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Classification of Hamiltonian torus actions
with two-dimensional quotients

YAEL KARSHON
SUSAN TOLMAN

We construct all possible Hamiltonian torus actions for which all the nonempty
reduced spaces are two-dimensional (and not single points) and the manifold is
connected and compact, or, more generally, the moment map is proper as a map to
a convex set. This construction completes the classification of tall complexity-one
spaces.

53D35; 53D20, 57S15, 52B20, 14M25

1 Introduction

Fix a torus 7 2= (S1)4%™m7 with Lie algebra t and dual space t*. Let T act on a
symplectic manifold (M, w) with moment map ®: M — t*, so that

(1.1 ) =—d{(P, ) foralllet,

where {py is the vector field on M induced by ¢. Assume that the T—action is faithful
(effective) on each connected component of M. We call (M, w, ®) a Hamiltonian
T-manifold. An isomorphism between two Hamiltonian 7—manifolds is an equivariant
symplectomorphism that respects the moment maps. The complexity of (M, w, ®)
is the difference %dimM —dim 7'; it is half the dimension of the reduced space
®~!()/T at aregular value « in ®(M). Assume that (M, w, ®) has complexity
one; it is tall if every reduced space ®~'(«)/T is a two-dimensional topological
manifold. If M is connected, 7 is a convex open subset of t* containing ®(M) and
the map ®: M — T is proper, then we call (M,w, ®,7T) a complexity-one space.
For example, if M is compact and connected then (M, w, @, t*) is a complexity-one
space, which is tall exactly if the preimage of each vertex of the moment polytope
®(M) is a fixed surface; see Corollary 2.6.

In this paper we complete our classification of tall complexity-one spaces of arbitrary
dimension. More precisely, in a previous paper [21] we defined an invariant of a
tall complexity-one space called the painting, which subsumes two other invariants:
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670 Yael Karshon and Susan Tolman

the genus and the skeleton (see the paragraph above Remark 1.3). We proved that
these invariants, together with the Duistermaat—-Heckman measure, determine the tall
complexity-one space up to isomorphism. In this paper we give a necessary and
sufficient condition for a measure and a painting to arise from a tall complexity-one
space.

Symplectic toric manifolds (see the paragraph below Remark 1.3) serve as extremely
important examples in symplectic geometry, illuminating many different aspects of the
field. We hope that the existence theorems of this paper will enable complexity-one
spaces to serve a similar role. These spaces are more flexible than symplectic toric
manifolds. For example, in a paper in progress, the second author uses the methods
of [46] to show that many complexity-one spaces do not admit equivariant Kéhler
structures. Additionally, she constructs an infinite family of symplectic forms in a
fixed cohomology class which are equivariantly deformation equivalent but are not
equivariantly isotopic.

Symplectic toric manifolds are classified by their moment images (by Delzant [10]);
see the first author and Lerman [19] for the noncompact case. Compact connected
nonabelian complexity-zero actions are determined by their moment image and the
principal isotropy subgroup; this is the Delzant conjecture, recently proved by Knop [26]
and Losev [33], following earlier work by Iglésias [17] and Woodward [49].

The simplest complexity-one spaces, compact connected symplectic 2—manifolds with
no group action, are classified by their genus and total area; see Moser [37]. Four-
dimensional compact connected complexity-one spaces are classified by the first author
in [18] (also Ahara and Hattori [1] and Audin [6; 7]); see Example 1.7. Similar
techniques apply to complexity-one nonabelian group actions on six-manifolds (see
Chiang [9]) and to two-torus actions on five-dimensional K —contact manifolds (see
Nozawa [39]). From the algebraic geometric point of view, complexity-one actions
(of possibly nonabelian groups) have been studied by Kempf, Knudsen, Mumford
and Saint-Donat [24, Chapter [V], Timashév [44; 45], and Altmann and Hausen [2],
Altmann, Hausen and Siiss [3], Altmann and Petersen [4] and Vollmert [48]. More-
over, a complexity-one symplectic torus action on a compact symplectic manifold is
Hamiltonian if and only if it has a fixed point; see Kim [25].

Work on Hamiltonian circle actions on six-manifolds, which have complexity two,
appeared in Li [30; 31], McDuff [35], the second author [47], Gonzdlez [12] and Li
and the second author [32]. Finally, classification in arbitrary complexity is feasible for
“centered spaces;” see [10, Section 1], the authors [22, Section 2], and the first author
and Ziltener [23].

We begin by recalling the invariants of complexity-one spaces.
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Classification of Hamiltonian torus actions with two-dimensional quotients 671

Let (M, w, ®) be a 2n—dimensional Hamiltonian 7-manifold. Recall that the Liouville
measure on M is given by integrating the volume form w”/n! with respect to the
symplectic orientation and that the Duistermaat—Heckman measure is the pushforward
of the Liouville measure by the moment map. The isotropy representation at x is the
linear representation of the stabilizer {A € T | A -x = x} on the tangent space Ty M.
Points in the same orbit have the same stabilizer, and their isotropy representations are
linearly symplectically isomorphic; this isomorphism class is the isotropy representation
of the orbit.

