (0) : ξγ (0)→ ξγ (t)=γ (0)
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for t ∈ [0, T ], where T is the period of γ .
Thus we can compute the Conley–Zehnder index of dϕt , t ∈ [0, T ]. This index

is typically dependent on the choice of trivialization τ of ξ along γ which was used
in linearizing the Reeb flow. However, if c1(ξ ;Z)= 0 we can use the existence of
an (almost) complex volume form on the symplectization to obtain a global means
of linearizing the flow of the Reeb vector field. The choice of a complex volume
form is parametrized by H 1(R× M;Z), so an absolute integral grading is only
determined up to the choice of volume form. See [Nelson ≥ 2017, §1.1.1].

We define

µτC Z (γ ) := µC Z ({dϕt }|t∈[0,T ]).

In the case at hand we will be able to work in the ambient space of (C3, J0), and
use a canonical trivialization of C3.

2E. The canonical contact structure on Brieskorn manifolds. The An link is an
example of a Brieskorn manifold, which are defined generally by

6(a)=
{
(z0, . . . , zm) ∈ Cm+1

∣∣∣ f :=
m∑

j=0

za j
j = 0, a j ∈ Z>0 and

m∑
j=0

|z j |
2
= 1

}
.

The link of the An singularity after a linear change of variables is 6(n+ 1, 2, 2)
for n > 3; see (3-1). Brieskorn gave a necessary and sufficient condition on a
for 6(a) to be a topological sphere, and means to show when these yield exotic
differentiable structures on the topological (2n− 1)-sphere in [Brieskorn 1966]. A
standard calculus argument [Geiges 2008, Lemma 7.1.1] shows that 6(a) is always
a smooth manifold.

In the mid 1970s, Brieskorn manifolds were found to admit a canonical contact
structure, given by their set of complex tangencies,

ξ0 = T6 ∩ J0(T6),

where J0 is the standard complex structure on Cm+1. The contact structure ξ0 can
be expressed as ξ0 = kerα0 for the canonical 1-form

α0 := (−dρ ◦ J0)|6 =
i
4

( m∑
j=0

(z j dz j − z j dz j )

)∣∣∣∣
6

,

where ρ = (‖z‖2 − 1)/4. A proof of this fact may be found in [Geiges 2008,
Theorem 7.1.2]. The Reeb dynamics associated to α0 are difficult to understand.
There is a more convenient contact form α1 constructed by Ustilovsky [1999,
Lemma 4.1.2] via the following family.
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Proposition 2.14 [Geiges 2008, Proposition 7.1.4]. The 1-form

αt =
i
4

m∑
j=0

1
1− t + t/a j

(z j dz j − z j dz j )

is a contact form on 6(a) for each t ∈ [0, 1].

Via Gray’s stability theorem we obtain the following corollary.

Corollary 2.15. For all t ∈ (0, 1], the contact manifold (6(a), kerα0) is contacto-
morphic to (6(a), kerαt).

Next, the Reeb dynamics associated to α1 =
1
4 i
∑m

j=0 a j (z j dz j − z j dz j ) are
computed.

Remark 2.16. While α1 is degenerate, one can still easily check that the Reeb
vector field associated to α1 is given by

Rα1 = 2i
m∑

j=0

1
a j

(
z j

∂

∂z j
− z j

∂

∂z j

)
= 2i

(
z0

a0
, . . . ,

zm

am

)
.

Indeed, one computes

d f (Rα1)= f (z) and dρ(Rα1)= 0.

This shows that Rα1 is tangent to 6(a). The defining equations for the Reeb vector
field are satisfied since

α1(Rα1)≡ 1 and ιRα1
dα1 =−dρ,

with the latter form being zero on the Tp6(a). The flow of Rα1 is given by

ϕt(z0, . . . , zm)= (e2i t/a0, . . . , e2i t/am ).

All the orbits of the Reeb flow are closed, and the flow defines an effective S1-action
on 6(a).

In the next section we perturb α1 to a nondegenerate contact form.

3. Proof of Theorem 1.1

3A. Constructing a nondegenerate contact form. Here, we adapt a method used
by Ustilovsky [1999, §4] to obtain a nondegenerate contact form αε on L An whose
kernel is contactomorphic to ξ0. Ustilovsky’s methods yielded a nondegenerate
contact form on Brieskorn manifolds of the form 6(p, 2, . . . , 2), which are diffeo-
morphic to S4m+1.



430 L. ABBRESCIA, I. HUQ-KURUVILLA, J. NELSON AND N. SULTANI

We define the change of coordinates to go from 6(n + 1, 2, 2) with defining
function f = zn+1

0 + z2
1+ z2

2 to L An with defining function f An = w
n+1
0 + 2w1w2:

9(w0, w1, w2)=
(
w0︸︷︷︸
:=z0

,
√

2
2 (w1+w2)︸ ︷︷ ︸
:=z1

,
√

2
2 (−iw1+ iw2)︸ ︷︷ ︸

:=z2

)
. (3-1)

We obtain

9∗ f (z0, z1, z2)= w
n+1
0 + 2w1w2. (3-2)

Then the pull-back of

α1

2
=

i
8

m∑
j=0

a j (z j dz j − z j dz j )

is given by

9∗α1
2
=
(n+1)i

8
(w0dw0−w0dw0)+

i
4
(w1dw1−w1dw1+w2dw2−w2dw2).

We now construct the Hamiltonian function

H(w)= |w|2+ ε(|w1|
2
− |w2|

2).

We choose 0< ε < 1 such that H(w) is positive on S5, and define the contact form

αε =9
∗α1/(2H). (3-3)

Remark 3.1. The above shows that (6(n+ 1, 2, 2), kerα1) is contactomorphic to
(9(6(n+ 1, 2, 2)), kerαε). Moreover L An = 9(6(n+ 1, 2, 2)), where L An was
defined in (1-1).

