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We study the contact equivalence problem for toric contact structures on S3-
bundles over S2. That is, given two toric contact structures, one can ask the
question: when are they equivalent as contact structures while inequivalent
as toric contact structures? In general this appears to be a difficult problem.
To show that two toric contact structures with the same first Chern class are
contact inequivalent, we use Morse-Bott contact homology. To find inequiv-
alent toric contact structures that are contact equivalent, we show that the
corresponding 3-tori belong to distinct conjugacy classes in the contacto-
morphism group. We treat a subclass of contact structures which includes
the Sasaki-Einstein contact structures Y77 studied by physicists with the
anti-de Sitter/conformal field theory conjecture. In this case we give a com-
plete solution to the contact equivalence problem by showing that Y77 and
Y74 are inequivalent as contact structures if and only if p # p’.
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Introduction

It is well known that contact structures have only discrete invariants; that is, Gray’s
theorem says that the deformation theory is trivial. Apparently, the crudest such
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invariant is the first Chern class of the contact bundle D. Indeed, the mod 2 reduction
of D is a topological invariant, namely the second Stiefel-Whitney class. A much
more subtle and powerful invariant is contact homology, a small part of the more
general symplectic field theory (SFT) of Eliashberg, Givental, and Hofer [Eliashberg
et al. 2000] — which can be used to distinguish contact structures belonging to the
same isomorphism class of oriented 2n-plane bundle.

On the other hand, given two contact structures with the same invariants, when
can one show that they are equivalent? In full generality this appears to be a very
difficult problem. However, if we restrict ourselves to toric contact structures in
dimension five, we can begin to get a handle on things. The problem is of particular
interest when applied to toric contact manifolds since they have been classified
[Lerman 2003a]. Thus, one is interested in when two inequivalent toric contact
structures are equivalent as contact structures. Specializing further we consider all
toric contact structures on S>-bundles over S2. It is well known that such manifolds
are classified by 71 (SO(4)) = Z», so there are exactly two such bundles, the trivial
bundle S% x S3 and one nontrivial bundle X+, (in the notation of [Barden 1965]).
They are distinguished by their second Stiefel-Whitney class w, € H>(M, Z5). The
problem of determining when two such toric contact structures belong to equivalent
contact structures is now somewhat tractable owing to the work of Karshon [2003]
and Lerman [2003b].

The general toric contact structures on S2 x S> or X depend on four integers
(p1, P2, 3, ps) that satisfy ged(p;, pj) = 1fori =1,2 and j = 3,4. We write
the contact structures as D, using vector notation p for the quadruple. However,
this general situation appears somewhat intractable, so we consider the special
case when p; = p; or p3s = p4, which is more tractable because then a certain
quotient is a Hirzebruch surface with branch divisors. We may as well assume
that p3 = p4. It is often convenient to further divide this case into two subcases,
as follows. We set p = (j,2k—j,1,1) for §*> x §3 and p = (j, 2k—j+1,1,1)
for Xoo with 1 < j < k. We denote either one of these contact structures by
Dy paits Djok—ji1s Djok—j+1,, or simply as D; i ;, depending on which notation
is more convenient. The first Chern class ¢ (D) of the contact bundle is a classical
algebraic invariant of the contact structure. For the contact structure D, we will
give an explicit formula for ¢;(D,) which for D; o_;;; and Dj 211, equals
2(k —1) and 2(k —I) + 1, respectively. Using contact homology we show that
even if D;;; and D;: v are not distinguished by the first Chern class, they are
inequivalent if k # k'.

Our main result about inequivalence is this:

Theorem 1. The two toric contact structures D p, p, 1,1 and Dy 1 v o on 5% x §3
or X are inequivalent contact structures if p\ + p5 # (p1 + p2).



EQUIVALENCE PROBLEM FOR CONTACT STRUCTURES ON $3-BUNDLES OVER $? 279

For our main result about equivalence, we need to specialize a bit further. In this
case we require that gcd(p, — p1,[) be constant. We have

Theorem 2. The two contact structures D, p, 11and Dy 1 ;1 satisfying pj+py =
P1+ p2 are equivalent if ged(l, p» — p1) = ged(l, p5 — p)).

Recently there has been a great deal of focus on certain toric contact structures
Y P-4 with vanishing first Chern class on S? x §3 discovered by Gauntlett, Martelli,
Sparks, and Waldram [2004a], and used in their study of the anti-de Sitter/conformal
field theory conjecture [Gauntlett et al. 2004b; 2005] (see Chapter 11 of [Boyer
and Galicki 2008] and [Sparks 2011] and references therein). In our notation the
contact structures Y7+ correspond to D ,_, 14, p,p- Remarkably our results give a
complete answer to the contact equivalence problem for these structures.

Theorem 3. Let ¢ denote the Euler ¢-function. The toric contact structures Y P-4
and Y?4' on 8% x S belong to equivalent contact structures if and only if p' = p,
and for each fixed integer p > 1 there are exactly ¢ (p) toric contact structures Y P-4
on 8% x 83 that are equivalent as contact structures, denoted by D ,. Moreover, the
contactomorphism group of D, has at least ¢ (p) conjugacy classes of maximal
tori of dimension three.

A partial result, namely that Y?"! and Y?! are inequivalent contact structures if
p’ # p, was recently given by Abreu and Macarini [2012], and an outline of the
proof of Theorem 3 was recently given by one of us [Boyer 2011a].

As a bonus we also obtain the following results concerning extremal Sasakian
structures:

Corollary 4. For each such contact structure D, there are ¢ (p) compatible Sasaki—
Einstein metrics that are inequivalent as Riemannian metrics.

Corollary 5. For both S* x §3 and X the moduli space of extremal Sasakian
structures has a countably infinite number of components. Moreover, each com-
ponent has extremal Sasakian metrics of positive Ricci curvature whose isometry
group contains T?.

This corollary follows already from the results of [Pati 2009; 2010; Boyer 2011b],
but Theorem 1 actually gives a much larger class in the sense that there are countably
many new components. As shown in [Boyer 2011b], many of these components
are themselves non-Hausdorff.

Corollary 6. The moduli space of Sasaki—Einstein metrics on S* x S has a count-
ably infinite number of components. Moreover, each such component has Sasaki—
Einstein metrics whose isometry group contains T>.

This corollary also follows from [Abreu and Macarini 2012].
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1. Contact structures and cones

It is well known that contact geometry is equivalent to the geometry of certain
symplectic cones. However, for certain contact structures there are several cones
that become important, and as we shall see they are all related.

A warning about notation. In contact topology the contact bundle is usually denoted
by &, whereas in Sasakian geometry & is almost always a Reeb vector field. To
avoid confusion we eschew the use of & completely, and use D for the contact
bundle and R for a Reeb vector field.

Contact structures. Recall that a contact structure' on a connected oriented mani-
fold M is an equivalence class of 1-forms #n satisfying n A (dn)" # 0 everywhere on
M where two 1-forms 1 and n’ are equivalent if there exists a nowhere-vanishing
function f such that n” = fr. We shall also assume that our contact structure
has an orientation, or equivalently, the function f is everywhere positive. More
conveniently the contact structure can be thought of as the oriented 2n-plane bundle
defined by D = kern, and we denote by €1 (D) the set of all contact 1-forms
representing the oriented bundle D.

Recall that an almost-complex structure J on D is compatible with the contact
structure if these two conditions hold for any smooth sections X and Y of D:

dn(JX,JY)=dn(X,Y), dn(JX,Y)>0.

It is easy to see that these conditions are independent of the choice of 1-form 7
representing D. The space of almost-complex structures that are compatible with
D is contractible which implies that the Chern classes are invariants of the contact
bundle D. In particular, the first Chern class ¢; (D) will play an important role for us.
Notice also that the pair (D, J) defines a strictly pseudoconvex almost-CR structure
on M, and a choice of contact form 1 gives a choice of Levi form — essentially d7.
Also for every choice of contact 1-form 7 there exists a unique vector field R,
called the Reeb vector field, that satisfies n(R) =1 and R_dn=0. Such vector fields
and the orbits of their flows will play a crucial role for us. We can now extend J to
an endomorphism ® of TM by defining ®|p = J and ®R =0. The triple (R, n, D)
canonically defines a Riemannian metric on M by setting g =dno (P 1) +n®mn,
and the quadruple (R, n, ®, g) is known as a contact metric structure on M.
Notice that R defines a one-dimensional foliation ¥z on M, often called the
characteristic foliation. We say that the foliation Fy is quasiregular if there is a
positive integer k such that each point has a foliated coordinate chart (U, x) such
that each leaf of F passes through U at most k times. If kK = 1 then the foliation is

IThis is not the most general definition of a contact structure, but it suffices in most situations
(compare [Boyer and Galicki 2008, Chapter 6]), and certainly for us here.
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called regular. We also say that the corresponding contact 1-form 7 is quasiregular
(regular), and more generally that a contact structure D is quasiregular (regular) if
it has a quasiregular (regular) contact 1-form. A contact 1-form (or characteristic
foliation) that is not quasiregular is called irregular. On a compact manifold any
quasiregular contact form is necessarily K-contact, and then the foliation Fy is
equivalent to a locally free circle action (compare [Boyer and Galicki 2008, §7.1])
preserving the quadruple (R, n, @, g). This is the case that we are interested in. The
quotient space Z = M /Jg is a compact orbifold with a naturally defined symplectic
structure @ and compatible almost-complex structure J satisfying m*w =dn and J
is the horizontal lift of J , that is, (w, J ) defines an almost-Kihler structure on the
orbifold Z. Moreover, 1 can be interpreted as a connection 1-form in the principal
S! orbibundle 7 : M — Z with curvature 2-form 7 *w.

In this paper we are interested in the case when both J and J are integrable.
Then the quadruple (R, n, ®, g) is a Sasakian structure on M, and (o, J ) defines
a is projective algebraic orbifold structure on Z with an orbifold Kahler metric.
This construction has a converse, that is, beginning with a compact almost-Kéhler
orbifold one can construct a K-contact structure on the total space of a certain
S orbibundle over Z. This is often referred to as the orbifold Boothby—Wang
construction.” It lies at the heart of the proof of Theorem 2. Indeed, we shall show
the equivalence of certain contact structures by exhibiting a symplectomorphism
between their corresponding quotient orbifolds.

Orbifolds. As just described, orbifolds will play an important role for us in this
paper. We refer to [Boyer and Galicki 2008, Chapter 4] for the basic definitions and
results. Here we want to emphasize several aspects. First, many cohomology classes
that are integral classes on manifolds are only rational classes on the underlying
topological space of an orbifold, in particular, the orbifold first Chern class of a com-
plex line orbibundle or circle orbibundle is generally a rational class. However, not
all rational classes occur as such. To determine which rational classes can be used to
classify line orbibundles, it is convenient to pass to Haefliger’s classifying space BX
(see [Haefliger 1984] and/or [Boyer and Galicki 2008, Chapter 4]) of an orbifold X
where, as with smooth manifolds, all complex line orbibundles correspond to integral
cohomology classes. Let X be a complex orbifold with underlying topological space
X. Then Haefliger’s orbifold cohomology H}, (X, Z) equals H*(BX, Z), which is
generally different than H*(X, Z), but satisfies H}, (X, Z) @ Q = H*(X, Z2) ® Q.
So, for example, we obtain an integral cohomology class p*c?rb(f)C) € Hozrb(.')C, Z) for
complex line orbibundles from the rational class c‘l’rb (X) € H*(X, Q). This amounts
to clearing the order of the orbifold in the denominator. Here p : BX — X is the

’In [Eliashberg et al. 2000] a contact manifold constructed in this way is called a prequantization
space.
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natural projection. We warn the reader that the orbifold cohomology H, (X, Z) is
not the Chen—Ruan cohomology.

The orbifolds that occur in this paper are of a special type. They are all complex
orbifolds whose underlying space is a smooth projective algebraic variety with an
added orbifold structure. In such cases it is convenient to view an orbifold X as
a pair (X, A) where X is a smooth algebraic variety and A is a certain Q-divisor,
called a branch divisor [Boyer et al. 2005; Ghigi and Kolldr 2007; Boyer and
Galicki 2008, Chapter 4]. We write (X, @) to denote the algebraic variety X with
the trivial orbifold structure, that is, the charts are just the standard manifold charts.
In this situation, as emphasized in [Ghigi and Kollar 2007], we consider the map
Iy : (X, A) — (X, @), which is the identity as a set map, and a Galois cover with
trivial Galois group.

Symplectic cones. Given a contact structure D on M we recall the symplectic
cone C(M) = M x R with its natural symplectic structure (the symplectization of
(M, D)) Q@ = d(r*n), where r is a coordinate on RT. Recall the Liouville vector
field ¥ =rd/or on the cone C(M).