Now assume that (M, w, @) is a tall complexity-one Hamiltonian 7—manifold. An
orbit is exceptional if every nearby orbit in the same moment fiber &1 () has a strictly
smaller stabilizer. The skeleton of M is the set M. C M/ T of exceptional orbits
in M/ T , with the subset topology, with each orbit labeled by its isotropy representation,
and with the map ®: Mex. — t* that is induced from the moment map. Let M, . be

the skeleton of another tall complexity-one space; an isomorphism from Mexc to M/, .
is a homeomorphism that respects the maps to t* and sends each orbit to an orbit with

the same (stabilizer and) isotropy representation.

The next proposition is a slight modification of [21, Proposition 2.2]; see Remark 1.9.

1.2 Proposition Let (M,w,®,7T) be a tall complexity-one space. There exist a
closed oriented surface ¥ andamap f: M/T — X so that

(®, f): M/T — (image ®) x &

is a homeomorphism and the restriction f: ®~!(a)/ T — X is orientation preserving
for each « € image ®. Here, ® is induced by the moment map. Given two such
maps f and f’, there exists an orientation preserving homeomorphism &: ¥ — X
so that f is homotopic to & o f’ through maps which induce homeomorphisms
M/T — (image @) x X.

The genus of a tall complexity-one space (M, w,®,T) is the genus of the surface
&~ (a)/ T for a € image ®. By Proposition 1.2, it is well defined. A painting is a
map f from M. to a closed oriented surface X such that the map

(5,f): Mee — T XX

is one-to-one, where M.y, is the set of exceptional orbits. Two paintings, f: Mexe — X
and f': M. . — X', are equivalent if there exists an isomorphism i: M/, . — Mexc
and an orientation preserving homeomorphism &: ¥/ — X such that foi: M/ — X
and £o f': M/ — X are homotopic through paintings. A painting f: Mee — X

is trivial if it is equivalent to a painting that is constant on each component of M.
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Proposition 1.2 implies that there is a well-defined equivalence class of paintings
associated to every tall complexity-one space; just restrict f to M. By a slight
abuse of terminology, we refer to any painting in this equivalence class as the painting
associated to the complexity-one space.

1.3 Remark The notion of a painting is simplest when ®: Me,. — t* is one-to-one,
as in Examples 1.11 and 1.12. In this case, every map from M. to a closed oriented
surface ¥ is a painting, and two paintings f: Mee — X and [’ Mg — X/ are
equivalent exactly if there exists an orientation preserving homeomorphism &: ¥/ — ¥
such that f and £ o f/ are homotopic.

In the next two examples, we construct complexity-one spaces out of symplectic toric
manifolds, ie, compact connected complexity-zero Hamiltonian (S!)” —manifolds. The
moment image of a symplectic toric manifold is a Delzant polytope; see Remark 1.18.
In fact, every Delzant polytope occurs as the moment image of a symplectic toric
manifold, and this manifold is unique up to equivariant symplectomorphism [10].

1.4 Example Let (M,w, V) be a symplectic toric manifold with moment image
A = ¥(M) C R". The moment map induces a homeomorphism ¥: M/(S1)" — A.
Moreover, given x € A, let F be the smallest face of A containing x. The stabilizer
of the preimage ¥ ~!(x) is the connected subgroup H, C (S!)” with Lie algebra

by ={CeR"|(¢,y—z)=0forall y,z € Fy}.

Let ®: M — R"™! be the composition of the moment map y with the projection
T(X1,....Xn) = (X1,...,Xpn—1). Then (M, w, ®,R""1) is a complexity-one space
for the subtorus (S1)”~! c (S1)". It is tall exactly if

(15) Aceiling N Aﬂoor =,
where

Aceiling = {X € A | x> x), for all x" € 77 (7 (x))},

Afoor = {x € A| xp < x), forall x" € 7 Nz (x))}.
Assume that (1.5) holds.

For x € A such that 7(x) is in the interior of 7(A), the preimage ¥ ~!(x) is ex-
ceptional exactly if its (S')"~! stabilizer, H, N (S!)"~!, is nontrivial. (In partic-
ular, ¥ ~!(x) is always exceptional if dim Fx < n — 1, and it is never exceptional
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if x is not in Acejling U Afoor.)! The skeleton M.y is the closure of the set of
such orbits. The Duistermaat—-Heckman measure of (M, w, ®) is the pushforward
to R"™1 of Lebesgue measure on A, and the genus of (M, w, ®) is zero. Finally, let
Mceiling = w_l (Aceiling)/ T and Mpoor = W_l (Afioor)/ T . Since P: Mceiling — 7 and
®: Mpoor — T are homeomorphisms onto 7 (A), and since the painting f: Mexc — S 2
associated to M can be extended to a map f : Meeiting U Mfoor — S 2 such that
(CTD, f~ ): Meeiting U Mioor — T % S 2 is one-to-one, the painting f is equivalent to a
painting with at most two values.