Proposition 3.2. The Reeb vector field for αε is

Rαε =
4i

n+1
w0

∂

∂w0
−

4i
n+1

w0
∂

∂w0
+ 2i(1+ ε)

(
w1

∂

∂w1
−w1

∂

∂w1

)
+ 2i(1− ε)

(
w2

∂

∂w2
−w2

∂

∂w2 j

)
=

(
4i

n+1
w0, 2i(1+ ε)w1, 2i(1− ε)w2

)
. (3-4)

Remark 3.3. The second formulation of the Reeb vector field is equivalent to
the first in the above proposition via the standard identification of R4 with C2, as
explained in Example 2.8, (2-3).

Before proving Proposition 3.2 we need the following lemma.
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Lemma 3.4. On C3, the vector field

X (w)= 1
2

( 2∑
j=0

w j
∂

∂w j
+w j

∂

∂w j

)
(3-5)

is a Liouville vector field for the symplectic form

ω1 =
d(9∗α1)

2
=

i(n+ 1)
4

dw0 ∧ dw0+
i
2

2∑
j=1

dw j ∧ dw j .

The Hamiltonian vector field X H of H with respect to ω1 is −Rαε , as in (3-4).

Proof. Recall that the condition to be a Liouville vector field is LXω1 = ω1. We
show this with Cartan’s formula, given as

LXω1 = ιX dω1+ d(ιXω1)

= d(ιXω1).

We do the explicit calculation for the first term and the rest easily follows:

d
(

i(n+1)
4

dω0∧dω0

(
1
2

(
w0

∂

∂w0
+w0

∂

∂w0

)
, ·

))
= d

(
i(n+1)

8
w0dw0−w0dw0

)
=

i(n+1)
8

(dw0∧dw0−dw0∧dw0)

=
i(n+1)

4
dw0∧dw0,

so X (w) is indeed a Liouville vector field for ω1.
Next we prove that ω1(−Rαε , · )= d H( · ). First we calculate d H :

d H =
( 2∑

j=0

w j dw j +w j dw j

)
+ ε(w1dw1+w1dw1−w2dw2−w2dw2).

Then we compare the coefficients of d H to the coefficients of ω1(−Rαε , · ) associ-
ated to each term, (dwi ∧ dwi ). The (dw0 ∧ dw0) term is

i(n+ 1)
4

dw0 ∧ dw0

(
−

4i
n+ 1

w0
∂

∂w0
+

4i
n+ 1

w0
∂

∂w0
, ·

)
=

i(n+ 1)
4

(
−

4i
n+ 1

w0dw0−
4i

n+ 1
w0dw0

)
= w0dw0+w0dw0.
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The (dw1 ∧ dw1) term is

1
2 idw1 ∧ dw1

(
−2i(1+ ε)w1

∂

∂w1
+ 2i(1+ ε)w1

∂

∂w1

)
=

1
2 i(−2i(1+ ε)w1dw1− 2i(1+ ε)w1dw1)

= (1+ ε)w1dw1+ (1+ ε)w1dw1.

The (dw2 ∧ dw2) term is obtained in a similar way. Summing the terms yields
ω1(−Rαε , · )= d H( · ). �

Proof of Proposition 3.2. First we show that X H = −Rαε is tangent to the link
9(6(n+ 1, 2, 2)). We compute

(9∗d f )(Rαε )= ((n+ 1)wn
0 dw0+ 2w1dw2+ 2w2dw1)(Rαε )

= 4iwn+1
0 + 4i(1− ε)w1w2+ 4i(1+ ε)w1w2

= 4i(9∗ f )

= 0.

The last equality is because 9∗ f is constant along 9(6(n + 1, 2, 2)). Now we
have to show that 1

29
∗α1(X H )=−H . We have

1
29
∗α1( · )= ιXω1( · )= ω1(X (w), · )=−ω( · , X (w)),

1
29
∗α1(X H )=−ω(X H , X (w))=−d H(X (w))

=−|w|2− ε(|w1|
2
− |w2|

2)

=−H.

From these, we conclude

αε(X H )=−
1
H

H =−1,

dαε(X H , · )=−
1

2H 2 (d H∧9∗α1)(X H , · )+
1

2H
d9∗α1(X H , · )

=−
1

2H 2 d H(X H )9
∗α1( · )+

1
2H 29

∗α1(X H )d H( · )+
1
H
ω(X H , · )

=−
1

2H 2ω1(X H , X H )9
∗α1( · )−

1
H

d H( · )+
1
H

d H( · )

= 0.

By Lemma 3.4, we know −X H = Rαε so the result follows. �

3B. Isolated Reeb orbits. In this short section, we prove the following proposition.
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Proposition 3.5. The only simple periodic Reeb orbits of Rαε are nondegenerate
and defined by

γ+(t)= (0, e2i(1+ε)t , 0), 0≤ t ≤ π/(1+ ε),

γ−(t)= (0, 0, e2i(1−ε)t), 0≤ t ≤ π/(1+ ε).

Proof. The flow of

Rαε =
(

4i
n+ 1

w0, 2i(1+ ε)w1, 2i(1− ε)w2

)
is given by

ϕt(w0, w1, w2)=

(
e4i t/(n+1)w0, e2i(1+ε)tw1, e2i(1−ε)tw2

)
.

Since ε is small and irrational, the only possible periodic trajectories are

γ0(t)= (e4i/(n+1)t , 0, 0),

γ+(t)= (0, e2i(1+ε)t , 0),

γ−(t)= (0, 0, e2i(1−ε)t).

It is important to note that the first trajectory does not lie in 9(6(n+ 1, 2, 2)),
but rather on the total space C3. This is because the point γ0(0)= (1, 0, 0) is not a
zero of f An = w

n+1
0 + 2w1w2.