Now for each choice of contact form n € €7 (D) there is a natural extension of
the almost-complex structure J on D to an almost-complex structure / on the cone
C (M) defined uniquely by

(1) [=d+V®n IV=-R,

where @ is the extension of J to TM defined by ®R = 0. We can also check
that there is a one-to-one correspondence between the compatible almost-complex
structures / on C(M) and elements of € (D), and that (1) hold, so we recover
the full-contact metric structure for each n € €*(D). Given an almost-complex
manifold, W, with complex structure j, a C* map, u, from W into the almost-
complex manifold (N, J) is called J-holomorphic if du + J(u)d(u o j) =0. We
are specifically interested in pseudoholomorphic maps into the cone, that is, maps
which are pseudoholomorphic with respect to the almost-complex structure given
by (1). Such maps from a Riemann surface into C (M) are of particular interest and
are known as pseudoholomorphic curves.
Summarizing, we have these correspondences:

(1) symplectic cone (C(M), 2) <> contact structure (M, D),
(2) almost-Kéhler cone (C(M), 2, I) <> contact metric structure (M, R, n, ®, g),

(3) almost-Kihler cone (C (M), 2, I) with W—iR pseudoholomorphic <> K-contact
structure (M, R, n, ®, g), and

(4) Kdhler cone (C(M), 2, I') with ¥ — i R holomorphic <> Sasakian structure
(M,R,n, ®,2).
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Remark 1.1. In the sequel when we study pseudoholomorphic curves, it is cus-
tomary to parametrize the cone by R so that the singularity, which appears at 0
in the parametrization above, appears at —oo instead. This amounts to choosing
Q =d(e"n) for the symplectic form on C(M).

Sasakian structures. The contact structures considered in this paper are all of
Sasaki type, that is, there is a contact form n and compatible metric g such that
8 = (R, n, ®, g) is a Sasakian structure on M. In this case not only is the cone
C (M) discussed above Kihler, but the geometry transverse to the characteristic
foliation F is also Kihler. This gives rise to a basic cohomology ring Hy(Fr)
(see [Boyer and Galicki 2008, §7.2]), and a transverse Hodge theory. This gives
basic Chern classes ¢ (Fg) which, if (R, n, ®, g) is quasiregular, are the pullbacks
of the orbifold Chern classes c,‘zrb(Z) on the base orbifold Z. In particular we are
interested in the basic first Chern class ¢ (Fg) € H 113’1 (FR). A Sasakian structure
8 = (R,n, d, g) is said to be positive (negative) if its basic first Chern class
¢1(FR) can be represented by a positive (negative)-definite (1, 1)-form. It is null if
¢1(Fr) =0, and indefinite otherwise. It follows from [Boyer 2011b, Lemma 5.1]
that all Sasakian structures occurring in toric contact structures of Reeb type are
either positive or indefinite. We mention that these types occur in rays, that is,
performing a transverse homothety (see [Boyer and Galicki 2008, p. 228]), preserves
the type.

The Sasaki cone. Let CR(D, J) denote the group of almost-CR transformations
of (D, J) on M. If M is compact, it is a Lie group which is compact except when
(D, J) is the standard CR structure on the sphere S>'*! by, in various stages, a
theorem of Frances, Lee, and Schoen (see [Boyer 2013]). We let ct(D, J) denote
the Lie algebra of €R(D, J). Recall [Boyer et al. 2008] that the subset

at (D, J)={X ecx(D, )| n(X) >0}

is independent of the choice of € €+ (D) and is an open convex cone (without the
cone point) in ct(D, J). Now the adjoint action of the group €R(D, J) on its Lie
algebra leaves ct™ (D, J) invariant, and the quotient space

k(D, J) =t (D, J)/CR(D, J)

is known as the (reduced) Sasaki cone of (D, J). One should think of « (D, J) as
the moduli space of K-contact structures associated to the strictly pseudoconvex
almost-CR structure (D, J). In the case that the almost-CR structure is integrable,
k (D, J) is the moduli space of Sasakian structures associated to (D, J). It is often
convenient to work with the unreduced Sasaki cone given by choosing a maximal
torus T of €R(D, J). Then the unreduced Sasaki cone is tT(D, J) =tNer™ (D, J)
where t is the Lie algebra of T'.
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Of course, many contact structures do not have a Sasaki cone. In fact, a contact
structure has a nonempty Sasaki cone if and only if it is of K-contact type. It
is important to realize that the Sasaki cone depends on the choice of transverse
almost-complex structure J. Indeed by changing J in a given K-contact structure,
we can have more than one Sasaki cone. These occur in bouquets related to the
conjugacy classes of maximal tori in the contactomorphism Con(M, D) of (M, D)
[Boyer 2011b; 2013].

The moment cone. Now let T be a torus subgroup of Con(M, D), and let t be its
Lie algebra. Consider the annihilator D of D which is a trivial real line bundle
over M. The orientation on D allows us to write D?\ {0} = D9 UD?, and we can
identify D} ~ M x R* = C(M). Then the contact moment map Y : D% — t* is
defined by

(2) (T(X’P)vf>:<p’ Tx>a

where 7 € t and 7, denotes the fundamental vector field associated to 7 at the point
x. The moment cone C(Y) is defined [Lerman 2003a] as the union of the image
set with the cone point, that is,

3) C(1) =71 (D) U{0}.

By averaging over 7" we can choose a T-invariant contact form n which gives an
equivariant moment map u, : M — t* satisfying

4) wyp="Ton.

Again by averaging we can choose an almost-complex structure J that is 7-invariant,
so t is an Abelian subalgebra of ct(D, J). Furthermore, the contact form 7 is
K-contact (with respect to J) if and only if its Reeb vector field R, lies in the Lie
algebra t. In this case we also say that the torus action is of Reeb type [Boyer and
Galicki 2000a]. It is easy to see that this is equivalent to the existence of an element
7 € t such that n(7) is strictly positive on M. When the contact structure D is of
Reeb type C(Y) is a convex rational polyhedral cone, and we have the following
result of Lerman [2003a].

Lemma 1.2. A T-invariant contact form n is K-contact if and only if the image
Wy (M) lies in the intersection of a hyperplane H, with the moment cone C(Y).
Moreover, in the K-contact case the intersection P, = H, NC () is a simple convex
polytope which is rational if and only if n is quasiregular.

The hyperplane H, is called the characteristic hyperplane.
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2. Toric contact structures of Reeb type

Toric contact structures on manifolds of dimension greater than three come in two
types, those where the action of the torus is free, and those where it is not [Banyaga
and Molino 1993; Lerman 2003a]. The latter contain an important special subclass
known as toric contact structures of Reeb type [Boyer and Galicki 2000a]. These are
precisely the toric contact where the torus action is not free and the moment cone
contains no nonzero linear subspace. When the moment cone contains a nontrivial
linear subspace, the toric contact manifold will have infinite fundamental group.
Thus, any toric contact structure on an S3-bundle over S? must be of Reeb type, and
these correspond precisely to convex polyhedral cones in the dual of the Lie algebra
of the torus that are cones over a polytope [Boyer and Galicki 2000a; Lerman 2003a].

Definition 2.1. A roric contact manifold (M, D, A) is a contact manifold of di-
mension 2n + 1 together with an effective action of a torus 7' of dimension n + 1
that leaves the contact structure invariant, that is, if A : T x M — M denotes the
action map then A, D =D.

By averaging over T we can always find a contact 1-form 7 representing D such
that A*n = 7. In this case we also have A, R = R for the Reeb vector field. A toric
contact manifold is said to be of Reeb type if there is a contact form n € €7 (D)
whose Reeb vector field lies in the Lie algebra t of 7.

Two toric contact manifolds (M, D, A) and (M’, D', A’) are said to be equivari-
antly equivalent (or equivalent toric contact manifolds) if there exists a contacto-
morphism between them that conjugates the torus actions A and A’. Toric contact
manifolds were classified in [Lerman 2003a]. In this paper we are interested in
inequivalent toric contact manifolds that are equivalent as contact manifolds. In
this case the tori generated by the actions A and A’ belong to distinct conjugacy
classes in the contactomorphism group Con(M, D). Furthermore, to each such
conjugacy class there is an associated toric CR structure (D, J) which by [Boyer
2013, Theorem 7.6] is unique up to biholomorphism.

Contact reduction. 1t is well known (see [Boyer and Galicki 2000a; Lerman
2003a]) that every contact toric structure of Reeb type can be obtained by symmetry
reduction of the standard sphere by a compact Abelian group A, and that this
is equivalent to the symplectic reduction of the standard symplectic structure on
CN \ {0} by a compact Abelian group which commutes with the action of dilations
of the cone. For this one must choose the zero level set of the toral moment map.
This equivalence can be described by the commutative diagram

Sy =——C"\ (0}

(5) [ |

M2n—1 C(M2n—1)
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with dim A = N — n. See [Boyer and Galicki 2008, p. 293].

Lemma 2.2. Let M be an S>-bundle over S*. Every toric contact structure on M
can be obtained by contact circle reduction of the standard contact structure on S’.

Proof. As stated above, every compact toric contact manifold of Reeb type can be
obtained by symmetry reduction of the standard sphere SV ~! by a compact Abelian
group A [Boyer and Galicki 2000a; Lerman 2003a]. Now by the homotopy exact
sequence M is simply connected and my(M) = Z. By a result of Lerman [2004]
71 (M) = m9(A) and m (M) = 71 (A) = Z4%™T_ Thus, A is a torus of dimension
one, that is, a circle. Since n =3, N =n+dim A =4, so M is obtained by contact
reduction from S7. U

Remark 2.3. It is well known that there are exactly two S3-bundles over S2, dis-
tinguished by their second Stiefel-Whitney class, the trivial bundle S* x S and the
nontrivial bundle denoted by X, in the Barden—Smale classification [Barden 1965]
of simply connected 5-manifolds. We will show their relation with the reduction
parameters in Theorem 2.6.

We now describe this reduction. First, the standard 7% action on C* is z > e'¥iz i
and its moment map Y4 : C*\ {0} — t; = R*is given by

©6) Ya(z) = (z11% 12212, |23 1% 1z4]?).

Now we consider the circle group T (p) acting on C*\ {0} by

ip20 —ip30 —ip4t

@) (21, 22, 23, 24) > (€P1971, €775 e 23, € 24),

where p denotes the quadruple (p1, p2, p3, p4) with p; € ZT and we assume
gcd(pi1, p2, p3, p4) = 1. We have an exact sequence of commutative Lie algebras

®) 0 t1(p) > R* 3 t3(p) > 0,

where t;(p) is the Lie algebra of T'(p) generated by the vector field L, = p1 H; +
p2H> — p3H3 — paHy.
Dualizing (8) gives

©) 0 t(p) > (RY* — t(p) — 0.
The moment map Y : C*\ {0} — ¢f = R for this action is given by
(10) Y1(z) = pilzi > + palzal® = palzal® — palzal®.

Now consider the 1-form

(1) mo=—3 _(zdzj — Zdz))
j=0
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on C*\ {0} together with the vector field
(12) Ry=Y piH
J

where H; = —i(z; 3/dz; — Z; 3/3Z;). Imposing the constraint no(R,) = 1 gives S’
represented as Zj pjlz j|2 = 1. Then 7o pulls back to a contact form on S, also
denoted by no, with Reeb vector field R, = p1H| + poH> + p3H3 + psHy. By
a change of coordinates one easily sees that this represents the standard contact
structure on S”.

So the zero level set Y| 1(0) is diffeomorphic to a cone over S* x S3, or equiva-
lently restricting to S, the zero level set of u, is §3 x 83, represented by

(13) pilzilP+ palzal* =5, palzal* + palzal® = 1.

The action of T'(p) is free on this zero set if and only if ged(p;, pj) = 1 for
i =1,2 and j = 3,4. So assuming these gcd conditions our reduced contact
manifold is the M), = (S3 x $3) /T (p) whose contact form is the unique 1-form
np satisfying (*no = p*1,, where ¢ : ;1 (0) — S7 and p : u, 1 (0) — M, are the
natural inclusion and projection, respectively. In order to identify M, we consider
the Tz(p) action on “n_ol 0) ~ $3 x §3 generated by the § I action (7) together
with the ! action generated by the Reeb vector field R p- To guarantee a smooth
quotient we have:

Definition 2.4. We say that the quadruple p = (p1, p2, p3, pa) of positive integers
is admissible if gcd(p;, pj) =1 fori = 1,2 and j = 3,4. We denote the set of
admissible quadruples by A.

Let us describe some obvious equivalences. We can interchange the coordinates
71 <> 22, likewise z3 <> z4. Thus, without loss of generality we can assume that
p1 < p2 and p3 < ps. We can also interchange the pairs (z1, z2) and (z3, z4). It is
also convenient to set k = gcd(p1, p2) and [ = gcd(ps3, ps4) and define (py, p2) =
k(p1, p2) and (p3, ps) = 1(p3, pa) with ged(p1, p2) = ged(p3, ps) = 1. Note that
p € A implies ged(k, ) = 1. We will need the “standard” Kihler forms on the
weighted projective spaces for which we take the Bochner-flat Kidhler forms of
area 2 described in [Bryant 2001; David and Gauduchon 2006; Gauduchon 2009].
We denote the corresponding Kihler forms by wj, 5, and wp, 5,. We note that these
Kéhler forms are just those obtained by quotienting from the weighted Sasakian
3-sphere.