Thus, if a compact tall complexity-one space (M, w, ®,T) can be obtained from a
symplectic toric manifold in this way, then we have that its genus is zero and its painting
fiMy—>2=S 2 can be chosen to take at most two values. When dim M = 4, the
converse is also true; this follows from [18, Proposition 5.16].

1.6 Example Let P — X beaprincipal (S!)” bundle over a closed oriented surface %
of genus g with first Chern class ¢y (P) € H*>(Z,Z"), and let N be a symplectic
toric manifold with moment map ¥: N — R”. There exists a T—invariant symplectic
form w on M := P x7 N whose restriction to the fibers is the symplectic form on N ;
the moment map ®: M — R” is given by ®([p, n]) = ¥ (n); see Guillemin, Lerman
and Sternberg [13]. In this case, (M, w, ®, R") is a tall complexity space of genus g,
Mex. = &, and the Duistermaat—Heckman measure of (M, w, ®) is Lebesgue measure
on A times an affine function with slope ¢ (P).

1.7 Example In [18], the first author showed that a Hamiltonian circle action on a
compact, connected symplectic four-manifold M is determined up to isomorphism
by the following labelled graph: the vertices correspond to connected components
of the fixed point set; each vertex is labelled by its moment map value, and — if the
corresponding component is a two-dimensional fixed surface — the genus and area of
that surface. The edges correspond to two spheres in M that the circle rotates at speed
k > 1; such an edge is labelled by the integer k.

The space M is tall exactly if the minimum and maximum of the moment map
are attained along two-dimensional fixed surfaces; see Corollary 2.6. It is fairly
straightforward to check that in this case the invariants that we describe in this paper

1 More generally, Hy N (S1)"~1 is trivial exactly if 7(Z" N TFy) = Z"1, where TFy = S =
{AM(y—z)| A eRand y,z € Fy}. To see this, note that 7(Z" N TFyx) = Z"~1 exactly if every character
of (S1)"~1 s the restriction of a character of (S1)" that vanishes on Hy. If Hy N (S1)"! is not
trivial, then there are characters of (S1)"~! that do not vanish on Hy N (S1)?~!, and these can not be
the restrictions of characters that vanish on Hy . On the other hand, if Hx N (S1)*~! = {1}, then either
Hy ={1} or (S1)" >~ Hy x (S1)"! . In either case, every character of (S1)”~! is the restriction of a
character of (S1)" that vanishes on Hy.
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determine, and are determined by, the labelled graph described above. In particular,
the moment map identifies each component of the skeleton with an interval, and so
every painting is trivial.

By [21, Theorem 1], the invariants that we have defined completely determine the tall
complexity-one space.

1.8 Theorem (Global uniqueness) Let (M,w,®,7T) and (M', ', ®',T) be tall
complexity-one spaces. They are isomorphic if and only if they have the same moment
image? and Duistermaat—Heckman measure, the same genus and equivalent paintings.

1.9 Remark In our definition of “equivalent paintings,” we require the homeo-
morphism £ to be orientation preserving. This requirement, which is necessary
for Theorem 1.8 to be true, was mistakenly omitted from [21, page 29]. Similarly,
Definition 1.16 of the current paper is the correction to [21, Definition 18.1]. Finally,
both [21, Proposition 2.2] and its smooth analogue, [21, Lemma 18.4], should state
that f'|¢-1(q),7 and & are orientation preserving. The maps that are obtained in the
proofs of these propositions in [21] do satisfy this additional requirement.

Before stating our most general existence theorem, Theorem 3, we give two existence
theorems — Theorems 1 and 2 — that are easier to state and simpler to apply but are
sufficient for constructing interesting examples. These two theorems are actually
consequences of the most general theorem; all three are proved in Section 10; cf
Remark 1.10.

The simplest existence theorem

We now state our first existence theorem, which shows that — given a tall complexity-one
space — we can find another tall complexity-one space with an isomorphic skeleton
(and the same Duistermaat—-Heckman measure) but a different genus and painting.

Theorem 1 Let (M,w, ®,7T) be a tall complexity-one space. Let ¥ be a closed
oriented surface, and let f: M. — X be any painting. Then there exists a tall
complexity-one space (M', ', ®',T) with the same moment image and Duistermaat—
Heckman measure whose painting is equivalent to f.

2 Since the moment image is the support of the Duistermaat—Heckman measure, we could omit the
condition that the spaces have the same moment image. Nevertheless, we will sometimes include this
condition for emphasis.
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1.10 Remark The special case of Theorem 1 where the genus of ¥ is equal to the
genus of M is easier to prove than the general case; see Theorem 6.1.