Next we need to check that the linearized return maps dφ|ξ associated to γ+ and
γ− have no eigenvalues equal to 1. We consider the first orbit γ+ of period π/(1+ε),
as a similar argument applies to the return flow associated to γ−. The differential
of its total return map is

dϕT =

e4iT/(n+1) 0 0
0 1 0
0 0 e2i(1−ε)T


∣∣∣∣∣∣∣
T=π/(1+ε)

.

Since ε is a small irrational number, the total return map only has one eigenvalue
which is 1. The eigenvector associated to the eigenvalue which is 1 is in the
direction of the Reeb orbit γ+, but since we are restricting the return map to ξ , we
can conclude that γ+ is nondegenerate. �

3C. Computation of the Conley–Zehnder index. To compute the Conley–Zehnder
indices of the Reeb orbits in Theorem 1.1 we use the same method as shown in
[Ustilovsky 1999], extending the Reeb flow to give rise to a symplectomorphism
of C3

\ {0}. This permits us to do the computations in C3, equipped with the
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symplectic form

ω1 =
d(9∗α1)

2
=

i(n+ 1)
4

dw0 ∧ dw0+
i
2

2∑
j=1

dw j ∧ dw j .

We may equip the contact structure ξ0 with the symplectic form ω = dα1 instead
of dαε when computing the Conley–Zehnder indices. This is because kerαε =
kerα1 = ξ0, as αε = (1/H)α1 with H > 0 and because ω|ξ = Hdαε |ξ and H is
constant along Reeb trajectories.

Our first proposition shows that we can construct a standard symplectic basis for
the symplectic complement

ξω = {v ∈ C3
: ω(v,w)= 0 for all w ∈ ξ}

of ξ in C3. As a result, c1(ξ
ω) = 0. Since c1(C

3) = 0, we know c1(ξ) = 0. Thus
we may compute the Conley–Zehnder indices in the ambient space C3 and use
additivity of the Conley–Zehnder index under direct sums of symplectic paths to
compute it in ξ .

Proposition 3.6. There exists a standard symplectic basis for the symplectic com-
plement ξω with respect to ω = dα1.

Proof. Notice that ξω = span(X1, Y1, X2, Y2), where

X1 = (w
n
0, w1, w2), Y1 = i X1,

X2 = Rε, Y2 = w.

We make this into a symplectic standard basis for ξω via a Gram–Schmidt process.
The new basis is given by

X̃1 =
X1

√
ω(X1, Y2)

, Ỹ1 =
Y1

√
ω(X1, Y1)

= i X̃1,

X̃2 = X2, Ỹ2 = Y2−
ω(X1, Y2)Y1−ω(Y1, Y2)X1

ω(X1, Y1)

= Y2−
n− 1

2
wn+1

0 w(X1, Y1)X1.

This is a standard basis for the symplectic vector space ξω; i.e., the form ω in this
basis is given by 

(
0 1
1 0

)
(

0 1
1 0

)
 . �

Now we are ready to prove the Conley–Zehnder index formula in Theorem 1.1.
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Proposition 3.7. The Conley–Zehnder index for γ = γ N
±

in 0≤ t ≤ Nπ/(1± ε) is

µC Z (γ
N
±
)= 2

(⌊
2N

(n+1)(1±ε)

⌋
+

⌊
N (1∓ε)

1±ε

⌋
−

⌊
2N

1±ε

⌋)
+ 2N + 1. (3-6)

Proof. The Reeb flow ϕ which we introduced in the previous section can be extended
to a flow on C3, which we also denote by ϕ. The action of the extended Reeb flow
on C3 is given by

dϕt(w)X̃1 = e4i t X̃1(ϕt(w)), dϕt(w)Ỹ1 = e4i t Ỹ1(ϕt(w)),

dϕt(w)X̃2 = X̃2(ϕt(w)), dϕt(w)Ỹ2 = Ỹ2(ϕt(w)).

Define
8 := dϕt |C3 = diag(e4i/(n+1)t , e2i(1+ε)t , e2i(1−ε)t).

We can now use the additivity of the Conley–Zehnder index under direct sums of
symplectic paths, Theorem 2.13(4) to get

µC Z (γ±)= µC Z (8)−µC Z (8ξω),

where
8ξω := dϕt |ξω = diag(e4i t , 1). (3-7)

The right-hand side of (3-7) is easily computed via the crossing form; see [Robbin
and Salamon 1993, Remark 5.4]. In particular we have

µC Z
(
{ei t
}|t∈[0,T ]

)
=

{
T/π, T ∈ 2πZ,

2bT/2πc+ 1, otherwise.

Thus for {8(t)} = {e4i t/(n+1)
⊕ e2i t (1+ε)

⊕ e2i t (1−ε)
} with 0≤ t ≤ T we obtain

µC Z (8)=

{
4T/((n+ 1)π), T ∈ 1

2(n+ 1)πZ,

2
⌊

2T/((n+ 1)π)
⌋
+ 1, T /∈ 1

2(n+ 1)πZ,

+

{
2T (1+ ε)/π, T ∈ π/(1+ ε)Z,
2
⌊

T (1+ ε)/π
⌋
+ 1, T /∈ π/(1+ ε)Z,

+

{
2T (1− ε)/π, T ∈ π/(1− ε)Z,
2
⌊

T (1− ε)/π
⌋
+ 1, T /∈ π/(1− ε)Z.

Likewise for 8ξω with 0≤ t ≤ T we obtain

µC Z (8ξω)=

{
4T/π, T ∈ π/2Z,

2b2T/πc+ 1, T /∈ π/2Z.

Hence we get that the Conley–Zehnder index for γ N
±

in 0 ≤ t ≤ Nπ/(1± ε) is
given by

µC Z (γ
N
±
)= 2

(⌊
2N

(n+1)(1±ε)

⌋
+

⌊
N (1∓ε)

1±ε

⌋
−

⌊
2N

1±ε

⌋)
+ 2N + 1. (3-8)
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This completes the proof. �

4. Proof of Theorem 1.8

This section proves that (L An , ξ0) and (L(n+1, n), ξstd) are contactomorphic. This
is done by constructing a 1-parameter family of contact manifolds via a canonically
defined Liouville vector field and applying Gray’s stability theorem.