Lemma 2.5. Let p be admissible. Then quotient space of '“n_o] (0) =~ S3 x 3 by the
T?(p) action is the orbifold CP(py, p2) x CP(p3, psa). Moreover, the cohomology
class in Hozrb((E[P’(ﬁl, P2) X CP(p3, pa), Z) of this orbibundle is the class of the
Kiihler form wp = lwp, 5, +kwp, j,-
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Proof. The T?(p) action on S x S splits as a weighted S! action on each factor.
Setting k = gcd(py, p2) and [ = gcd(ps3, pa), we see after reparametrizing that the
quotient of the first factor is CP(p;, p»), and similarly for the second factor.

We have an exact sequence of groups

0—>T(p) — T2(p) — Sl(Rp) — 0,

where S'(R p) 1s the circle generated by the Reeb vector field R,. Thus, we have
the commutative diagram
53 x 83
P
(14) T X7 M.

e

CP(p1, p2) x CP(p3, p4)

We want to determine the integral orbifold first Chern class (Euler class) of the S !
orbibundle given by 7. That is, we look for the class ax + b8 € H02rb (CP(p1, p2) X
CP(ps3, ps), Z) which transcends to the zero class on M, where o and § are
primitive classes in each factor. (See [Boyer and Galicki 2008, Chapter 4] for a
discussion of these orbifold classes.) For this we take o = [wj, 5,1, and B =[wj, 5,1
Now according to the action (7) the circle wraps around k times on the first factor
and / times with the reverse orientation on the second. So if we take the Kéhler
form to be

(15) wp =l py +Kkwps o
its class pulls back to zero under 7, since 7*[wj, 5,1 =ky and n*[wp, 5,1 = —ly,
where y is a generator of Hy(M ), Z) ~ 7. ([

The first Chern class and diffeomorphism types. In this subsection we relate the
diffeomorphism type of our manifolds M to the reduction parameters p. We do this
by giving a formula for the first Chern class of the contact bundle in terms of p.

Theorem 2.6. M, is diffeomorphic to S% x 83 if p1 + p2 — p3 — p4 is even, and
diffeomorphic to X o, the nontrivial S>-bundle over S, if p1 + p» — p3 — p4 is odd.

Proof. We know from the reduction procedure and Lemma 2.2 that M, is simply
connected and m>(Mp,) = Z. So by the Barden—Smale classification of simply
connected 5-manifolds M), is determined by its second Stiefel-Whitney class
w2 (M). Moreover, since TM, splits as D, plus a trivial line bundle, wy (M) is
the mod 2 reduction of ¢ (D). So the theorem will follow immediately from the
following lemma. 0
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Lemma 2.7. The first Chern class of the contact bundle D, = kern, on M is
given by
c1(Dp) = (p1+p2—p3— pa)y,
where y is the positive generator of H*(M PVAR YA
Proof. We begin by computing the orbifold first Chern class of

CP(p1, p2) x CP(p3, pa).

From [Boyer and Galicki 2008, Chapter 4] we see that p*c‘l’rb is given by

(16) (p1+ p)lwp, 1+ (P3+ pa)lwpy ] € Ho (CP(p1, p2) X CP(p3, pa), 7).

which pulls back to the basic first Chern class ¢ (F R,) in the basic cohomology
group Hl% (Fr,) under the natural projection 7w : M — CP(p1, p2) x CP(p3, p4)
by the circle action of R,. Now we have an exact sequence

0

|

H>*(Mp, 7)

|

0 HO(F S H2(T Y HX(M,.R
— Hy(Fg,) — Hz(Fr,) — Mp,R) ——

(see [Boyer and Galicki 2008, p. 245]), with t,.c; (S"Rp) =c1(Dp)rand da=aldn,]p.
So c1(Dp)wr is c1(Fr,) mod [dnp]p, where 1, is the contact form on M. Now
since m*w, = dn,, we know from the proof of Lemma 2.5 that n*[wp, 5,1 = ky
and 7*[wp, 5,] = —ly holds over Z. Thus, since 71 (Mp) = {1} we have over Z

c1(Dp) = (p1 + p)*[wp, p, 1 + (P3 + pa) 7 [wps, 5, ]
=k(p1+p)y —1(p3+pa)y =(p1+p2—p3—pa)y. O

It is easy to see that the argument in [Lerman 2003b] for §% x S can be generalized
to the nontrivial bundle X, to give the following.

Proposition 2.8. As a complex vector bundle, D, is determined uniquely by
P11+ Pp2—p3—pa

3. Contact homology

Here we apply pseudoholomorphic curve theory as briefly described on page 282 to
the Morse—Bott formulation of contact homology. The study of pseudoholomorphic
curves in symplectic manifolds was initiated in the seminal paper by Gromov [1985].
Since then, these objects have become a basic tool in understanding symplectic
geometry and topology, perhaps most notably in the work of Floer, which is the main
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motivation behind symplectic field theory (SFT) and contact homology. The latter
is a small part of the larger SFT of Eliashberg, Givental, and Hofer [Eliashberg et al.
2000]. The original idea, inspired by Floer homology, was to create a homology
theory from the chain complex generated by closed orbits of the Reeb vector
field.

Given a contact manifold (M, D), we choose a contact form 7 for D, and an
almost-complex structure J on the symplectization of M which extends the almost-
complex structure on D such that the Reeb vector field is the purely imaginary
direction. For the moment, assume that periodic orbits of the Reeb vector field
are isolated. This is a generic property of contact forms, and one can always find
such a Reeb field for any contact structure. We consider the set of all closed Reeb
orbits. We consider two orbits as different if they have different periods, even if they
geometrically trace out the same set. Orbits with period one are often called simple
orbits. We will consider the chain complex whose generators are periodic orbits of
the Reeb vector field. The grading is given by the Robbin—Salamon index, which
in the case of isolated orbits is the same as the well-known Conley—Zehnder index
[Robbin and Salamon 1993]. The differential is given by an algebraic count of rigid
J-holomorphic curves from a twice-punctured two-sphere into the symplectization
which are asymptotically cylindrical over closed Reeb orbits, that is, they are curves
for which there exist polar coordinates about each puncture, such that for sufficiently
small radius the curve behaves like a cylinder over a closed Reeb orbit. If we look at
such a curve in standard coordinates in the symplectization, we call punctures which
correspond to limits as the real coordinate approaches positive infinity positive
punctures; the others are called negative punctures [Hofer et al. 1996; Eliashberg
et al. 2000].

Both the Robbin—Salamon indices arise from the Maslov index for a path of
symplectic matrices. We compute the index of a closed Reeb orbit as follows: first,
let us assume that H;(M, Z) = 0 and consider a closed Reeb orbit y together with
an embedded Riemann surface ¥ C M such that 0¥ = y. To find the relevant
path of symplectic matrices with which to compute the Maslov index, one then
pulls back the contact bundle D to 3, which then admits a trivialization, since it
is a symplectic vector bundle over a Riemann surface with boundary. Then one
considers the linearized Reeb flow about a Reeb orbit. This linearized flow gives the
desired path of symplectic matrices. It is important to understand that in a contact
manifold, these indices depend on the choice of capping disk used to trivialize D. In
particular, if the closed Reeb orbit y is contractible (which is always the case in this
article), one trivializes D by choosing a capping disk X of y. If we consider another
capping surface of the form X’ = X#S, where S, represents a two-dimensional
homology class A in M, then the Conley—Zehnder (and Robbin—-Salamon) index of
the orbit computed with £’ will differ from that computed using ¥ by twice the
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first Chern class of D evaluated on A, namely

17) pez(y; Zy#Sa) = nez(y; Zy) +2(c1(D), A).

Thus, the grading depends on the choice of capping surface.

In order to address this dependence one considers the coefficients for contact
homology to be elements in a Novikov ring as follows. Give H>(M, Z) a grading
| | by setting |A| = —2(c1(D), A) for any A € Hy(M, Z). Let R be a submodule
of Hy(M, Z) with zero grading. Then the Novikov ring is the graded group ring
Q[H>(M, Z)/R] whose elements are formal power series of the form ), gie®,
where g; € Q and A; € H»(M, Z)/R. Here as usual the notation e? is used to
encode the multiplicative structure of a commutative ring with unit (see [McDuff
and Salamon 2004, Chapter 11]).

There are some Reeb orbits for which the moduli space of holomorphic curves
in C(M) cannot be given a coherent orientation [Bourgeois and Mohnke 2004] —
these “bad” Reeb orbits must be discarded. Let y be a Reeb orbit with minimal
period T, and y,, be a Reeb orbit that covers y with multiplicity m, so the period
of v, is mT. The bad orbits are those for which the parity of the even multiples
|v2m| disagrees with the parity for the odd multiples |y2,,—1]. A Reeb orbit that is
not bad is said to be good.

Now that we have a grading, under favorable circumstances we can define a
graded chain complex C, generated by certain closed Reeb orbits with coefficients
in the ring Q[Hy(M, Z)/R].

Definition 3.1. We define C, to be the graded chain complex freely generated by
all good closed Reeb orbits with coefficients in the Novikov ring Q[ H>(M, Z)/R].
By convention, we shift all degrees by n — 2, where 2n + 1 is the dimension of the
contact manifold. The contact homology, denoted H C (D), is the homology of the
differential graded algebra C, with differential given by (18).

The differential 0 of this chain complex is given by an algebraic count of
pseudoholomorphic curves in the symplectization C (M) of M which come in
one-dimensional families. Explicitly, for ¢ a good closed orbit of the Reeb vector
field, M simply connected, and A a two-dimensional homology class, the differential
is given by the formula

(18) ay= Y Zén%y’,f‘e/‘yc

AeHy(MZ) '

where A denotes the image in Ho(M, Z)/R of the homology class A, Ky is the
multiplicity of the Reeb orbit y, and n,, ,, is the algebraic count of elements in the
moduli space M“(y, ¥’) of J-holomorphic curves into the symplectization of M
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which are asymptotically cylindrical over the closed Reeb orbits y, y’ representing
the homology class A.

Note that n, , 4 is nonzero only if the dimension of this moduli space is 1.
This indeed gives a reasonable homology. The proofs that 3> = 0 and that the
homology does not depend on choices of a contact form or an almost-complex
structure come from analysis of the boundary of moduli spaces of rigid curves
and are discussed in [Eliashberg et al. 2000]. These results, in general, depend
on abstract transversality results for the d; operator. We will make the standing
assumption that such transversality can be achieved, either by abstract perturbations
or by the amenable geometry of the situation at hand. The signs which appear in the
algebraic count depend on coherent orientations of the moduli space are explained
in [Bourgeois and Mohnke 2004].

Remark 3.2. Due to the lack of compactness of moduli spaces of pseudoholomor-
phic cylinders, 3% is not always zero. If it is, then the homology is often called
cylindrical contact homology. Indeed, the boundary of the compactification of this
space can, in general, contain curves with more than two punctures. However, we
can instead consider the supercommutative algebra generated by periodic orbits.
This means that instead of counting only cylinders, we now count curves with an
arbitrary number of negative punctures. In this paper, it suffices to count cylinders.

Morse—Bott contact homology. In the above constructions we needed to make
an assumption that the closed Reeb orbits are isolated in order to get a good
index, that is, we have to assume that the Poincaré return map constructed about
any periodic Reeb orbit has no eigenvalue equal to 1. This condition is generic;
however, many natural contact forms, especially those which arise from circle
orbibundles, are as far from generic as possible. In order to calculate contact
homology for such manifolds one must make some sort of perturbation. It is only
in very nice situations that this is not extremely difficult. The Morse—Bott version
[Eliashberg et al. 2000; Bourgeois 2002; 2003] allows us to use the symmetries
of nice contact structures and symmetric almost-complex structures, by exploiting
rather than excluding nonisolated orbits. This is accomplished by considering Morse
theory on the quotient space, and relating critical points and gradient trajectories
of a Morse function to pseudoholomorphic curves in the symplectization of the
contact manifold. Since toric contact manifolds of Reeb type are always total spaces
of circle orbibundles admitting Hamiltonian actions of tori and they admit nice
Morse functions, the Morse—Bott formalism works quite well for us. We follow
a combination of [Eliashberg et al. 2000] and [Bourgeois 2002] in what follows,
applying the Morse—Bott setup to our special case.

Let (M, D) be a contact manifold with contact form 7, and consider the action
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functional 2 : C*(S'; M) — R, defined by
(19) A= [ 0
¥

The critical points of 2 are the closed orbits of the Reeb vector field of 1. The
action spectrum is defined to be

om={reR|r=2U47y)}
for y a periodic orbit of the Reeb vector field. Given T € o (), define
Nr={peM|¢] =p}, Sr=Nr/S

where S! acts on M via the Reeb flow. Then S7 is called the orbit space for
period T'.

When M is the total space of an S'-orbibundle the orbit spaces are precisely the
orbifold strata. This is a special case of a contact form being of Morse—Bott type:

Definition 3.3. A contact form, 5 is said to be of Morse—Bott type if

(1) The action spectrum o (1) is discrete.

(i1) The sets Nr are closed submanifolds of M, such that the rank of dn|y, is
locally constant and

T,(Nr) = ker(der — I).

Remark 3.4. These conditions are the Morse—Bott analogues for the functional on
the loop space of M.