1.11 Example Let (M, w, ¥) be a six-dimensional symplectic toric manifold with
moment image

A={(x,y,z)e[-3,3]x[-2,2] x[1,4]| |x| =<z |y| <z}

We let ®: M — R? be the composition of the map y: M — R3 with the projection
(x,y.z)+~ (x, ). Then (M, w, ®, R?) is a tall complexity-one space, and ® induces
a homeomorphism from the skeleton My to the set

O(Mexe) = {(x,y) € R? [ x| = |y| =1, or [y| = |x| =Tor | <|x|=|y| <2}
thus, Mex is homotopy equivalent to S!; see Example 1.4.

Fix a closed oriented surface ¥. Let [S!, X] denote the set of homotopy classes of
loops in X. By Remark 1.3, there is a one-to-one correspondence between equivalence
classes of paintings M — % and the quotient of [S!, ¥] by the action of the group
Aut(X) of orientation preserving homeomorphisms of . If ¥ has genus zero, then
since ¥ is simply connected any two paintings are equivalent. In contrast, if 3 has
positive genus, then the quotient of [S!, X] by Aut(X) is infinite. For example, if X
has genus one, then this quotient is naturally isomorphic to the set of nonnegative
integers.

Therefore, if g = 0 then Theorem 1.8 implies that every tall complexity-one space
of genus g whose skeleton is isomorphic to M¢x. and whose Duistermaat—Heckman
measure is equal to that of (M, w, @) is isomorphic to (M, w, ®). In contrast, if g >0
then Theorems 1.8 and 1 imply that there exist infinitely many nonisomorphic tall
complexity-one spaces with these properties.

Figure 1: Moment image and skeleton for Example 1.11
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1.12 Example Fix an integer n > 1. Let (M, w, ) be a (2n + 4)—dimensional
symplectic toric manifold with moment image

AN ={(x,y1,....yn.2) €[-3.3] x[-2,2]" x[1,4]

||[x]| <zand|yj|<zforalli =1,...,n}.

Composing the moment map ¥ with the projection (x, y1,...,Vn,2) = (X, V1, .., Vn),
we obtain a tall complexity-one space (M, w, ®, R”T1) such that M., is homotopy
equivalent to S” and ®: Moy — R"! is one-to-one. Moreover, the group of orienta-
tion preserving homeomorphisms acts trivially on the set [S”, ¥] of homotopy classes
of maps from S” to X if ¥ is an oriented surface of genus 0, while [S”, X] itself
is trivial if ¥ has positive genus. Therefore, if g > 0 then Theorem 1.8 implies that
every complexity-one space of genus g whose skeleton is isomorphic to My, and
whose Duistermaat—Heckman measure is equal to that of (M, w, ®) is isomorphic to
(M, w, ®). In contrast, if g = 0 then Theorems 1.8 and 1 give a bijection between the
set of isomorphism classes of tall complexity-one spaces with these properties and the
set [S”, S?]. Thus, there are infinitely many nonisomorphic such spaces if 7 = 2 or
n=3.

Figure 2: Moment image and skeleton for Example 1.12

The intermediate existence theorem

Our second existence theorem, Theorem 2, allows us to construct complexity-one
spaces with prescribed painting and moment image, even when the skeleton does not a
priori come from a complexity-one space. To state this theorem, we need an abstract
notion of “skeleton.” To apply this theorem, one must check that the skeleton and
moment image satisfy certain conditions. These conditions are automatically satisfied
whenever the skeleton and moment image can be obtained from complexity-one spaces
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over sufficiently small open sets in t*; see Lemma 7.3. This allows us to construct
new examples by performing surgery that attaches pieces of different complexity-one
manifolds. Such surgeries were carried out in [46] and Morton [36]; this theorem gives
a systematic way to perform such surgeries.

1.13 Definition A rall skeleton over an open subset 7 of t* is a topological space S
whose points are labeled by (equivalence classes of) representations of subgroups of 7',
together with a proper map 7: S — 7 . This data must be locally modeled on the set of
exceptional orbits of a tall complexity-one space in the following sense. For each point
s € §, there exists a tall complexity-one Hamiltonian 7-manifold (M, w, ®) with
exceptional orbits Mex, C M/ T, and a homeomorphism ¥ from a neighbourhood
of s to an open subset of M. that respects the labels and such that QoW =7,
where ®: My — t* is induced from the moment map. An isomorphism between tall
skeletons (S’, 7") and (S, 7) is a homeomorphism i: S’ — S that sends each point to
a point with the same isotropy representation and such that 7/ = 7 o7 ; cf [21, page 72].

1.14 Remark In [21, Definition 16.1] we called this notion ‘“skeleton.” Here we
added the adjective “tall” in order to later allow for skeletons that are not tall.

1.15 Example The skeleton of a tall complexity-one space, as was defined before
Proposition 1.2, is a tall skeleton in the sense of Definition 1.13. This follows immedi-
ately from the fact that the map ®: M. — 7T is proper; see Lemma 7.1.