4A. Contact geometry of (L(n + 1, n), ξstd). The lens space L(n + 1, n) is ob-
tained via the quotient of S3 by the binary cyclic subgroup An ⊂ SL(2,C). The
subgroup An is given by the action of Zn+1 on C2 defined by(

u
v

)
7→

(
e2π i/(n+1) 0

0 e2nπ i/(n+1)

)(
u
v

)
.

The following exercise shows that L(n+ 1, n) is homeomorphic to L An . This
construction will be needed later in another proof, so we explain it here to set up
the notation.

The origin is the only fixed point of the An action on C2 and hence is an isolated
quotient singularity of C2/An . We can represent C2/An as a hypersurface of C3 as
follows. Consider the monomials

z0 := uv, z1 :=
1
√

2
iun+1, z2 :=

1
√

2
ivn+1.

These are invariant under the action of An and satisfy the equation zn+1
0 +2z1z2= 0.

Recall that

f An (z0, z1, z2)= zn+1
0 + 2z1z2 and L An = S5

∩ { f −1
An
(0)}.

Moreover,
ϕ̃ : C2

→ C3,

(u, v) 7→ (uv, 1
√

2
iun+1, 1

√
2
ivn+1),

(4-1)

descends to the map
ϕ : C2/An→ C3,

which sends ϕ(C2/An) homeomorphically onto the hypersurface f −1
An
(0).

Rescaling away from the origin of C3 yields a homeomorphism between ϕ(S3/An)

and L An . As 3-manifolds which are homeomorphic are also diffeomorphic [Moise
1952], we obtain the following proposition.

Proposition 4.1. L(n+ 1, n) is diffeomorphic to L An .

Remark 4.2. In order to prove that two manifolds are contactomorphic, one must
either construct an explicit diffeomorphism or make use of Gray’s stability theorem.
Sadly, ϕ is not a diffeomorphism onto its image when u = 0 or v = 0. As the above
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diffeomorphism is only known to exist abstractly, we will need to appeal the latter
method to prove that (L An , ξ0) and (L(n+ 1, n), ξstd) are contactomorphic. As a
result, this proof is rather involved.

Our application of Gray’s stability theorem uses the flow of a Liouville vector
field to construct a 1-parameter family of contactomorphisms. First we prove that
L(n+1, n) is a contact manifold whose contact structure descends from the quotient
of S3.

Consider the standard symplectic form on C2 given by

ωC2 = dλC2,

λC2 =
1
2 i(udū− ūdu+ vd v̄− v̄dv).

(4-2)

The following proposition shows that λ0 restricts to a contact form on L(n+ 1, n).
We define ker λ= ξstd on L(n+ 1, n).

Proposition 4.3. The vector field

Y0 =
1
2

(
u
∂

∂u
+ ū

∂

ū
+ v

∂

∂v
+ v̄

∂

v̄

)
is a Liouville vector field on (C2/An, ωC2) away from the origin and transverse to
L(n+ 1, n).

Proof. We have that C2/An is a smooth manifold away from the origin because 0
is the only fixed point by the action of An . Write

S3/An = {(u, v) ∈ C2/An : |u|2+ |v|2 = 1}.

Then L(n+ 1, n)= S3/An is a regular level set of g(u, v)= |u|2+ |v|2 Choose a
Riemannian metric on C2/An and note that

Y0 =
1
4∇g.

Thus Y0 is transverse to L(n+ 1, n). Since

LY0ωC2 = d(iY0dλC2)= ωC2,

we may conclude that Y0 is indeed a Liouville vector field on (C2/An, ωC2) away
from the origin. Thus by Proposition 2.10, L(n+ 1, n) is a hypersurface of contact
type in C2/An . �

4B. The proof that (L An, ξ0) and (L(n + 1, n), ξstd) are contactomorphic. First
we set up L An and ϕ(L(n+1, n)) as hypersurfaces of contact type in { f −1

An
(0)}\{0}.

Define ρ : C3
→ R by

ρ(z)= 1
4 |z|

2
− 1= 1

4 z0z0+ · · ·+ z2z2− 1.
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The standard symplectic structure on C3 is given by

ωC3 =
1
2 i(dz0 ∧ dz0+ · · ·+ dz2 ∧ dz2).

Moreover,

Y =∇ρ = 1
2

2∑
j=0

z j
∂

∂z j
+ z j

∂

∂z j
(4-3)

is a Liouville vector field for (C3, ωC3). We define

λC3 = ιYωC3 .

A standard calculation analogous to the proof of Proposition 4.3 shows that Y is a
Liouville vector field on ({ f −1

An
(0)} \ {0}, ωC3).

Remark 4.4. Both ϕ(L(n + 1, n)) and L An are hypersurfaces of contact type in
({ f −1

An
(0)}\{0}, ωC3). Note that ϕ(L(n+1, n)) is in fact transverse to the Liouville

vector field Y because

ϕ(L(n+1, n))= ϕ({|u|2+|v|2 = 1}/An)

= ϕ({|u|4+2|u|2|v|2+|v|4 = 1}/An)

=
{
2|z0|

2
+41/(n+1)

|z1|
4/(n+1)

+41/(n+1)
|z2|

4/(n+1)
= 1

}
∩ f −1

An
(0).

We will want ϕ(L(n+ 1, n)) and L An to be disjoint in { f −1
An
(0)}. This is easily

accomplished by rescaling r in the definition of the link.

Definition 4.5. Define
Lr

An
= f −1

An
(0)∩ S5

r ,

with the assumption that r has been chosen so that ϕ(L(n + 1, n)) and Lr
An

are
disjoint in { f −1

An
(0)} and so that the flow of the Liouville vector field Y “hits”

ϕ(L(n+ 1, n)) before Lr
An

.