Rather than set up Morse—Bott contact homology in full generality, let us do
this for the special case of an S'-orbibundle. In this case the contact form is of
Morse—-Bott type [Bourgeois 2002]. Let 71, ..., T,, be all possible simple periods
for closed Reeb orbits. Let ¢’ denote the flow of the Reeb vector field. Let

T.
Nr,={xeM|¢' =x}, Sr, =NT,~/51-

For each j, we choose a Morse function f; on S7, and, using appropriate bump
functions, build a Morse function f on all of M which descends under the quotient
by the Reeb action to each orbit space. Now, we perturb n by

(20) nr=0+¢€f)n.

For almost all €, the closed Reeb orbits of 1, are isolated, and, for bounded action,
they correspond to critical points of f. Note that the Reeb orbits of n within each
stratum all have the same Robbin—Salamon index. The following formula [Cieliebak
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et al. 1996; Bourgeois 2002] computes the Conley—Zehnder index of 1 ¢ in terms
of the Robbin—Salamon index of any Reeb orbit in a particular orbit space:

21) l¥| = nez(y) = purs(yr) — 3 dim(Sz,) +ind, (f)).

We now have a contact form with isolated closed Reeb orbits. Since these orbits
correspond to critical points of a Morse function, we may think of the generators of
contact homology either as isolated orbits, or as critical points of a Morse function
on each orbit space. This gives the generators and their gradings for the chain
complex (or differential graded algebra) of Morse—Bott contact homology when
we add, by convention, the degree shift n — 2, which is O in the five-dimensional
case. We now describe the differential 9; however, we shall be very brief, as the
differential vanishes identically in our case, as proven in Theorem 3.9.

Consider orbit spaces St, and St,, for 71, 15 € o(n). Now define the moduli
space M, (S7,, S1,) to be the space of pseudoholomorphic curves (with respect to
J) into C (M) with one positive and one negative puncture which are asymptotically
cylindrical over a closed Reeb orbit in S7, near the positive puncture, and to Sz,
near the negative puncture. We require, moreover, that these curves have finite,
nonzero area.

In the case at hand the differential splits into two pieces:

(22) 0p = omswp +dcus,

where dyisw is the differential on the Morse—Smale—Witten complex determined
by our choice of Morse function on the orbit space S containing p, and roughly
speaking dcy S gives a count of rigid pseudoholomorphic curves in M (S, S”). Here
S’ is some orbit space with action less than that of S. The count is over all S such
that the dimension of M, (S, §’) is equal to 1. We refer to [Bourgeois 2002; Pati
2009] for more details. The following proposition shows the vanishing of dcy for
orbibundles.

Proposition 3.5. When M is the total space of an orbibundle of a symplectic
orbifold, then there are no rigid holomorphic curves into the symplectization of M.

Proof. There is an effective R-action, as well as that of a circle on the moduli spaces;
hence, these spaces have dimension at least two. So they can never be rigid. [

Remark 3.6 (on transversality). Though in some special cases we can use the nice
properties of toric manifolds to determine regularity of the moduli spaces of curves
defined above, the proof of invariance of contact homology as well as the proof
that the Morse-Bott complex actually computes the homology of the perturbed
complex requires the use of abstract perturbations of the d; operator. We believe
that the results of Hofer, Wysocki, and Zehnder’s polyfold theory will provide a
good framework for this problem; however, we make it a standing assumption that
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there exists an abstract perturbation of the 8; operator which makes its linearization
surjective. Proposition 3.5 requires no transversality result for the 3 operator since
we can get at least these two dimensions without any appeal to abstract Fredholm
theory. This does not make the transversality problem go away, however, since it is
still needed in proofs of invariance, and independence of choices. Moreover, when
one wishes to analyze higher-dimensional moduli spaces by adding marked points,
one needs the relevant dimension formulae to hold, although this can be handled
in many cases using the fact that J can be chosen to be integrable in these toric
situations. We should also mention that, even without the transversality assumption
mentioned here, we can obtain a weaker version of invariance, as we shall see later.

Contact homology for toric contact 5-manifolds. Let us consider the differential
graded algebra discussed above. We start with the set of critical points of a Morse
function as picked earlier. Since we are working with toric manifolds of Reeb type
in dimension 5 we actually know that the fixed points of the T3-action are isolated,
hence the norm squared of the symplectic moment map on Z is a perfect Morse
function.

We are interested in the orbit structure of the 73(p) action on M -

Lemma 3.7. Consider the toric contact structure D, on My, an S 3_bundle over
S2. There are exactly four one-dimensional simple closed orbits under the action of
T3(p). Moreover, these four orbits are Reeb orbits for all Reeb fields in the Sasaki
cone t; (p), as well as for a Reeb vector field in con(Mp, np) that is arbitrarily
close to one in the Sasaki cone. Moreover, for a generic such Reeb vector field these
are the only closed orbits.

Proof. We have an exact sequence of groups,
{0} > T(p) > T*— T(p) — {0},

and we consider the action of T3(p) on the level set given by (13) thought of as
T*/T(p). If z; # 0, then we can choose 6 = 0; of the standard 7* angles. The
remaining T3 orbit will be one-dimensional only if z, = 0 and one of z3 or z4 is
zero. This gives two closed S!-orbits. On the other hand if z; = 0, then we must
have z, # 0, so we choose 6 = 6, and as above this gives exactly the two close
orbits with either z3 or z4 vanishing. Clearly, any Reeb vector field in t;r leaves
these Reeb orbits invariant, and since every Reeb vector field in the Sasaki cone is
arbitrarily close to a quasiregular one, the last statement follows from a result of
Bourgeois [2002]. ]

Let t:(p) denote the Lie algebra of T2(p). It is generated by the two vector
fields L, and R,. We have an exact sequence of Lie algebras

(23) {0} = t(p) = 4 5 ga(p) — (0},
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where go(p) is generated by the vector fields H,=p(H)) and H3 = p(H3). We
have a toric symplectic orbifold

(24) (CP(p1, p2) x CP(p3, pa), wp),

where the symplectic form is given by (15), and the torus &,(p) is generated by
the Lie algebra g, (p). The moment map

wa : CP(p1, p2) x CP(p3, ps) = g2(p)*

is given by 12(z) = (|z11%, 1z31%).

Proposition 3.8. The function f = |u2|? is a perfect Morse function on the quotient
Ml,,/S1 ~ CP(p1, p2) x CP(p3, pa) whose critical points are precisely the four
Reeb orbits of Lemma 3.7.

Proof. Since the critical points are isolated f is a Morse function, and Morse—Bott
functions that are the norm squared of a moment map are perfect [Lerman and
Tolman 1997]. It is easy to check directly (see also [Kirwan 1984, Lemma 3.1]),
using the relations

Hy=aH, mod gx(p), H;=bH; mod g(p),
for some a, b € R, that f has precisely the four critical points
[1,0] x [1,0], [1,0]x[O,1], [O,1]x[1,0], [O,1]x [O,1],
and these correspond to the four Reeb orbits of Lemma 3.7. ([

Theorem 3.9. In the case of circle reductions in dimension five, which have four
Reeb orbits fixed by the T3-action, the differential in Morse—Bott contact homology
vanishes. Moreover, the elements of contact homology HC (D) are given by the
good Reeb orbits including multiplicity. More precisely, it is given by the homology
groups of each stratum of its orbit space. The degree of each generator is given
by (21).

Proof. By Proposition 3.5 there are no rigid holomorphic curves. So dcy vanishes.
But also by Proposition 3.8 |M|§ is a perfect S'-invariant Morse function, and the
Morse—Smale—Witten differential dyisw vanishes as well. Thus, the full differential
(22) vanishes. It then follows that the elements of HC (D) are simply the chains
of the complex C,, that is, good closed Reeb orbits including multiplicity. For
each period of the Reeb flow we get a different Reeb orbit, corresponding to some
critical point of f. Since f is perfect, these critical points correspond not just to
chains but to actual homology classes. The statement about the grading follows
from (21). [l
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The next proposition, though not a general proof of invariance of contact homol-
ogy, does tell us that we do get an invariant in the world of S!-orbibundles, whose
bases admit a perfect Morse function.

Proposition 3.10. Let M be a quasiregular contact manifold, such that its quotient
by the Reeb vector field is a symplectic orbifold which admits a perfect Morse
function. Then if M’ is contactomorphic to M, is quasiregular, and the quotient
by its Reeb vector field is also a symplectic orbifold which admits a perfect Morse
function, then the two contact homology algebras are isomorphic.

Proof. The conditions on M, M’, and their bases ensure that all parts of the
differential vanish. Therefore we may construct a map between these two algebras
as in [Eliashberg et al. 2000] counting rigid curves in a symplectic cobordism
between M and M’'. The main difficulty is in seeing that this map is a chain map.
However, since the differentials vanish on both ends, the map is trivially a chain
map, hence the two contact homology algebras are isomorphic. O

The next proposition gives an nonequivalence statement about toric contact
manifolds of type (p1, p2, [, ).

Proposition 3.11. Let (py, p2,1,1) and (p}, p5. 1", 1) be two admissible 4-tuples.
If p1+ p2 # p| + P}, then the corresponding contact manifolds cannot be contacto-
morphic.

The proof of Proposition 3.11 is essentially an index calculation in light of
Theorem 3.9. Let us first collect some information about the contact structures in
question in convenient coordinates. To compute the grading on contact homology
it is useful to consider a special case of the join construction [Boyer et al. 2007].
Since we can view our toric sphere bundles as quotients of S x S° we have a
convenient way to compute indices. This is of particular interest for strata of positive
codimension, since the orbits in the codimension-zero stratum behave exactly as
in the regular case. To define the join construction we start with two quasiregular
contact manifolds, M and M», with contact forms n; and 5, and bases Z; and Z,
with symplectic forms @ and w,. Then the product M; x M is a T2-bundle over
Z1 X Zo. We take the quotient of M| x M by the action of the circle obtained by
gluing together Reeb orbits on each piece, that is,

(25) (z, w) > (197, e7 by,

The admissibility conditions of Definition 2.4 are precisely the conditions that
guarantee that the quotient by this action is smooth in which case it yields a new
quasiregular contact manifold with base Z; x Z,, contact form 7n; + 7,, contact
distribution given by D @ D,, and Reeb vector field R, + R,,. This contact
structure is exactly the one coming from the principal circle bundle obtained by
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requiring that its curvature form is the pullback of the sum of the two symplectic
forms on each base space. We obtain new Reeb orbits as equivalence classes of
pairs of Reeb orbits, one from each of M, and M,. When k; and k; are different
from 1, we have a similar contact manifold, except the curvature is given by pulling
back k; and k, multiples of the symplectic forms, namely do = 7* (kow; +kjw3). In
this case Reeb orbits in the new total space will correspond to pairs, one wrapping
k1 and the other wrapping k, times (in addition to the multiplicity of the orbit
as a Reeb orbit in one of the three-spheres). In the following, M; and M, are
both standard three-spheres. Index calculations on three-dimensional spheres are
standard; however, we present the details in Lemma 3.12 for completeness and also
to illustrate the inherent role of the orbifold structure.

Let us consider the contact structure on the quotient of the product of two
standard weighted three-spheres with weights p;, p», p3, and p4. As before we take
ki = ged(pi, p2), ko = ged(ps, pa), and p; = p;/ky fori = 1,2, and p; = p;/k
for j = 3,4. We view this as a product of hypersurfaces in C* with coordinates
(z1, 22, 23, 24), 2j = Xj +iy;, subject to the action (25). This manifold is the total
space of an orbibundle over an orbifold % x §? with orbifold singularities at the
products of the north and south poles, and for the products of the north and south
poles with copies of S2. These singularities correspond to setting one or two of the
z; to 0. The Reeb vector field is given by

P1Y10x; — X1 P10y, + P2y20yx, — P2X20y, + P3y30x; — X3 P30y, + Pay4Oy, — PaXa0y,

and the contact distribution is given by the span of the vectors

(26) —%xzaxl + %yzayl + éxlam - éylayz,

@7) — Lo, — Lxaay, + Lyia,, + xidy,,
P1 P1 D2 )23

(28) — L it + Lyaoy, + L x3dy, — —yadss
D3 i p3 D4 D4

(29) — Loy — Loy, + Lyso, + sy,
pP3 J2&] i P4 P4

In the following we restrict ourselves to the case where p3 = ps = k. To get our
hands on an orbit in the quotient, we must, for each time around the fiber, pick
an appropriate circle out of the fiber of the torus bundle. It is easy to see that the
equivalence relation gives us a circle obtained by wrapping around the first circle
k, times and around the second circle k; times. Let us now parametrize the fiber.
We may choose a coordinate for a Reeb orbit by

y (1) = (0, cos(ky pat) + i sin(ky pat), 0, cos(pat) +1i sin(pat)).
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Now when t = 1/ p, we have wrapped around the first orbit k,-times and the second
k, times. Here the action is 1/ p;. This is the smallest action since we have assumed
that p» > p;. What about when the first orbit wraps around more than once in S3?
Let us see how to look at such an orbit. This corresponds to taking

G0)  y() = (ooykzpln-+isnukzﬁln,o,o,cos<fﬂ¢>-+isn1<£iz)>,
m m

where m is the multiplicity. Now when ¢ = m/p;, we wrap around the first orbit
mk, times and the second k; times. As long as m < min{k,, p;} we do not enter a
higher-dimensional orbit space. Similar considerations remain true for z; = 0. Let
us compute the Robbin—Salamon index of the orbits (30).