1.16 Definition Let (S,7) be a tall skeleton over an open set 7 C t* and let
Y. be a closed oriented surface. A painting is a map f: S — X such that the map
(, f): S — T xX is one-to-one. Paintings f: S — X and f’: S’ — X’ are equivalent
if there exists an isomorphism i: S’ — S and an orientation preserving homeomorphism
&: Y — X suchthat foi: S’— X and £o f’: S’ — X are homotopic through paintings.

The notions of painting and of equivalence of paintings given in Definition 1.16
are consistent with our earlier definitions, which only applied to the special case
(S,7) = (Mexe, D).

Let £ denote the integral lattice in t and £* the weight lattice in t*. Thus, we have
¢ =ker(exp: t — T) and £* = Hom(7T, S'). Here, the Lie algebra of S! is identified
with R by setting the exponential map R — S to be ¢ — 27! Let R4 denote the
set of nonnegative numbers.
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1.17 Definition A subset C C t* is a Delzant cone’ at a € t* if there exists an
integer 0 <k <n and a linear isomorphism 4: R” — t* that sends Z" onto the weight
lattice £*, such that

C =a+ ARE xR"K),

Let 7 be an open subset of t*. A subset A C T is a Delzant subset if it is closed
in 7 and if for every point & € A there exists a neighbourhood U C 7 and a Delzant
cone C at @ suchthat ANU =CnNU.

1.18 Remark A compact convex set A C t* is a Delzant subset exactly if it is a
Delzant polytope, ie, a convex polytope such that at each vertex the edge vectors are
generated by a basis to the lattice.

1.19 Remark If A is a Delzant subset of a convex open subset 7 C t* then, by
the Tietze—Nakajima theorem [43; 38], A is convex exactly if it is connected; see
Bjorndahl and the first author [8].

1.20 Definition The moment cone corresponding to a point s in a tall skeleton (S, )
is the cone
Cy := m(s) + (i7;) ! (image ®;) in t*,

where the label associated to s is a linear symplectic representation of the subgroup H
of T with quadratic moment map ®y, and where i;: t* — bh™* is the natural projection
map. It is straightforward to check that C; is the moment image of the complexity-one
model corresponding to s; see Definition 1.23.

1.21 Definition Let 7 be an open subset of t*. A Delzant subset A of 7 and a
tall skeleton (S, ) over T are compatible if for every point s € S there exists a
neighbourhood U of 7(s) in 7 such that U N A = U N Cy, where C; is the moment
cone corresponding to s.

Let (M,w,®,7) be a tall complexity-one space. Then its moment map image is
a convex Delzant subset of T that is compatible with the skeleton (Mexc, &)); see
Lemma 7.3. Our next theorem shows that this compatibility condition is also sufficient
for a subset of 7 and a painting to arise from a complexity-one space.

Theorem 2 Let (S, 7) be a tall skeleton over a convex open subset T Ct*. Let ACT
be a convex Delzant subset that is compatible with (S, ). Let ¥ be a closed oriented
surface, and let f: S — X be a painting. Then there exists a tall complexity-one space
(M, w, ®,T) with moment map image A whose associated painting is equivalent to f.

3 Such a set is also called a “unimodular cone.”
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The most general existence theorem

Our final existence theorem, Theorem 3, provides a complete list of all the possible
values of the invariants of tall complexity-one spaces. Together with Theorem 1.8, this
gives a complete classification of tall complexity-one spaces.

The Duistermaat—Heckman function of a Hamiltonian T—manifold is a real-valued
function on the moment image whose product with Lebesgue measure is equal to the
Duistermaat—-Heckman measure. If such a function exists, then it is almost unique; any
two such functions are equal almost everywhere. When we say that the Duistermaat—
Heckman function of a Hamiltonian 7-manifold has some property (eg, continuity),
we mean that this holds after possibly changing the function on a set of measure zero.
Here, we normalize Lebesgue measure on t* such that the volume of the quotient t* /£*
is one.

1.22 Remark Some authors define the Duistermaat—Heckman function at « € t* to
be the symplectic volume of the reduced space ®~!(a)/T .

A function p: t* — R is integral affine if it has the form
px) = {x,4) + B,

where A is an element of the integral lattice £ C t, where B € R, and where (-,-)
is the pairing between t* and t. The Duistermaat-Heckman theorem implies that the
Duistermaat—Heckman function of a complexity-one space with no exceptional orbits
is integral affine.