The first result is the following lemma, which provides a 1-parameter family of
diffeomorphic manifolds starting on ϕ(L(n+ 1, n)) and ending on Lr

An
. First we

set up some notation. Let
ψt : R× X→ X

be the flow of Y and ψt(z) = γz(t) the unique integral curve passing through
z ∈ ϕ(L(n+ 1, n)) at time t = 0. For any integral curve γ of Y we consider the
initial value problem

γ ′(t)= Y (γ (t)) and γ (0)= z ∈ ϕ(L(n+ 1, n)). (4-4)

By means of the implicit function theorem and the properties of the Liouville vector
field Y we can prove the following claim.
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Lemma 4.6. For every γz , there exists a τ(z) ∈ R>0 such that γz(τ (z)) ∈ Lr
An

. The
choice of τ(z) varies smoothly for each z ∈ ϕ(L(n+ 1, n)).

Proof. In order to apply the implicit function theorem, we must show for all (t, z)
with ρ ◦ γ = 0 that

∂(ρ ◦ γ )

∂t
6= 0.

Note that ρ ◦ γ is smooth. By the chain rule,

∂(ρ ◦ γ )

∂t

∣∣∣∣
(s,p)
= grad ρ|γ (s,p) · γ̇ |(s,p),

where γ̇ |(s,p) = ∂γ /∂t |(s,p).
If grad ρ|γ (s,p) ·γ̇ |(s,p)= 0, then grad ρ is not transverse along {(ρ◦γ ) (s, p)= 0}

or γ̇ |(s,p) = 0, since grad ρ 6= 0. By construction, grad ρ =∇ρ is a Liouville vector
field transverse to Lr

An
. Furthermore, the conformal symplectic nature of a Liouville

vector field implies that for any integral curve γ satisfying the initial value problem
given by (4-4), γ̇ |(s,p) 6= 0. Thus we see that the conditions for the implicit function
theorem are satisfied and our claim is proven. �

Remark 4.7. The time τ(z) can be normalized to 1 for each z, yielding a 1-
parameter family of diffeomorphic contact manifolds (Mt , ζt) for 0≤ t ≤ 1 given by

Mt = ψt
(
ϕ(L(n+ 1, n))

)
, ζt = TMt ∩ JC3(TMt),

where

M0 = ψ0
(
ϕ(L(n+ 1, n))

)
= ϕ(L(n+ 1, n)), M1 = ψ1

(
ϕ(L(n+ 1, n))

)
= L An .

Moreover, we can relate the standard contact structure on L(n+ 1, n) under the
image of ϕ. To avoid excessive parentheses, we use S3/An in place of L(n+ 1, n)
in this lemma.

Lemma 4.8. On ϕ(S3/An),

ϕ∗(ξstd)= T (ϕ(S3/An))∩ JC3
(
T (ϕ(S3/An))

)
.

Proof. Since An ⊂ SL(2,C), we have

ϕ̃(JC2 T S3)= JC3(T ϕ̃(S3)).

Examining ϕ∗(ξstd) yields

ϕ∗(T (S3/An)∩ JC2 T (S3/An))= ϕ̃∗(T S3
∩ JC2(T S3))= ϕ̃∗(T S3)∩ ϕ̃∗(JC2(T S3))

= ϕ̃∗(T S3)∩ JC3 ϕ̃∗(T S3)= T ϕ̃(S3)∩ JC3(T ϕ̃(S3))

= T (ϕ(S3/An))∩ JC3(Tϕ(S3/An)). �
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Lemmas 4.6 and 4.8 in conjunction with Remark 4.7 and Lemma 2.11 yield the
following proposition.

Proposition 4.9. The image of the lens space (ϕ(L(n+ 1, n)), ϕ∗ξstd) is contacto-
morphic to (L An , ξ0).

It remains to show that (ϕ(L(n+ 1, n)), ϕ∗ξstd) and (L(n+ 1, n), ξstd) are con-
tactomorphic. To accomplish this, we use Moser’s lemma to prove the following
lemma.

Lemma 4.10. The manifolds (C2
\ {0}, dλC2) and (C2

\ {0}, dϕ̃∗λC3) are contacto-
morphic.

Proof. Consider the family of 2-forms

ωt = (1− t)ωC2 + t ϕ̃∗ωC3

for 0 ≤ t ≤ 1. Then ωt is exact because Y0 and Y are Liouville vector fields for
C2
\0 equipped with the symplectic forms ωC2 and ωC3 respectively; thus dλt =ωt

for
λt = (1− t)λC2 + t ϕ̃∗(λC3)

for 0≤ t ≤ 1. We claim that λt is a family of contact forms for each t ∈ [0, 1].
We compute

2
i
ϕ̃∗dλC3 = d(uv)∧d(uv)+d(un+1)∧d(ūn+1)+d(vn+1)∧d(v̄n+1)

= ((n+1)2|u|2n
+|v|2)du∧dū+2<(uv̄dv∧dū)

+((n+1)2|v|2n
+|u|2)dv∧d v̄.

Since ωt is exact for each t ∈[0, 1], we know d(ωt)=0 for each t ∈[0, 1]. Moreover,
a simple calculation reveals that ωt ∧ωt is a volume form on C2 for each t ∈ [0, 1].
Thus we may conclude that ωt is a symplectic form for each t ∈ [0, 1]. Applying
Moser’s argument, Theorem 2.3, yields the desired result. �

This yields the desired corollary.

Corollary 4.11. The manifolds (L(n+1, n), ker λC2) and (L(n+1, n), kerϕ∗λC3)

are contactomorphic.

Proof. Let φ : (C2
\ {0}, dλC2) and (C2

\ {0}, dϕ̃∗λC3) be the symplectomorphism,
which exists by Lemma 4.10. It induces the desired contactomorphism. On C2

\{0},

φ∗d(ϕ∗λC3)= dλC2;

thus,
dφ∗(ϕ∗λC3)= dλC2 .