Lemma 3.12. The Robbin—Salamon indices of the orbits in (30) of multiplicity m
are given by

(31) 2kim+2|mpy/pi| =1, 2kim+2|mpy/p2] —1.

Proof. To do this we must choose a disk D with boundary y. Such a disk can be
written explicitly. We begin by producing a disk in 3 x §3:

(32) (cos(8), sin(@)e* 272! cos(8), sin(f)e*™P21/m).

The above disk clearly has boundary y (the boundary occurs when 8 = 7 /2) and
we have 6 € [0, 7 /2]. To pull back the contact distribution we plug the coordinates
into (26)—(29):

(33) 1 sin(0) cos(2mwiky pat) oy, —I—i sin(0) sin(2miko pat)d,, —I—L cos(6)0y,,
pPi P1 P2
(34) _pL sin(0) sin(2mwiky pat) oy, _pL sin(0) cos(2miky pat)0y, —|—pL cos(6)dy,,
1 1

(35) _1 sm(@)cos(Zrnp >8x3+1 sin(6) s1n(2mp )8}3+1 cos(0)0y,,
P3 p m D

(36) — é sin(0) sin (2711 ) Oxs —é sin(0) cos (2m )8y3+ cos(6)dy,.

When 6 = /2, these four vectors become

pi(— cos(2miky pat)dy, + sin(2mwiky pat)ody, ),
1

pi(— sin(2mika pat) 0y, — cos(2miky pat)ody,),
1

t t
1 (— cos(Zm’ p—2) Oy + sin(2m’ p_z) 8y3>,
D3 m ’ m
1 t t
— (— sin(2m’p—2>8m — cos(2m’p—2)8y3>.
P3 m ) m
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Disks for the other orbits mapping into branch divisors have a similar expression.
The key point is that we only see vectors corresponding to the coordinates which
have been set to zero. Now we can easily compute the Robbin—Salamon index of
these orbits. Recall that given a path of symplectic matrices, ® (), a number ¢ is
called a crossing if ®(¢) has an eigenvalue equal to 1. To compute the Robbin—
Salamon index of a path of symplectic matrices on [0, 7] one computes

%signature(F(O)) + Z signature(I"(¢)) + %signature(F(T)).

crossings ¢
t#0,T

Here the crossing form is
#(P(1)v, v)

restricted to the subspace on which ® has eigenvalues equal to 1. In this case
at each crossing the crossing form is just ¢(v, Jov), so this gives signature 2 on
each two-dimensional subspace consisting of eigenvectors with eigenvalue 1. At
crossings the vectors above spanning D above become —(1/p1)dx;, —(1/p1)dy1,
—(1/D)dx3, and —(1/1)dys.

Recall that the linearized Reeb flow is of the form

emimt 0 0
0 et 0
0 0 e27‘rik2t 0 ’
0 0 0 eZn’ikzt

and each complex block of the matrix looks like
cos(2mpjt) —sin(2mp;t)
sin(2mpjt) cosQmpit) |
The time derivative of each block looks like

—2mpjsin2rpjt) —2mwp;cos(2mp;t)
2np;jcos(2mpit) —2mp;sin(2map;t) '

At crossings these blocks become

0 —27ij
271’]7]' 0 '

The crossings which have the first two vectors as 1-eigenvectors occur at integers
multiples of 1/(ky p1), and those for the second two occur at integer multiples of
kym/ky. As we saw above the flow splits into two parts, that corresponding to the
first two coordinates and that corresponding to the second two. This means the
second part, for multiplicity m, is 2mk;. Now we add the normal part. For orbits
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of multiplicity m we get contribution 1+ 2|m/p;|. Therefore for multiplicity m
these orbits have Robbin—Salamon index

2kym +2|mpy/pi | —1,
and similarly, setting p, to zero, we obtain
2kym +2|mpi/p2| — 1. O

We shall label these orbits y,, ;. With this information we can now prove
Proposition 3.11.

Proof of Proposition 3.11. The goal here is to distinguish contact structures. We
will show that given two 4-tuples as in Proposition 3.11 that the contact homology
algebras cannot be isomorphic. We know that (p, —1)/p> > (p1 — 1)/ p1; hence
the index of y is 2(p; — 1). This tells us that we have p; — 1 + py — 1 orbits of
index less than 2(p, — 1).

Theorem 3.9 gives us a complete picture of the contact homology of the manifolds
given by admissible 4-tuples up to knowing the Robbin—Salamon indices. Let us
spell this out in the case (p1, p2, k2, k7). In this case there are essentially two
different kinds of orbit spaces. We have two-dimensional orbit spaces which
project to two-spheres in the base, and we have copies of the whole manifold. The
two-dimensional orbits spaces consist of orbits having action k,m/p; for p; t m.
The four-dimensional orbit spaces consist of orbits of integer action. For each
two-dimensional orbit space, Sk, /p;,» we obtain exactly two orbits contributing to
contact homology with grading difference two. We denote these orbits y,, ;, and
Ym,; corresponding to the maximum and minimum of the Morse function on Sy, /p, -
For such orbits with action less than 1 we have grading

[Vm.il = rs (Vm,i) + 1
37 8
[Vim,il = urs (Vm,i) — 1.

For each four-dimensional orbit space we have four generators for contact homology,
again corresponding to critical points. We label these

A v s1 .8
Yms> Vms Vm » Vm

for the maximum, minimum, and two saddle points, respectively. With a choice of
disk D projecting to the spherical homology class ¥ € H,(Z, @) we have

lyptl = urs (Vm» D), ly2] = urs (Vm» D).

In (38) urs(ym, D) = 2k2m(c?rb(Z), (X)). Moreover, for two-dimensional orbit
spaces with action greater than 1, by the catenation property of the Robbin—Salamon
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index, we may decompose the orbit into a part with biggest possible integer action
and a part with action smaller than 1. We then add the indices of these two orbits to
get the Robbin—Salamon index. Note that for these two-dimensional orbit spaces,
the tangential part of the flow is a loop, but the normal does not complete a loop;
this explains the appearance of the summand 1 in the above formulae. Note that,
here, the Robbin—Salamon index is nondecreasing with respect to action. Thus we
may count the number of orbits with index less than 1. This will give a count of
generators of contact homology of index less than 2(p;+ p2+2)—2. From the above
discussion there are p; — 1 4+ p» — 1 such orbits coming from lower-dimensional
orbit spaces, and then one coming from g;. This gives exactly p; + p> — 1 orbits in
degree less than 2(p; 4+ p + 1). This proves Proposition 3.11. ([

Proposition 3.11 applies directly to the Y ”-¢ manifolds. In this case the invariant
is 2p — 1; note that it does not depend on q.

As an application let us use the preceding discussion to distinguish contact
structures on the toric contact 5S-manifolds corresponding to the 4-tuple (1, 2k — 1,
[, 1) for positive integers k and / such that the tuple (1, 2k — 1,1, [) is admissible.
Then we see that ¢y (D) = 2k — 2/. Let us fix the first Chern class of the contact
distribution and see what happens. We see then that we must have

(D) +2
-

Now using Proposition 3.11 we see that there are 2k — 1 generators in contact
homology of degree less than 4k + 2.

k

A remark on the regular case. In the regular case the situation is somewhat simpler,
but, on the other hand, there is less information available at first glance. In this
case there is geometrically only one orbit space, Z itself. To get a handle on the
contact homology let us look at the case (k, k, k — ¢, k — ¢). This gives a regular
contact manifold with ¢ (D) = 2¢ times a generator. We choose a basis Ly, Ly of
H,(Z,7Z) so that Ly = xS, +yS>, and L, lifts to a class which evaluates to O under
m*@. Both x and y are chosen so that they give action 1 for a disk that projects to
L. We define x and y as follows. Let m be the smallest number so that mk = —1
mod c. Then we define x = (km + 1) /c and y = x —m. It is easy to see that x and
y satisfy the above properties. With these choices the grading for contact homology
for orbits of action N is given by

PI=NQx+2y)+2, [7I=NQx+2y)=2, |yyl=N@2x+2y).

In this picture, for N = 1, y gives the smallest possible grading. By varying &,
we obtain infinitely many distinct contact structures whose contact distribution has
the same Chern class.
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Another way to distinguish contact structures. As described in [Eliashberg et al.
2000, §2.9.2], there is another situation where symplectic field theory can be used
to distinguish toric contact structures. The following theorem is a generalization to
smooth orbifolds of [Eliashberg et al. 2000, Proposition 2.9.4]:

Theorem 3.13. Suppose we have two simply connected quasiregular toric contact
manifolds of Reeb type in dimension five, such that each orbifold stratum is nonsin-
gular in the sense that its underlying space is a smooth submanifold. Suppose that
under the quotient of the Reeb action one of the base manifolds has an exceptional
sphere while the other does not, then these two manifolds are not contactomorphic.

Proof. We show that there is an odd element in the contact homology algebra of
one manifold specialized at a class which is not in the other for any specialization.
We assume here that all of the weights of the torus action are greater than 1 for
the manifold containing no exceptional spheres. As in [Eliashberg et al. 2000] the
potential specialized to the Poincaré dual of an exceptional divisor will give the
potential for a standard S3; but then for a chain which lifts to the volume form for
this 3-form there is always a holomorphic curve to kill it as a generator for homology
specialized at this three-class. Hence this homology contains no odd elements. Let
us consider first the case where the base is a manifold. We look at the manifold
containing no exceptional sphere. We must compute the Gromov—Witten potential
(see the Appendix for a brief description). Unfortunately it does not vanish, but for
any 2-classes the potential always vanishes. This is because the Gromov—Witten
invariant, GW%’ «(a, ..., ), is not equal to O for a two-dimensional class « only if

2k =4+2c1(A)+2k—6, ie., ci(A)=1.

But the weights make this impossible. Thus all coefficients for such curves vanish,
and the potential vanishes on Z, hence on M. So for a three-class in the contact man-
ifold obtained from integration over the fiber of a two-class, there is no holomorphic
curve to kill it. Hence specialized at such a three-class we have an odd generator
which does not exist in the presence of exceptional spheres. The orbifold case is
similar. The computation for the Gromov—Witten potential on the manifold with
the exceptional sphere follows from the divisor axiom. To see that the coefficients
for the Gromov—Witten potential vanish in the case where there is no exceptional
sphere we note the Gromov—Witten invariant is nonzero only if the first Chern class
evaluated on A is equal to one minus the degree shifting number of x, which in the
absence of exceptional spheres in the stratum in question is impossible. ]

Remark 3.14. Since the base is four dimensional the results of [Hofer et al. 1997]
tell us that we can indeed use the dimension formula above for computation of the
Gromov—Witten invariants for the manifold case. To adjust for orbifold structure we
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use extra point conditions since all strata in this case are actually smooth manifolds
additionally endowed with orbifold structure.

4. The contact equivalence problem

It is the purpose of this section to prove the contact equivalence of certain toric
contact structures that are inequivalent as toric contact structures. To clarify this we
say that two toric contact structures D, and D, are equivalent as contact structures,
but inequivalent as toric contact structures, if there is a contactomorphism ¢ :
M, — M, such that ¢, D, =D, but there is no T3-equivariant contactomorphism.
Then their 3-tori correspond to distinct conjugacy classes of maximal tori in the
contactomorphism group [Lerman 2003b; Boyer 2013]. We remark that Theorems 1
and 2 are direct consequences of Theorem 4.11.

A complete answer to the equivalence problem appears to be quite difficult so
we restrict ourselves to certain special cases of contact structures that are Seifert
S1-bundles (orbibundles) over Hirzebruch surfaces which generally have a nontrivial
orbifold structure. In this case we show that certain T3 equivariantly inequivalent
contact structures are actually 72 equivariantly equivalent for some subgroup
T2 C T

Orbifold Hirzebruch surfaces. In this section we study a special class of toric
contact structures on S* bundles over S? that can be realized as circle orbibundles
over orbifold Hirzebruch surfaces. Since the reduction method gives all examples
of such toric contact structures, it is important to make contact (no pun intended)
with examples that are known in the literature. Here we shall always assume that
the quadruple p is admissible.

When working with Hirzebruch surfaces, we often follow [Griffiths and Harris
1978] (but with slightly different notation) and represent S, as the projectivized
bundle S, = P(O(n) + O) — CP! with fibers L = CP! and sections E and F
with self-intersection numbers n and —n, respectively. The sections, which satisfy
E-E=n,E-L=1,and L-L =0, define divisors in S, and determine a basis
for the Picard group Pic(S,) ~ H 2(S,,7Z) ~ 7Z*. However, when working with
symplectic forms it is convenient to use a basis which appears for all admissible
complex structures. Thus, it is convenient to treat the even and odd Hirzebruch
surfaces separately. The even Hirzebruch surfaces S5, are diffeomorphic to S? x S2,
so we define Eg = E —nL. Then we have

Ey-Ey=(E—nL)-(E—nL)=E-E—2nE-L+L-L=2n—2n=0.