Once and for all, fix an inner product on t. Let a closed subgroup H C T act on C”"
as a subgroup of (S1)” with quadratic moment map ®z: C"” — h*. Let h° C t* be
the annihilator of the Lie algebra h, and consider the model

Y =T xg C"xh°,

where [ta,z,v]=[t,az,v] forall (¢,z,v) € T xC" x h° and @ € H. There exists a T
invariant symplectic form on Y with moment map

Oy (t,z,v]) =a+Dg(z) +v,

where o € t* and where we use the inner product to embed h* in t*. (Explicitly,
this symplectic form is obtained by identifying Y with the symplectic quotient of
T*(T)x C" by H.) The isotropy representation of the central orbit T -[1,0,0] =
{[t,0,0] | € T} determines the model up to permutation of the coordinates in C”.
If dm7T = %dim Y — 1, or, equivalently, n = 4 + | where h = dim H, we call the
space Y a complexity-one model.
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1.23 Definition Given a point s in a tall skeleton .S, the corresponding model is the
model ¥ = T xg Ch*1 x 0 such that s is labeled by the isotropy representation of
T-(1,0,0]in Y.

Such a model exists and is unique up to permutation of the coordinates in C#+1!.
Moreover, by Corollary 2.4, the corresponding model is always tall.

Let Y be atall complexity-one model. In Section 8 we define the Duistermaat—Heckman
functions for truncations of the model. (In fact, such functions are the Duistermaat—
Heckman functions of compact spaces that are obtained from Y by extending the action
to a toric action, choosing a subcircle that is complementary to the original action, and
taking a symplectic cut with respect to this circle.)

1.24 Definition Let (S, ) be a tall skeleton over an open subset 7 of t*. Let AC T
be a convex Delzant subset that is compatible with (S, ). Fix a point « € A. A
function p: A — R~ is compatible with the skeleton (S, ) at a point « € A if there
exists for each s € 77! («) a Duistermaat—Heckman function pg for a truncation of
the tall complexity-one model associated to s such that the difference

(1.25) p= D b

ser—l(a)

is integral affine on some neighbourhood of o in A. (In particular, if 7~ () is
empty, then the condition is that p itself be integral affine near «.) The function p is
compatible with the skeleton (S, ) if it is compatible with (S, ) at every @ € A.

1.26 Remark The above notion of “compatible” is in fact well defined; moreover,
the difference between any two compatible functions is integral affine near «. To see
this, let (S, ) be a tall skeleton over 7; fix « € 7. The preimage 7~ !(a) C S is
finite; see Corollary 2.5. Thus, the summation in (1.25) is finite. By Corollary 8.23, for
each s € 7~ !(«), there exists a Duistermaat—Heckman function pg for a truncation
of the tall complexity-one model Y associated to s; moreover, ps is defined on a
neighborhood of « in image ®y,. By Definitions 1.20 and 1.21, the moment cone
Cs = image ®y, coincides with A near « for all s € 7~ (). Thus, the function
in (1.25) is defined on a neighbourhood of « in A. Finally, if both ps; and p are
Duistermaat—Heckman functions for truncations of the model Y, then by Corollary 8.24
there exists a neighbourhood of « in Cj, hence in A, on which the difference p; — p
coincides with an integral affine function.

The Duistermaat—Heckman function of a tall complexity-one space is compatible with
the skeleton; see Proposition 9.2. Our final theorem shows that this compatibility
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condition is also sufficient for a function, a subset of 7, and a painting to arise from a
complexity-one space.

Theorem 3 (Global existence) Let (S, ) be a tall skeleton over a convex open
subset T C t*, let A C T be a convex Delzant subset that is compatible with (S, ),
and let p: A — R~ be a function that is compatible with (S, 7). Let ¥ be a closed
oriented surface, and let f: S — X be a painting. Then there exists a tall complexity-
one space over T with moment image A and Duistermaat—Heckman function p whose
painting is equivalent to f.

Section 2 contains some general facts about complexity-one spaces. The remainder
of the paper is divided into two parts. Sections 3—6 constitute Part I of the paper
and lead to Theorem 6.1. This is a reconstruction theorem in the sense that we take
a tall complexity-one space, break it into pieces, and glue the pieces together so as
to obtain a new complexity-one space. In Section 3, we prove some facts about the
cohomology of spaces that are locally modeled on the quotients of complexity-one
spaces. In Section 4, we glue local pieces of complexity-one spaces as 7—manifolds.
In Section 5, we show how to arrange that the symplectic forms on these local pieces
will agree on their overlaps. In Section 6, we use the technology developed so far
and a crucial technical result from our previous paper [21, Proposition 20.1] to prove
Theorem 6.1. Sections 7-10 constitute Part II of the paper. In Section 7 we show
that the moment map image and skeleton of a tall complexity-one space satisfy our
compatibility conditions. In Section 9 we use technical results from Section 8 to show
that the Duistermaat—Heckman measure of a complexity-one space is compatible with
its skeleton, and we give a local existence theorem: any compatible data locally comes
from a complexity-one space. Finally, in Section 10, we combine these results with
a variant of the reconstruction theorem from Section 6 to prove the main existence
theorems: Theorems 1, 2 and 3.

2 Basic properties of complexity-one spaces

In this section we recall the local normal form theorem and the convexity package,
and analyze some of their basic consequences for complexity-one Hamiltonian torus
actions.