So on L(n+ 1, n),

φ∗(ξstd)= φ∗(ker λC2)= kerϕ∗λC3 = ϕ∗ξstd.
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Proposition 4.9 and Corollary 4.11 complete the proof of Theorem 1.8. �

Acknowledgements

Leonardo Abbrescia, Irit Huq-Kuruvilla, and Nawaz Sultani thank Dr. Jo Nelson
and Robert Castellano for their patient guidance and tutelage for this project. They
have expanded our mathematical knowledge and have set us on the right path for
further research. We especially thank Dr. Nelson for going above and beyond the
call of an REU instructor. We are very grateful to the referee for their numerous
helpful suggestions on improving the exposition of this paper.

We thank Dr. Robert Lipschitz and the Columbia University math REU program
for giving us the opportunity to bring this project to fruition. The REU program was
partially funded by NSF Grant DMS-0739392. Since graduating from Columbia,
Leonardo Abbrescia is supported in part by a NSF graduate research fellowship. Jo
Nelson is supported by NSF grant DMS-1303903, the Bell Companies Fellowship,
the Charles Simonyi Endowment, and the Fund for Mathematics at the Institute for
Advanced Study.

References

[Bourgeois and Oancea 2012] F. Bourgeois and A. Oancea, “S1-equivariant symplectic homology
and linearized contact homology”, preprint, 2012. To appear in Int. Math. Res. Not. arXiv

[Bourgeois and Oancea 2015] F. Bourgeois and A. Oancea, “Erratum to: An exact sequence for
contact- and symplectic homology”, Invent. Math. 200:3 (2015), 1065–1076. MR Zbl

[Brieskorn 1966] E. Brieskorn, “Beispiele zur Differentialtopologie von Singularitäten”, Invent. Math.
2 (1966), 1–14. MR Zbl

[Geiges 2008] H. Geiges, An introduction to contact topology, Cambridge Studies in Advanced
Mathematics 109, Cambridge University Press, 2008. MR Zbl

[Gutt 2014] J. Gutt, “Generalized Conley–Zehnder index”, Ann. Fac. Sci. Toulouse Math. (6) 23:4
(2014), 907–932. MR Zbl

[Gutt 2015] J. Gutt, “The positive equivariant symplectic homology as an invariant for some contact
manifolds”, preprint, 2015. arXiv

[Hutchings and Nelson 2014] M. Hutchings and J. Nelson, “Cylindrical contact homology for
dynamically convex contact forms in three dimensions”, preprint, 2014. To appear in J. Symplectic
Geom. arXiv

[Hutchings and Nelson ≥ 2017] M. Hutchings and J. Nelson, “Invariance and an integral lift of
cylindrical contact homology for dynamically convex contact forms”, In preparation.

[Ito and Reid 1996] Y. Ito and M. Reid, “The McKay correspondence for finite subgroups of
SL(3,C)”, pp. 221–240 in Higher-dimensional complex varieties (Trento, 1994), edited by M.
Andreatta and T. Peternell, de Gruyter, Berlin, 1996. MR Zbl

[Keating 2015] A. Keating, “Homological mirror symmetry for hypersurface cusp singularities”,
preprint, 2015. arXiv

[Kwon and van Koert 2016] M. Kwon and O. van Koert, “Brieskorn manifolds in contact topology”,
Bull. Lond. Math. Soc. 48:2 (2016), 173–241. MR Zbl

http://msp.org/idx/arx/1212.3731
http://dx.doi.org/10.1007/s00222-015-0587-7
http://dx.doi.org/10.1007/s00222-015-0587-7
http://msp.org/idx/mr/3348144
http://msp.org/idx/zbl/1317.53119
http://dx.doi.org/10.1007/BF01403388
http://msp.org/idx/mr/0206972
http://msp.org/idx/zbl/0145.17804
http://dx.doi.org/10.1017/CBO9780511611438
http://msp.org/idx/mr/2397738
http://msp.org/idx/zbl/1153.53002
http://dx.doi.org/10.5802/afst.1430
http://msp.org/idx/mr/3270429
http://msp.org/idx/zbl/1330.37020
http://msp.org/idx/arx/1503.01443
http://msp.org/idx/arx/1407.2898
http://msp.org/idx/mr/1463181
http://msp.org/idx/zbl/0894.14024
http://msp.org/idx/arx/1510.08911
http://dx.doi.org/10.1112/blms/bdv088
http://msp.org/idx/mr/3483060
http://msp.org/idx/zbl/1336.57002


442 L. ABBRESCIA, I. HUQ-KURUVILLA, J. NELSON AND N. SULTANI

[McDuff and Salamon 1998] D. McDuff and D. Salamon, Introduction to symplectic topology, 2nd
ed., Oxford University Press, 1998. MR Zbl

[McLean 2016] M. McLean, “Reeb orbits and the minimal discrepancy of an isolated singularity”,
Invent. Math. 204:2 (2016), 505–594. MR Zbl

[McLean and Ritter ≥ 2017] M. McLean and A. Ritter, “The cohomological McKay correspondence
and symplectic homology”, In preparation.

[Milnor 1968] J. Milnor, Singular points of complex hypersurfaces, Annals of Mathematics Studies
61, Princeton University Press, 1968. MR Zbl

[Moise 1952] E. E. Moise, “Affine structures in 3-manifolds, V: The triangulation theorem and
Hauptvermutung”, Ann. Math. 56:2 (1952), 96–114. MR Zbl

[Nelson 2015] J. Nelson, “Automatic transversality in contact homology, I: Regularity”, Abh. Math.
Semin. Univ. Hambg. 85:2 (2015), 125–179. MR Zbl

[Nelson ≥ 2017] J. Nelson, “Automatic transversality in contact homology, II: Invariance and
computations”, In preparation.