In this case the Poincaré duals «;, and af, are the standard area forms for the
two copies of S2. Similarly, the odd Hirzebruch surfaces Sy, are diffeomorphic
to CP? blown up at a point which we denote by CP2. In this case we define
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E_1=E—(n+1)L which gives E_;- E_; = —1. So E_; is an exceptional divisor.
Again the Poincaré duals oy and og_, represent the standard area forms on a fiber
and exceptional divisor, respectively.

As mentioned previously the orbifolds that we encounter are of the form (X, A),
where X is a smooth algebraic variety and A is a branch divisor. Specifically we
are interested in the orbifolds (S,, A), where A =) .(1 — 1/m;)D; and D; are
Weil divisors on S,,. We refer to the pair (S,, A) as an orbifold Hirzebruch surface.
We now wish to compute the orbifold canonical divisor in this situation. Since we
are working with Q-divisors, we can express the result in terms of Eq even though
it is an honest divisor only on even Hirzebruch surfaces.

Lemma 4.1. Let (S, A) be an orbifold Hirzebruch surface such that E and F are
branch divisors, both with ramification index m. Then the orbifold canonical divisor

of (Sn, Am) is

b 2 2m—n 2
K?;,,,A __EE_ L:—%Eo—2L.

m)
Hence (S, Ay) is a log del Pezzo surface (Fano) if and only if 2m > n.

Proof. We know [Griffiths and Harris 1978, p. 519] that the canonical divisor K,
of S, is given by K5, = —2E + (n —2)L = —2E( — 2L, and the orbifold canonical
divisor Kg:t”Am satisfies (see [Boyer and Galicki 2008, p. 127])

K§by, =Ko, + (1= L) E+P).

Now the divisor E has self-intersection n, and the divisor F has self-intersection
—n, and since they both have intersection 1 with the fiber L, we have (E+ F) =2E.
Putting this together gives the formula.

The orbifold (S, A;;) is log del Pezzo if and only if the orbifold anticanonical
divisor —K (O.;,? a, is ample, and this happens if and only if 2m > n by Nakai’s
criterion since E and L are effective. ([

Toric contact structures on S* x S3. The toric contact structures we describe here
are not the most general, but are obtained by setting p = (j, 2k— j, [, [). That is, we
consider contact structures of the form D; 5;_;;; where the pair (k, ) is fixed with
k>l,and j=1, ..., k. Now since p € A we also have gcd(j, /) =gcd(k—j,[)=1.
We denote the setof j =1, ..., ksuchthat p=(j, 2k—j, [, ) is admissible by J 4 =
Ja(k, ). The first Chern class of this contact structure is ¢1(D; 2—j 1) = 2(k =1y
where y is a generator of HZ(MI,, Z) ~ Z. So in this case M), is S? x §3. The
infinitesimal generator of the circle actionis L, = jHy + (2k — j)H; — [ H3 — [ Hy.
Note that this case includes the Y 7”7 as a special case, namely, p = k = [ and
g=k—j.SoY?9is D, 4 piq.p,p With p > g and ged(p, g) = 1.
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We want to find a suitable Reeb vector field in the Sasaki cone, so we try
R; k1 = (2k— j)H\+ j Hy~+1 H3+1 Hy which clearly satisfies the positivity condition
no(R) > 0. The T? action generated by Lpand R; ;. is

7 (ei((lk—j)tzﬁ—#j@)zl, ei(j¢+(2k_j)9)22, PGS il(¢—9)z4).

3, €
Making the substitutions ¥ = ¢ — 6 and x = jir 4 2k6 gives the action
(39) 7 (ei(Z(k—j)tb—i-X)Zl, 6iXZ2, eileS, eil¢z4),

We define g; = ged(l, 2(k — j)) and write 2(k — j) =n;g; and [ = mjg;. Then
ged(mj, nj) = 1.

Theorem 4.2. Consider the contact manifold (S%x S3, Djok—j11) where1 < j <k
satisfies gcd(j, 1) = gcd(2k — j, 1) = 1. Then we have

(1) The quotient space by the circle action generated by the Reeb vector field
R = 2k — jYH| + jH> 4+ [ H3 + [ Hy is the Kdhler orbifold (Sn;s A; Wk 1,5)
where Snj is a Hirzebruch surface, A is the branch divisor,

(40) A=(1—mij)(E+F),

and wy 1, j is an orbifold symplectic form satisfying w*wy 1 ; = dny 1, j, where
Nk,1,j 1s the contact 1-form representing D; 5 whose Reeb vector field
is R.

(2) The orbifold structure is trivial (A = @) if and only if | divides 2(k — j).

Proof. For (1) the idea, in the spirit of GIT quotient equals symplectic quotient
[Kirwan 1984; Ness 1984], is to identify the symplectic quotient 2~ (0)/T? with
a Hirzebruch surface as an analytic subspace of CP! x CP?.

After shifting by a constant vector @ = (a1, a;) the moment map of the T? action
39) is

@) @ =Qek— Nl P +lzal* +zal* —ar, 1211 + |z22]* — a2).

We need to choose the constant vector a so that 0 is a regular value of u for all
integers j and [ such that 0 < j <k and 0 <[ < k. Alternatively, it suffices to show
that the 72 action on .~ (0) defined by (39) is locally free. This will be true if we
choose aj, a, > 0 and a; > 2(k — j)a,. Following [Audin 1994] it is convenient to
work with the corresponding C* x C* action on C? \ {0} x C?\ {0} given by

(42) 2> (tY¢zy, Lz, T 23, T 24),

where 7, ¢ € C*. From this we see that the action is free if z;z2 7# 0 and locally
free with isotropy group Z,,; on the two divisors obtained by setting z; = 0 and
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7o = 0, respectively. It is not difficult to see [Lafontaine 1981] that (z; =0) = E
and (zp =0) = F.
We have a commutative diagram

C*\ {0} x C*\ {0} =— n~'(0)

\P*
"

(43) ' My,

Zk.1,j

and we want to identify the quotient space Zy; ;. We know from the general
theory (see [Boyer and Galicki 2008, Chapter 7]) that Z;; ; is a projective alge-
braic orbifold with an orbifold Kihler structure. Viewing Zy; ; as the C* x C*
quotient by the map 7" of diagram (43), we can identify 2y ; ; with a subvariety
of CP! x CP? as in [Hirzebruch 1951; Lafontaine 1981] as follows. If we de-
fine homogeneous coordinates in CP! x CPp? by setting (wy, wy) = (z3, z4) and
(1, Y2, 3) = (z;nj Z;lj , Z?j ZZj , sz ), we see that Zy ; ; is represented by the equation

(44) wiyy = wy yy.

As an algebraic variety this identifies Zy; ; with the hypersurface in CP! x CP?
defined by (44) which is the original definition of the Hirzebruch surface S, .
However, the two divisors in S,; defined by E = (y3 = z'lnj =0)and F = (2 =
0(y1 = y2 = 0)) are both m;-fold branch covers with isotropy group Z,,;. Thus, we
have an orbifold structure on S, given by (40) which is trivial if and only if m; = 1
which happens if and only if / divides 2(k — j).

Furthermore, it follows from the orbifold Boothby—Wang theorem [Boyer and
Galicki 2000b] that Zy ;. ; has an orbifold Kihler form wy ; ; that satisfies 7 *wy ;, j =
dny., j. This proves (1). For (2) we note that the orbifold structure is trivial if and
only if m; = 1 which happens if and only if g; =/ divides 2(k — j). (]

Notice that on subsets of 4 (k, [) where g; is independent of j, the ramification
index m; is also independent of j, so the underlying orbifolds are the same. Thus,
it is convenient to view g; asamap g : Ja(k,l) — {1, ..., [}, and we are interested
in the level sets of this map. So we decompose J 4 (k, [) into the level sets of g and
then further decompose the level sets according to whether n; is odd or even, that
is, we define

8 '(even ={j €da(k,1) | gj =i, nj is even},
8 '(i)oaa =1{j €alk,1) | gj =i, n; is odd}.
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We can then decompose the admissible set as a disjoint union

)
(45) Jate, D) =| | &" even g™ (D)oda-

i=1
We wish to compute the symplectic form on the base orbifold.

Lemmad4.3. Let j € g7 (i)even C da(k, ) for afixedi € {1,...,1} with g (i )even
# &. Then the symplectic form wy 1 ; on the quotient (Sy;, A;) is independent of j
and satisfies

[wk1i]l=iag, +kor.

Proof. We know that c‘frb(Sn_j) = (2/m;)ag, + 2a;, and this must pull back to
2(k —l)y. So n*ag, = miky and n*a; = —ly. Now the class [wy ;] must
transcend to 0 on S2 x S3. So writing [w] = aag, + bay, and using im; =1, we see
that

O=an*ag +br*a; = (am;k — bl)y = m;(ak — bi)y.
So taking a =i and b = k gives the result. U

Lemma4.4. Let j € g7 (i)ogqa C da(k, 1) forafixedi € {1,...,1} with g7 (i)odq
# &. Then i is even and the symplectic form wy 1; on the quotient (Sy;, A;) is
independent of j and satisfies

[wk’m] = iozE_l + (k + IE)OZL.

Proof. First i must be even since i = g; = ged(l,2(k — j)) and n; =2(k — j)/i
is odd. The remainder of the proof is the same as that of Lemma 4.3, except for
odd Hirzebruch surfaces we express the symplectic class in term of the exceptional
divisor E_; =E0—%L. O

Whenever possible we would like to determine the cardinalities #g_1 (i)even and
#g1(i)oqq. First, as seen above, g~ !(i)oqq is empty when i is odd. Moreover, if
g~ (1) is not empty, then A; = @, so the orbifold structure is trivial.

The following lemma is taken from [Karshon 2003].

Lemmad5. (1) #g ' (Deven = (’ﬂ @) #8~ (I)ota = {%w

Example 4.6. One obtains the Y74 of [Gauntlett et al. 2004a] as a special case of
Theorem 4.2 by putting k = = p and defining ¢ = k — j. The contact structures
are then D, 14, p, p> and the admissibility conditions boil down to ged(q, p) = 1.
Clearly, we have ¢{(D,_y, pt¢,p,p) =0. When p is odd we have g; =1, m; = p,
and Sn; = S2gs whereas if p is even we have g; =2, m; = p/2 and Sn; =S4 with g
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odd. So here we have only two nonempty level sets of the map g, namely,

gil(l)even’ if p is Odd,

46 dalp, p) =
(46) A(p, p) ¢ '(Qoqa  if p is even.

Since the only admissibility condition is gcd(g, p) =1 and p > g, we see that the
cardinality #J4(p, p) = ¢ (p), where ¢ is the well-known Euler phi function. For
the orbifold canonical divisor Lemma 4.1 gives

ob 2 2(p — 61) 2
(47) KO o= —;E _ T pE0 —2L,
2 _
(48) ngbA)z_iE_ML _Ap  _aptly
3 p p p

so these are all log del Pezzo surfaces. The cohomology class of the corresponding
symplectic forms is

[a)p,p,l] =ug, + pap

on the even orbifold Hirzebruch surface (S»,, A) with ramification index m; = p
when p is odd. For even p we have

[wp,p,Z] = ZOlE_] + (P + Doy

on the odd orbifold Hirzebruch surface (S,, A) with ramification index m, = p/2.
Note that in both cases there are precisely ¢ (p) values taken on by g. Note also that
p =2 implies g = 1 only, and that m; = 1, so we have a trivial orbifold structure on
(S1, @) = CP2. A relation between the Y ?+4 toric contact structures and Hirzebruch
surfaces was noted by Abreu [2010].

Except for the Y79 case of Example 4.6, we do not have a general formula for
the cardinalities #g ! (i) for i # . Specific cases, of course, are easy to work out.

Example 4.7. Consider the case (k, [) = (9, 8). We compute J 4 (9, 8). The possible
values of j are all odd with j <9, and these all satisfy gcd(8, 18 — j) = 1. Next,
we determine g; = gcd(8,2(9—j)) and nj =2(9—j)/g. So we have g‘1(8)even =
{j =1, 9} with a trivial orbifold (mg = 1) on the Hirzebruch surfaces S, and S,
respectively. We also have 2 1(8)0da = {j = 5} with a trivial orbifold on S, and
g_1(4)0dd = {j = 3,7} with my4 = 2 on the odd Hirzebruch surfaces S;3 and S,
respectively. Notice that the cardinalities of 2 1 (8)even and g1 (8)odd agree with
Lemma 4.5. In total we have #J4(9, 8) = 5.

Toric contact structures on X .. For X, we consider p = (j, 2k—j+1, 1, 1) with
0 < j < k. Here we have ¢ (D} ox—j+1,1,1) = (2(k -+ l)y We consider the Reeb
vector field R = =2k—j+1)H,+ jH,+I[H3+1Hy, which is clearly positive. The
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T2 action generated by this vector field and L, = j Hy+(2k—j+1)Hy—I H3—1 Hy is

2> (e (QmiHDBH0) L GO+ D0 1 il =0, il §=6) )

Making the substitutions ¥ = ¢ — 6 and x = ji + (2k 4 1)0 gives the action
(49) 2> (VAT 7y o7y, eV 23,61V 24).

Similarly to the previous section, we define g; = gcd(/, 2k —2j + 1) and write
2k—2j+1=njgjandl =m;g;. Then gcd(m;,n;) = 1.