Local normal form theorem

For every orbit x in a Hamiltonian T—manifold M there is a corresponding model
Y =T x gz C" x h° such that the isotropy representation of the central orbit 7"-[1, 0, 0]
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is the same as that of x. The local normal form for Hamiltonian torus actions asserts
that there exists an equivariant symplectomorphism from an invariant neighbourhood
of x in M to an invariant open subset of Y that carries x to T -[1, 0, 0]; see Guillemin
and Sternberg [15] and Marle [34].

Convexity package

Let (M, w, ®) be a connected Hamiltonian 7-manifold. Suppose that there exists a
convex open subset 7 of t* that contains ®(M) and such that ®: M — T is proper.
Then we have the following convexity package.

Convexity The moment map image, (M), is convex.
Connectedness The moment fiber, ®~!(«), is connected for all o € 7.
Stability As a map to ®(M ), the moment map is open.

These three properties also hold for the moment map of a local model. Note that
together the three properties imply that the moment map preimage of every convex
set is connected. Moreover, by convexity, stability and the local normal form theorem,
A := ®(M) is a convex polyhedral subset of 7 whose faces have rational slopes.

For the compact case, we refer the reader to Atiyah [5], Guillemin and Sternberg [14]
and Sjamaar [42, Theorem 6.5]; also see Lerman and the second author [29]. For
convexity and connectedness in the case of proper moment maps to open convex sets,
see Lerman, Meinrenken, the second author and Woodward [28]. Stability then follows
from the local normal form theorem and stability for local models; see [42, Theorem 5.4
and Example 5.5]. Also see [8, Section 7].

Some consequences

In order to apply these theorems to complexity-one spaces, we now analyze complexity-
one models.

21 Lemma Let Y =T xpz Ch1 xh° be a complexity-one model in which the
central orbit T -[1,0, 0] is a nonexceptional orbit. Then, after possibly permuting the
coordinates, Y = T xg C" x C x h® and H acts on C" through an isomorphism
with (S')". Consequently, every orbit in Y is nonexceptional, and the image of Y is a
Delzant cone.

Proof Inside the model, the set of points that have stabilizer H and that lie in the
same moment fiber as 7 -[1,0,0] is 7 xg (C*T1HH x {0}, where (C*t1)H is the
subspace fixed by H. Since 7 -[1, 0, 0] is not an exceptional orbit, this subspace is not
trivial. The result then follows from a dimension count. O
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22 Lemma LetY =T xgzg C'1 x50 pe a complexity-one model with moment
map Py ([t,z,v]) = o+ Py (z) + v. Then one of the following conditions occurs.

e Let F be the smallest face of the convex polyhedral cone image @y, which
contains «. Then, for every B € F, the reduced space @;1 (B)/ T consists of a
single orbit.

e There exists a homeomorphism
(2.3) Y/T — (image ®y) x C

whose first component is induced from the moment map and whose second
component takes the set of exceptional orbits to zero.

Proof Suppose first the map ®y: ¥ — t* is proper. Then the map ®g: C 1! — p*
is also proper. Recall that &g (z) = Zj-’=0n|z]- |2nj, where the 7; € h* are the weights
for the H action. Hence, properness implies that <I>;I1 (0) = {0}. We claim that the
weights 7; generate a strictly convex cone in h*. Indeed, otherwise there exists a
nonzero element S of h* such that both  and —p are nonnegative linear combinations
of the weights, and their sum gives the origin 0 € h* as a nontrivial nonnegative linear
combination of the weights. Finally, because image @z is a strictly convex polyhedral
cone, the smallest face of image ®y is F = a + h°, and because @;11 (0) = {0}, for
every f € F the preimage @;1 (B) is a single T orbit.

Finally, if the map ®y is not proper, then there exists a homeomorphism (2.3) with
the required properties; see the authors [20, Lemma 6.2], and also [20, Definition 8.2]
and the sentences that follow it. O

2.4 Corollary In a tall complexity-one Hamiltonian T—manifold, the corresponding
local models are tall.

Proof By Lemma 2.2, a complexity-one model Y is tall exactly if there exists a
neighbourhood of the central orbit 7 -[1,0,0] in Y that is tall. Hence, the claim
follows immediately from the local normal form theorem. |

2.5 Corollary Let (S, ) be a tall skeleton over an open subset T of t*. Then 7~ (a)
is finite for every o € T .

Proof Let s be a pointin S andlet Y = T xg C**T1 x §0 be the corresponding
complexity-one model, which is tall by Corollary 2.4. By the local normal form theorem
and Lemma 2.2 there exists a neighbourhood of s in S whose intersection with 7~ (a)
consists of the single element set {s}. The result then follows from the properness of
. O
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For a complexity-one space (M, w, ®,T) with image ® = A, define
A i={a € A| ® 1 (a)/ T is a two-dimensional topological manifold},

Aghort = {a € A | &1 (a)/ T consists of a single orbit}.