[Ritter 2010] A. F. Ritter, “Deformations of symplectic cohomology and exact Lagrangians in ALE
spaces”, Geom. Funct. Anal. 20:3 (2010), 779–816. MR Zbl

[Robbin and Salamon 1993] J. Robbin and D. Salamon, “The Maslov index for paths”, Topology 32:4
(1993), 827–844. MR Zbl

[Seidel 2008a] P. Seidel, “A biased view of symplectic cohomology”, pp. 211–253 in Current
developments in mathematics, 2006, edited by B. Mazur et al., Int. Press, Somerville, MA, 2008.
MR Zbl

[Seidel 2008b] P. Seidel, Fukaya categories and Picard–Lefschetz theory, European Mathematical
Society, Zürich, 2008. MR Zbl

[Ustilovsky 1999] I. Ustilovsky, “Infinitely many contact structures on S4m+1”, Internat. Math. Res.
Notices 14 (1999), 781–791. MR Zbl

Received: 2015-09-18 Revised: 2016-06-07 Accepted: 2016-06-09

leonardo@math.msu.edu Department of Mathematics, Michigan State University,
1016 Chester Rd., Apt. B14, Lansing, MI 48912, United States

ih2271@columbia.edu Department of Mathematics, Columbia University, 2920 Broad-
way, 6580 Lerner Hall, New York, NY 10027, United States

nelson@math.columbia.edu Institute for Advanced Study, Columbia University,
2990 Broadway, Room 509, MC 4403, New York, NY 10027,
United States

njs2155@columbia.edu Department of Mathematics, Columbia University, 2920 Broad-
way, 6580 Lerner Hall, New York, NY 10027, United States

mathematical sciences publishers msp

http://msp.org/idx/mr/1698616
http://msp.org/idx/zbl/1066.53137
http://dx.doi.org/10.1007/s00222-015-0620-x
http://msp.org/idx/mr/3489704
http://msp.org/idx/zbl/06592957
http://msp.org/idx/mr/0239612
http://msp.org/idx/zbl/0184.48405
http://dx.doi.org/10.2307/1969769
http://dx.doi.org/10.2307/1969769
http://msp.org/idx/mr/0048805
http://msp.org/idx/zbl/0048.17102
http://dx.doi.org/10.1007/s12188-015-0112-3
http://msp.org/idx/mr/3416178
http://msp.org/idx/zbl/1328.53107
http://dx.doi.org/10.1007/s00039-010-0074-7
http://dx.doi.org/10.1007/s00039-010-0074-7
http://msp.org/idx/mr/2720232
http://msp.org/idx/zbl/1228.53092
http://dx.doi.org/10.1016/0040-9383(93)90052-W
http://msp.org/idx/mr/1241874
http://msp.org/idx/zbl/0798.58018
http://msp.org/idx/mr/2459307
http://msp.org/idx/zbl/1165.57020
http://dx.doi.org/10.4171/063
http://msp.org/idx/mr/2441780
http://msp.org/idx/zbl/1159.53001
http://dx.doi.org/10.1155/S1073792899000392
http://msp.org/idx/mr/1704176
http://msp.org/idx/zbl/1034.53080
mailto:leonardo@math.msu.edu
mailto:ih2271@columbia.edu
mailto:nelson@math.columbia.edu
mailto:njs2155@columbia.edu
http://msp.org


involve
msp.org/ involve

INVOLVE YOUR STUDENTS IN RESEARCH
Involve showcases and encourages high-quality mathematical research involving students from all
academic levels. The editorial board consists of mathematical scientists committed to nurturing
student participation in research. Bridging the gap between the extremes of purely undergraduate
research journals and mainstream research journals, Involve provides a venue to mathematicians
wishing to encourage the creative involvement of students.

MANAGING EDITOR
Kenneth S. Berenhaut Wake Forest University, USA

BOARD OF EDITORS
Colin Adams Williams College, USA

John V. Baxley Wake Forest University, NC, USA
Arthur T. Benjamin Harvey Mudd College, USA

Martin Bohner Missouri U of Science and Technology, USA
Nigel Boston University of Wisconsin, USA

Amarjit S. Budhiraja U of North Carolina, Chapel Hill, USA
Pietro Cerone La Trobe University, Australia

Scott Chapman Sam Houston State University, USA
Joshua N. Cooper University of South Carolina, USA
Jem N. Corcoran University of Colorado, USA

Toka Diagana Howard University, USA
Michael Dorff Brigham Young University, USA

Sever S. Dragomir Victoria University, Australia
Behrouz Emamizadeh The Petroleum Institute, UAE

Joel Foisy SUNY Potsdam, USA
Errin W. Fulp Wake Forest University, USA

Joseph Gallian University of Minnesota Duluth, USA
Stephan R. Garcia Pomona College, USA

Anant Godbole East Tennessee State University, USA
Ron Gould Emory University, USA

Andrew Granville Université Montréal, Canada
Jerrold Griggs University of South Carolina, USA

Sat Gupta U of North Carolina, Greensboro, USA
Jim Haglund University of Pennsylvania, USA

Johnny Henderson Baylor University, USA
Jim Hoste Pitzer College, USA

Natalia Hritonenko Prairie View A&M University, USA
Glenn H. Hurlbert Arizona State University,USA

Charles R. Johnson College of William and Mary, USA
K. B. Kulasekera Clemson University, USA

Gerry Ladas University of Rhode Island, USA

Suzanne Lenhart University of Tennessee, USA
Chi-Kwong Li College of William and Mary, USA

Robert B. Lund Clemson University, USA
Gaven J. Martin Massey University, New Zealand

Mary Meyer Colorado State University, USA
Emil Minchev Ruse, Bulgaria
Frank Morgan Williams College, USA

Mohammad Sal Moslehian Ferdowsi University of Mashhad, Iran
Zuhair Nashed University of Central Florida, USA