Theorem 4.8. Consider the contact manifold (X oo, Dj ox—j41,1,1) where 1 < j <k
satisfies gcd(j, ) = ged(2k — j +1,1) = 1. Then we have

(1) The quotient space by the circle action generated by the Reeb vector field
R=Q2k—j+1)H| + jH>+1Hs+1Hy is the Kdihler orbifold (Snj, A w ;)
where Snj is an odd Hirzebruch surface, A is the branch divisor, with

(50) A:(l—mij)(zl=0)+(1—mij)(@=0),

and wy ), ; is an orbifold symplectic form satisfying w*wy;, j = dny, j, where
Nk.1,j is the contact 1-form representing D »i_ j 11,1, whose Reeb vector field
is R. Here the integers 1, g;, nj, and m; are all odd.

(2) The orbifold structure is trivial (A = @) if and only if [ divides 2k — j + 1.

Proof. The proof is essentially the same as that of Theorem 4.2. The details are left
to the reader. (]

We denote the setof j =1, ..., k such that p = (j, 2k— j+1,1,1) is admissible
by d§ = d% (k, ). Since the integers g; and n; are both odd for all j € Ja(k, ),
the map g maps the set J 4 (k, [) to the set of positive odd integers less than or equal
to /. Thus, we have

l
(51) Rkh= || 'O

odd i=1
Similarly to Lemmas 4.3, 4.4, and 4.5 we find the following.
Lemma 4.9. Let j € g7'(i) C d% (k,1). Then the symplectic form wy ,; on the

quotient Sy, is independent of j and satisfies

. i1
[wksil=iag , + (k + %)ou.

Furthermore, #g~' (1) = [(2k — [ + 1)/21].
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Example 4.10. We consider the analogue on X, of Example 4.6, so (k,[l) =
(p, p) with p odd and j = p — g. The contact structure is D ,_, p44+1,p,p With
c1(Dp—g, p+q+1,p,p) = 1. The admissibility conditions are gcd(q, p) =1 =gcd(q +
1, p). The function g satisfies g; = gcd(2g + 1, p). If p is prime then the set of
admissible g is {1, ..., p—2}, and g = 1 except when g = (p — 1)/2 in which case
g = p. The latter is smooth and corresponds to the trivial orbifold (Sp, @). This
has symplectic class

3 1
[a)p,p] =pag_, + p;- ar,

whereas the p — 3 elements in g~ ! (1) have symplectic class
[wp,p] =ap_, +(p+Doar.

For a case when p is not prime consider p = 9. Then J5°(9,9) = {2, 5, 8}
which corresponds to ¢ = 7, 4, 1. We see that g~!(9) = {5} giving the smooth first
Hirzebruch surface (S, &) with symplectic class [w9,99] = 9ag |, + 14a;, while
g '3) =1{2,8) giving the orbifold Hirzebruch surfaces (Ss, A) with m, = 3, and
(S1, A) with mg = 3, respectively, with symplectic class [w9 93] =30 , + 1loy.

Equivalent contact structures. Here we show that certain inequivalent toric contact
structures are equivalent as contact structures. The proof uses the fact that the
identity map (S,, A,) — (S, @) is a Galois cover, and combines this with the
work of Karshon [1999; 2003] for the smooth case.

Theorem 4.11. Consider the toric contact structures (S* x S>, Djok—j1,1) and
(Xoos Djok—j+1.1,1) of Theorems 4.2 and 4.8, respectively.

(1) For each fixed 1 <i <1, the contact structures D; »_ i ;; are T*-equivariantl
J\2k—j.1, q Y
isomorphic for all j € g7"(i)even, and the contactomorphism group

Con(D; 2k—j.1.1)
has at least #g ' (i )even conjugacy classes of maximal tori of dimension three.
(2) For each fixed 1 <i <1, the contact structures Dj »;_;;; are Tz—equivariantly
isomorphic for all j € g7"(i)oad, and the contactomorphism group

Con(Dj 2k—j.1.1)

has at least #g~ ' (i )oaq conjugacy classes of maximal tori of dimension three.

(3) For each fixed 1<i <I, the contact structures Dj oy _ j 1,1, are Tz—equivariantly
isomorphic for all j € g7 (i) C d% (k, 1), and the contactomorphism group
Con(Dj 2k—j41,1,1) has at least #¢7 (i) conjugacy classes of maximal tori of
dimension three.
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(4) The T?-equivariantly isomorphic contact structures given in (1)—(3) are not
T3-equivariantly isomorphic.

Proof. The proofs of (1)—(3) are quite analogous, so we give the details for (1) only.
By Theorem 4.2 the contact structure is the orbifold Boothby—Wang construction
over the symplectic orbifold (S,,, @k, ;) and by Lemma 4.3 the form wy ; ; only
depends on g; =i. Then for each j € g‘l(i )even We consider the Galois cover
llnj : (Snj, Ap,) — (S,,j, @) with n; even, and both spaces having the same Kéhler
form, namely wy ; ; of Lemma 4.3. Now Karshon [2003] shows that (S,,j, @) and
(Sn,,, D) are § I_equivariantly symplectomorphic with the same symplectic form
wy.1,; (but not the same Kihler structure) as long as 0 < j' = j — 2r for some
nonnegative integer . We denote such a symplectomorphism by K. Now we have
a commutative diagram,

K;
(S}’lj7 Am,) - (Sn_//y Al’l’l,)
(52) l I, 1 |

J

K
(Snj7 @) - (Snj/a Q)a

which defines the upper horizontal arrow K; and shows that it too is an S!-equivariant
symplectomorphism. We claim that K; is also an orbifold diffeomorphism. This
follows from Lemma 4.12. But then, as shown in [Lerman 2003b; Boyer 2013],
this symplectomorphism lifts to a 72-equivariant contactomorphism.

Here, and hereafter, by g_1 (i) we mean any of the three sets g‘1 () evens g‘1 (1) odds
org (i) C d% (k, ). Since our contact structures are independent of j € gil(i )
up to isomorphism, we now denote the contact structures of items (1), (2), and (3)
by Dk.1.i.es Di.1.i.o» and Dy 1.i 00, respectively. To prove (4) we first notice that as
in [Karshon 2003] the orbifold symplectomorphism K; is only S'-equivariant, not
T?-equivariant. So the corresponding 2-tori belong to different conjugacy classes
in the group $Ham((B, A,,;,), wk,,;) of Hamiltonian symplectomorphisms, where B
is the symplectic orbifold ((S? x §2, Aok 1,i) of ((Xoo, Ap;)wi i) as the case
may be. But then by [Boyer 2013, Theorem 6.4] these lift to nonconjugate 3-tori in
Con(Dy ;). Hence, the contact structures D; o, ;;; for different j € g (i) are
inequivalent as toric contact structures. The same holds for D; 25— 41,7, (]

Lemma 4.12. The Karshon symplectomorphism K of diagram (52) leaves the
divisors (z1 = 0) and (zp = 0) invariant.

Proof. The T? action on any orbifold Hirzebruch surface (S,, A,,) can be taken as
(53) ([w1, w2l x [y1, y2, y3]) = ([zwi, wal x [t"y1, y2, p¥3]),

where, as in the proof of Theorem 4.2, the coordinates are (wy, wy) = (23, 24)
and (y1, 2, y3) = (25'25, 25 24, 2]'). By Proposition 4.1 of [Karshon 1999] K is
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an S'-equivariant symplectomorphism, where the S' is that generated by p, and
the fixed point set of this action is the disjoint union (z; = 0) Ll (z = 0). By
Proposition 4.3 of the same work, K also intertwines the two § I moment maps.
But in both cases these are represented by s(z) = |z1|%. So the divisors (z; = 0)
and (zo = 0) are left invariant separately by K. ([l

Remark 4.13. Using the Delzant theorem for symplectic orbifolds in [Lerman and
Tolman 1997], it is straightforward to construct the labeled polytope corresponding
to the symplectic orbifold ((S,, Anm), wk.1.i). It is the labeled Hirzebruch trapezoid
shown here (with label m on the two vertical axes):

(0, k + 3ni)
slope —n
m
(i, k — ini)
m
0,0) (.0

The Galois cover 1Lg, : (Sp, Ay) — (Sp, &) induces a map on this Hirzebruch
trapezoid that simply removes the labels on the vertical edges. This implies that
the corresponding Karshon graphs [1999] are the same. Hence, Theorem 4.1 of
[Karshon 1999] easily generalizes to the types of orbifolds considered here, and
the symplectomorphism K; in diagram (52) can be constructed directly from this.

Inequivalence of contact structures. As discussed previously the inequivalence
of contact structures is detected first by the first Chern class ¢; (D) and then by
contact homology. The contact structures D; »—;;; and D; 541, are clearly
inequivalent since they live on different manifolds, so adopting Proposition 3.11 to
our current notation we have

Theorem 4.14. The contact structures D; o _j 11 and Djr ppr—jr i1, and D o111
and Dj: sy jy1.1, 1 are inequivalent if k' # k.

Remark 4.15. Unfortunately, combining Theorems 4.11 and 4.14 does not answer
our equivalence problem completely even in our restrictive cases. For example,
it would be nice to know that the D; »;_;;; are all contact equivalent as j runs
through all admissible values from 1 to k. However, our equivalence statement in
Theorem 4.11 only assures equivalence on the level sets of the map g, that is, if we
fixi e{l,...,1}, then D; 5, are equivalent for all j € g~ 1(i). Nevertheless,
this is enough to give a complete answer to the equivalence problem for the Y 7-9 of
[Gauntlett et al. 2004a] which in our notation is D,,_, ,44. p.p- See Corollary 5.5.
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The general case with vanishing first Chern class ¢ (D) was studied in [Cveti¢
et al. 2005; Martelli and Sparks 2005] where it was shown that all the toric contact
structures admit a compatible Sasaki—Einstein metric. These depend on three param-
eters a, b, and ¢ with values in Z* which in our notation is given by D, p. c.a+b—c-
Except for the subclass Y79 these fall outside of the scope of our analysis.

Another statement of contact inequivalence is obtained as an immediate conse-
quence of Theorem 3.13, namely:

Corollary 4.16. The contact structures on S* x > described by items (1) and (2)
of Theorem 4.11 are inequivalent.

5. Applications to Sasakian geometry

In this final section we give some pertinent applications of our results to Sasakian
geometry. Recall the contact Delzant-type result [Boyer and Galicki 2000a] that
every toric contact structure of Reeb type admits a compatible Sasakian structure.

Sasaki cones and the Sasaki bouquet. Since we are dealing with toric geometry,
the Sasaki cones in this paper all have dimension three. So it follows from [Boyer
and Galicki 2008, Theorem 8.1.14] that all our Sasakian structures must be either
positive or indefinite. Our first result says that all our Sasaki cones have a positive
Sasakian structure.

Corollary 5.1. Every toric contact structure on an S>-bundle over S* can be real-
ized as an orbifold fibration over CP(p1, p2) x CP(p3, ps) for some quadruple of
positive integers (p1, p2, p3, p4) satisfying gcd(p;, pj)=1fori=1,2and j=3,4
and (p1, p2, p3, pa) = (kp1, kpa, I p3, I pa). Thus, every toric contact structure on
an S3-bundle over S* admits a ray of positive Sasakian structures in its Sasaki cone.
Moreover, the subspace of positive Sasakian structures is open in the Sasaki cone.

Proof. The first statement follows from Lemmas 2.2 and 2.5, while the second
statement follows from the fact that the base orbifold CP(p1, p2) x CP(p3, ps)
is log del Pezzo. The last statement follows from the fact that having a positive
representative of the basic first Chern class c¢;(Fr) is an open condition. O

Proposition 5.2. Consider the toric contact structure Dj op—j 11 on S 2 x S and the
toric contact structure Dj 1111 on Xo. Choose the Reeb vector field R =
(2k— j)H; + jHy+1Hy+1Hyon (S*x S3, Dj ok—j1.1,1) and R= 2k — j+1)H; +
JHy+IH3+1Hy on (X oo, Dj ok j41,1,1)- Then the corresponding Sasakian structure
is positive if and only if | > k — j in the former case, and 2l > 2(k — j) + 1 in the
latter case. In particular, if | <k — j (or 2l > 2(k — j) + 1), then the toric contact
structure D ox_j 11 (or Djox—j+1,,1) has both a positive and indefinite Sasakian
structure in its Sasaki cone.
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Proof. First we note as mentioned above that any Sasakian structure in a Sasaki
cone of dimension greater than one is either positive or indefinite. By Corollary 5.1
any toric contact structure on an S3-bundle over S has a positive Sasakian structure,
and we see that Lemma 4.1 states that (S,;, Ay,) is log del Pezzo if and only if
2m > n. For Dj ox— ;1 this becomes 2/ =2m;g; > n;gj = 2(k — j), whereas for
Djok—jt1,,0itis 21 =2m;g; > ngj =2k —2j 4 1. The last result then follows from
the fact that a quasiregular Sasakian structure is positive if and only if its orbifold
quotient is log Fano [Boyer and Galicki 2008, Chapter 7]. ]

Concerning Sasaki bouquets we note that actually more is true than is proven
in Theorem 4.11. Since the base orbifolds (S, Ap,) have the same symplectic
form wy;; for all j € g‘l(i), this lifts to a contactomorphism ¢ : D; o—j ;1 —
Djr 2k—jr,1,1 such that ¢*njr 2k—j 1.1 = nj 2x—j,1,1- Since the reduction process carries
a preferred complex structure J along with it, the different indices j represent
different transverse complex structures J. So by using the contactomorphisms ¢
for each admissible j, we have the following.