Ken Ono Emory University, USA
Timothy E. O’Brien Loyola University Chicago, USA

Joseph O’Rourke Smith College, USA
Yuval Peres Microsoft Research, USA

Y.-F. S. Pétermann Université de Genève, Switzerland
Robert J. Plemmons Wake Forest University, USA

Carl B. Pomerance Dartmouth College, USA
Vadim Ponomarenko San Diego State University, USA

Bjorn Poonen UC Berkeley, USA
James Propp U Mass Lowell, USA

Józeph H. Przytycki George Washington University, USA
Richard Rebarber University of Nebraska, USA

Robert W. Robinson University of Georgia, USA
Filip Saidak U of North Carolina, Greensboro, USA

James A. Sellers Penn State University, USA
Andrew J. Sterge Honorary Editor

Ann Trenk Wellesley College, USA
Ravi Vakil Stanford University, USA

Antonia Vecchio Consiglio Nazionale delle Ricerche, Italy
Ram U. Verma University of Toledo, USA

John C. Wierman Johns Hopkins University, USA
Michael E. Zieve University of Michigan, USA

PRODUCTION
Silvio Levy, Scientific Editor

Cover: Alex Scorpan

See inside back cover or msp.org/involve for submission instructions. The subscription price for 2017 is US $175/year for the electronic
version, and $235/year (+$35, if shipping outside the US) for print and electronic. Subscriptions, requests for back issues from the last
three years and changes of subscribers address should be sent to MSP.

Involve (ISSN 1944-4184 electronic, 1944-4176 printed) at Mathematical Sciences Publishers, 798 Evans Hall #3840, c/o University of
California, Berkeley, CA 94720-3840, is published continuously online. Periodical rate postage paid at Berkeley, CA 94704, and additional
mailing offices.

Involve peer review and production are managed by EditFLOW® from Mathematical Sciences Publishers.

PUBLISHED BY

mathematical sciences publishers
nonprofit scientific publishing

http://msp.org/
© 2017 Mathematical Sciences Publishers

http://msp.org/involve
http://msp.org/involve
http://msp.org/
http://msp.org/


inv lve
a journal of mathematics

involve
2017 vol. 10 no. 3

361Dynamics of vertical real rhombic Weierstrass elliptic functions
LORELEI KOSS AND KATIE ROY

379Pattern avoidance in double lists
CHARLES CRATTY, SAMUEL ERICKSON, FREHIWET NEGASSI AND LARA
PUDWELL

399On a randomly accelerated particle
MICHELLE NUNO AND JUHI JANG

417Reeb dynamics of the link of the An singularity
LEONARDO ABBRESCIA, IRIT HUQ-KURUVILLA, JO NELSON AND NAWAZ
SULTANI

443The vibration spectrum of two Euler–Bernoulli beams coupled via a dissipative
joint

CHRIS ABRIOLA, MATTHEW P. COLEMAN, AGLIKA DARAKCHIEVA AND
TYLER WALES

465Loxodromes on hypersurfaces of revolution
JACOB BLACKWOOD, ADAM DUKEHART AND MOHAMMAD JAVAHERI

473Existence of positive solutions for an approximation of stationary mean-field games
NOJOOD ALMAYOUF, ELENA BACHINI, ANDREIA CHAPOUTO, RITA
FERREIRA, DIOGO GOMES, DANIELA JORDÃO, DAVID EVANGELISTA
JUNIOR, AVETIK KARAGULYAN, JUAN MONASTERIO, LEVON
NURBEKYAN, GIORGIA PAGLIAR, MARCO PICCIRILLI, SAGAR PRATAPSI,
MARIANA PRAZERES, JOÃO REIS, ANDRÉ RODRIGUES, ORLANDO
ROMERO, MARIA SARGSYAN, TOMMASO SENECI, CHULIANG SONG,
KENGO TERAI, RYOTA TOMISAKI, HECTOR VELASCO-PEREZ, VARDAN
VOSKANYAN AND XIANJIN YANG

495Discrete dynamics of contractions on graphs
OLENA OSTAPYUK AND MARK RONNENBERG

505Tiling annular regions with skew and T-tetrominoes
AMANDA BRIGHT, GREGORY J. CLARK, CHARLES LUNDON, KYLE
EVITTS, MICHAEL P. HITCHMAN, BRIAN KEATING AND BRIAN WHETTER

523A bijective proof of a q-analogue of the sum of cubes using overpartitions
JACOB FORSTER, KRISTINA GARRETT, LUKE JACOBSEN AND ADAM
WOOD

531Ulrich partitions for two-step flag varieties
IZZET COSKUN AND LUKE JASKOWIAK

involve
2017

vol.10,
no.3

http://dx.doi.org/10.2140/involve.2017.10.361
http://dx.doi.org/10.2140/involve.2017.10.379
http://dx.doi.org/10.2140/involve.2017.10.399
http://dx.doi.org/10.2140/involve.2017.10.417
http://dx.doi.org/10.2140/involve.2017.10.443
http://dx.doi.org/10.2140/involve.2017.10.443
http://dx.doi.org/10.2140/involve.2017.10.465
http://dx.doi.org/10.2140/involve.2017.10.473
http://dx.doi.org/10.2140/involve.2017.10.495
http://dx.doi.org/10.2140/involve.2017.10.505
http://dx.doi.org/10.2140/involve.2017.10.523
http://dx.doi.org/10.2140/involve.2017.10.531

	1. Introduction and main results 
	2. Background
	2A. Contact structures
	2B. Hypersurfaces of contact type
	2C. Symplectization
	2D. The Conley–Zehnder index
	2E. The canonical contact structure on Brieskorn manifolds

	3. Proof of Theorem 1.1
	3A. Constructing a nondegenerate contact form
	3B. Isolated Reeb orbits
	3C. Computation of the Conley–Zehnder index

	4. Proof of Theorem 1.8
	4A. Contact geometry of (L(n+1,n),std)
	4B. The proof that (LAn,0) and (L(n+1,n),std) are contactomorphic

	Acknowledgements
	References
	
	