Corollary 5.3. The contact structures Dy ;. and Dy ;i on S* x S and Dy ;.00
on Xeo each admit a Sasaki bouquet By of toric Sasakian structures with N =
#¢71(i). Furthermore, the intersection ﬂj k (D, J;) of all the Sasaki cones is an
open subset of the Lie algebra t, of a two-dimensional torus.

Example 5.4. Consider the contact structure D382, on S 2 x §3. The admissible
j'sare j=1,3,5,7and g; =2 forall j. So Theorem 4.11(ii) gives a T?-equivariant
contact equivalence of the T3-equivariantly inequivalent toric contact structures

Di2388~D32188~ D5 1988~ D717383.

This implies that the number of conjugacy classes n(Di252.,,,3) of 3-tori in
Con(Di2.8.2,0) is at least 4. Furthermore, by Theorem 4.2(3) the induced Sasakian
metrics are positive for Ds 19 g g and D7 17,3 3, Whereas they are indefinite for the
remaining two.

Another contact structure with the same first Chern class as D13 g2 ,, namely
c1 =8y, 1is Di4.10,2,0. This consists of the two T3—equivariantly inequivalent toric
contact structures Dy 27,1010 and D7.21,10,10, but only for the latter is the induced
Sasakian structure positive. In this case we have n(D4,10.2,0, 3) > 2. Moreover, it
follows from Theorem 4.14 that the contact structures D282, and D4, 10,2, are
inequivalent.

As mentioned previously there is one subclass of contact structures on S? x §°
where a complete solution to the equivalence problem can be obtained, and they
are all known to admit extremal (actually Sasaki—FEinstein) metrics.
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Corollary 5.5. The contact structures Y74 and Y?1 on §2 x S are inequivalent
if and only if p' # p. Furthermore, the isotopy class of the contact structures
defined by Y admits a ¢ (p)-bouquet By (p)(YP-?) such that each of the ¢ (p)
Sasaki cones admits a unique Sasaki—Einstein metric. Moreover, these Einstein
metrics are nonisometric as Riemannian metrics.

Proof. Applying Theorem 4.11 to Example 4.6 shows that Y74 is contactomorphic
to Y 7! for all admissible ¢. But Abreu and Macarini [2012] show that the underlying
contact structures of Y?"! and Y?"! are inequivalent if p’ # p. (This also follows
from Proposition 3.11.) By Corollary 5.3 there are precisely ¢ (p) Sasaki cones in
the bouquet. The fact that there is a Sasaki—FEinstein metric in the Sasaki cone for
each Y74 was first shown in [Gauntlett et al. 2004a] while its uniqueness in the
Sasaki cone is proved in [Cho et al. 2008].

To prove the last statement, suppose to the contrary that the Sasaki—Einstein
metrics g, and g,/ are isometric, that is, there is a diffeomorphism v of 52 x 83
such that ¥*g, = g,. Then by a theorem of Tanno [1970] (see also [Boyer and
Galicki 2008, Lemma 8.1.17]) the transformed Sasakian structure S8V is either 8y
itself or its conjugate Sasakian structure Sf] = (—=Ry, —ng4, — Dy, g4). In either case
Y is a contactomorphism from Y79 to Y77 satisfying

Y lody oy =+,

But this implies that the corresponding 3-tori are conjugate, which contradicts
Theorem 4.11(4). O

Example 5.6. The analogues of the Y”'4’s on the nontrivial bundle X, are de-
scribed in Example 4.10. For simplicity we consider only the case when p is
an odd prime, in which case there are p — 3 admissible values for g, namely
L....,(p—1/2—1,(p—1)/2+1,..., p—2. These inequivalent toric structures
are T2-equivariantly equivalent contact structures by Theorem 4.11(3) and their
induced Sasakian structures are all positive by Theorem 4.8(3). Moreover, the
contactomorphism group of this contact structure has at least p — 3 maximal tori of
dimension three.

Some remarks concerning extremal Sasakian structures. As with Kihler geome-
try it is of interest to determine the most preferred Sasakian metrics, and as in Kdhler
geometry it seems reasonable to study the critical points of the (now transverse)
Calabi functional [Boyer et al. 2008; 2009]. In [Boyer 2011b] the first author
described bouquets of extremal Sasakian structures on S3-bundles over S2, and the
existence of extremal Sasakian metrics on X, was proven. It is not our intention
here to delve much further into the existence of such extremal Sasakian structures,
but rather to discuss briefly their relation to our current work.

Corollary 5.3 gives a partial generalization of Theorems 4.1 and 4.2 of [Boyer
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2011b]. In this reference it was shown that when the quotient by the Reeb vector
field is a smooth manifold, each Sasaki cone in a bouquet admits an extremal
Sasakian metric. This follows from well-known work of Calabi. It would be
interesting to generalize this to the orbifold case by generalizing the method of
[Ghigi and Kolldr 2007] to extremal metrics.

As with toric symplectic structures, all toric contact structures of Reeb type
admit a compatible Sasakian metric [Boyer and Galicki 2000a]. Furthermore, in
our present situation we have:

Corollary 5.7. Every toric contact structure on an S> bundle over S* admits ex-
tremal Sasakian metrics with positive Ricci curvature.

Proof. By Corollary 5.1 every toric contact structure on an S° bundle over S? can
be realized as an orbifold fibration over a product of weighted projective spaces
CP(p1, p2) x CP(ps, ps) and have positive Sasakian structures. By a result of
Bryant [2001] all weighted projective spaces admit Bochner-flat metrics and these
are extremal [David and Gauduchon 2006], and the product of extremal Kihler
metrics is extremal. So these extremal Kéhler orbifold metrics lift to extremal
Sasakian metrics [Boyer et al. 2008] which, since CP(p;, p2) x CP(p3, ps) is
log del Pezzo, will have a deformation to a Sasakian metric with positive Ricci
curvature by [Boyer and Galicki 2008, Theorem 7.5.31]. Moreover, it follows from
a theorem of Calabi [1985] that the toric symmetry is retained by these metrics. [J

Corollary 5.7 implies that each Sasaki cone in every Sasaki bouquet By of toric
contact structures on an S° bundle over S? admits extremal Sasakian metrics of
positive Ricci curvature. Since the moment cone of any S* bundle over S has
exactly four facets, recent results of Legendre [2011a; 2011b] show that every toric
contact structure on an S° bundle over S? admits at least one and at most seven
distinct rays in the Sasaki cone consisting of Sasakian structures whose metrics
have constant scalar curvature. Moreover, she shows that for the Wang—Ziller
manifolds M /i,’zl with k > 5 there exist two distinct rays in the Sasaki cone whose
Sasakian metrics have constant scalar curvature. This corresponds to the case
(p1, p2) = 1= (p3, ps4) of Lemma 2.5.

An interesting question which appears to be unanswered at this time is whether
any Sasaki cones on these toric contact structures are exhausted by extremal Sasaki
metrics. There are only a few known cases where this occurs, namely, the standard
CR structure on the spheres S?**! [Boyer et al. 2008], the Heisenberg group
[Boyer 2009], and T2-invariant contact structures of Reeb type on S°-bundles
over Riemann surfaces [Boyer and Tgnnesen-Friedman 2014; 2013] with genus
1 < g <4. However, when g =0 we suspect that by using the admissible construction
method of [Boyer and Tgnnesen-Friedman 2014] the subclass of Sasaki structures
considered here will each have an extremal representative.
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Appendix: Orbifold Gromov-Witten invariants

In this appendix, for the convenience of the reader, we lay out some framework and
definitions for Gromov—Witten invariants and the so-called Gromov—Witten potential
for compact symplectic manifolds and orbifolds. In this paper we only consider the
genus-0 invariants. The Gromov—Witten invariants that we are interested in occur
in the base orbifold Z of an orbibundle 7 : M — Z with dim(M) = 5. Hence we
are in the semipositive case and we can define the Gromov—Witten invariants as in
[McDuff and Salamon 2004]. Our version of Gromov—Witten theory for symplectic
orbifolds comes from [Chen and Ruan 2002]. The main difference here is that
our marked points, and hence our cohomology classes taken as arguments for the
invariant, have constraints determining in which orbifold stratum the curves in
question lie. This is an issue since generally some homology classes may live in
several strata.

Roughly speaking a Gromov—Witten invariant is a count of rigid J-holomorphic
curves representing a homology class A € Hy(M, Z)/(torsion) in general position
with marked points in a symplectic manifold M for which the marked points are
mapped into the Poincaré duals of certain cohomology classes. For example we
may ask how many spheres (or lines) intersect two generic points in CP”. In this
case we have two marked points, a top cohomology class, and for A the class of a
line, [L].

To make this precise let (M, w) be a compact symplectic manifold, and let J be
an w-compatible almost-complex structure. Consider the moduli space

MG (M, J)

of genus-0 stable J-holomorphic curves into M representing the class A and assume
here that we have regularity of the relevant linearized Cauchy—Riemann operator for
the class A, either via some circumstances or by some sort of abstract perturbation
argument. Note also that when we discuss Gromov—Witten theory for compact
symplectic manifolds we will consider only somewhere injective curves. We define
maps

ev; i MG (M, J)—> M and ev: Mg (M, J)—> M**

by evaluation at the marked points.
By semipositivity the evaluation map represents a submanifold of Mk of di-
mension

2n+ (2c1(M), A) +2k +6.
Now we define the Gromov—Witten invariant as a homomorphism

GWY - H*(M)®* @ H, (M} (M.J)) - Q
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encoded formally as the integral

GW%k(al, Lo o) = / evia U- - Uevjoy Un*[Mak(M.J)].
Mg (M.J)

This is the definition for manifolds. This definition can be used without the
semipositivity condition as long as there is a construction of an appropriate object
on which to integrate. Since we will be working in dimension four this will not be
an issue.

To extend this definition to orbifolds, there are issues with the definitions of
J-holomorphic curves, since the idea of a map between orbifolds can be a rather
sticky issue. We content ourselves here with knowing that we have a notion of
a good map, and we will defer to [Chen and Ruan 2002; 2004] for the analytic
setup. With that said, we still must extend the definition above so that it makes
sense in a stratified space. We should also note that the orbifold cohomology of
Chen and Ruan is not the same as the orbifold cohomology mentioned earlier.
This cohomology is simply a way to organize how various classes interact with
the stratification of the orbifold. As in the manifold case we start with a compact
symplectic orbifold, Z, and pick a compatible almost-complex structure, J. We then
consider moduli spaces of (genus-0) J-holomorphic orbicurves into M representing
a homology class A € H(Z, ). But we now need to consider a new piece of data
which organizes the intersection data so that it is compatible with the stratification.
The extra data will be defined by a k-tuple x, of orbifold strata, (2, ..., Zx). The
length k of x should coincide with the number of marked points. We will write
such a moduli space as

Mo (2, J, %),

and require that the evaluation takes the j-th marked point into Z;. The compactifi-
cation is similar to the manifold case, and consists of stable maps with the obvious
adjustments, the caveat being that we must choose our lift to an orbicurve. After
an appropriate construction of cycles as in the manifold case, Chen and Ruan use
a virtual cycle construction, so we can define this invariant as in the smooth case
above, but we integrate over (the compactification of) M(’i (%, J, x). We will write
these invariants
GWik,x(al, 7S

Another key difference is that this moduli space differs from the predicted
dimension in the smooth case by a factor of —2¢(x), the so-called degree shifting
number. (Again, for the definition see [Chen and Ruan 2002].) The Gromov—Witten
invariants satisfy a list of axioms developed by Kontsevich and Manin [1994; 1997].
We will not list all of the axioms, but will mention only some which are used in the
text. We use the orbifold notation; for a manifold we would just delete x from the
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notation, setting t(x) = 0.
(1) Effective: GWf\”k’x(al, ...,ay)=0aslong as w(A) < 0.
(ii) Grading: GW5 ; (a1, ..., ) # 0 only if

> deg(ey) = dim(2) + 21 (A) + 2k — 6 — 2u(x).
J

(iii) Divisor: Let x/ = x with the j-th component removed. Suppose that for each
component x; of x, if x; is mapped into the orbifold singular locus, that stratum
is nonsingular as a variety. If deg(a,) = 2 then

GW5 o(ar, ... o) = (/ oe,,) GW5 i en(@l, ooy i),
A

Now we are in a position to define the Gromov—Witten potential. This is a
generating function which gives a formal power series whose coefficients give
Gromov—Witten invariants. It is a way to organize all the information from these
invariants into one big package. We give the definition here for the manifold case.
Pick a basis of H2(M), ay, . .., a,, for a vector ¢ and a cohomology class a, and
write a :==a; = ), t;a;.

Definition A.8. Let (M, w) and J be as above. Define the genus-0 Gromov—Witten
Potential as

1 (&
fan=3"> :FGW%k(a,,...,a,)z 14,
A kT

The corresponding formula for orbifolds is obtained by accounting for the vector x.
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