2.6 Corollary (Short/tall dichotomy) Let (M,w,®,7T) be a complexity-one space
with moment image A = image ®. Then:

e A = Aun U Agor; moreover, ®~1(a)/ T is connected and oriented for all
a € A

o Agnort 1S a union of (closed) faces of A.

Proof By Lemma 2.2 and the local normal form theorem there exists an open set
U C M/ T such that, for each o € A, the intersection ®~(a)/ T N U is a (possibly
empty) two-dimensional topological manifold, and its complement in ®~!(a)/ T is
discrete. Hence, by the connectedness of the level sets, either o € Agpore OF o1 ()/ T
is a connected two-dimensional topological manifold. In the latter case, the reduced
space ®~1(a)/ T has a natural symplectic orientation on the complement of the set of
exceptional orbits by Lemma 2.1; moreover, the set of exceptional orbits is discrete by
Corollary 2.5.

The set Agnort is a closed subset of A, because it is the image of the closed subset
M/T ~ U under the proper map ®: M/T — A. By the stability of the moment
map P, the local norgnal form theorem, and Lemma 2.2, the intersection of Agpor¢ With
the relative interior F' of any face F of A is open in the relative topology of F'. These
two facts imply that Aghor¢ iS @ union of (closed) faces of A. O

Part I: Reconstruction

3 Topology of complexity-one quotients

In this section, we prove two results about the topology of complexity-one quotients
which we will need in order to prove the main propositions in Sections 4 and 5. For
future reference, whenever possible we will allow complexity-one spaces that are not
tall.

For a topological space X and a presheaf S of abelian groups on X, we let H (X,S)
denote the Cech cohomology of S. If X is paracompact,* this agrees with the Cech

4We adopt the convention that, by definition, every paracompact space is Hausdorff.
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cohomology H (X, ST) of the sheafification S* of S and with the sheaf cohomology
Hi(X,S%) of ST that is defined through derived functors; see Theorem 5.10.1 and
the corollary to Theorem 5.10.2 of Godement [11, Chapter II].

Consider a continuous map of topological spaces, ®: Q — B. Given an abelian
group A and a nonnegative integer i, define a presheaf ”Hil on B by

’Hi‘(U) = ﬁi(cf_l(U); A) for each open set U C B.

Note that 7—[2(@) = {0}. This presheaf is the pushforward by ®: Q — B of the
presheaf on Q that associates to each open set W C Q the group H (W; A). In
general, neither presheaf is a sheaf.

3.1 Proposition Let Q be a topological space, T be an open subset of t*, and
®: Q — T be a continuous map such that A = image ® is convex. Assume that
for every point in T there exists a convex neighbourhood U in T, a complexity-
one space (My, wy, Py, U), and a homeomorphism from & (U) to My /T that
carries CTD|5,1(U) to the map ®y: My /T — U induced by ®y;. Then for any abelian
group A,

H (T, 1) = H (T, H)) =0 foralli > 0.

Moreover, if at least one of the spaces My is not tall, then

H(T, H3) = 0.

Proof We first show that Q is paracompact. Let 20 be an arbitrary open covering
of Q. There exists a locally finite covering v of 7 by open balls such that every
B € v, the preimage ®~!(B) of the closure B of B is compact. For each B € v, let
205 C 20 be a finite subset that covers ®~!(B); then

W ns='(B) | W ewp}
Bev

is a locally finite open refinement of 27 that covers Q.

The map P: Q — A C T induces presheaves 7—[/{1 on A and 7. Moreover, since
Hi(U) = H({I(U N A) for all open U C T, we have

ﬁi(T,’l-lj) = fli(A,Hi) forall 7 and j.

Let (7—[‘{1)"' denote the sheafification of the presheaf 7—[1{1 on A. Because the Cech
cohomology of a presheaf on a paracompact space is equal to that of its sheafification,
it is enough to prove that

HY (A, (H)T) = H(A, (H)T)=0 foralli >0
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and that, if at least one of the spaces My is not tall, then
HO(A, (H)T) =0.

Assume first that all of the complexity-one spaces My are tall. By Proposition 1.2,
this implies that for every point in 7 there exists a convex neighbourhood U in 7, a
surface ¥, and a function f: ®~!1(U) — %, such that

(@, f): @' U)—> (ANU)x T

is a homeomorphism. Hence, we have (7—[21)"' is a constant sheaf and (’H({l)+ is
a locally constant sheaf for all j > 0. Since A is convex, it is contractible; thus
Hi(A, (H))*) = {0} forall j andall i > 0.

Next, assume that at least one of the complexity-one spaces My is not tall. As before,
let Ay denote the set of @ € A such that ®~!(«) is a two-dimensional topological
manifold, and let Ao denote the set of & € A such that ®~!(«) is a single point.
Corollary 2.6 implies that Ag,or = A ~ Ay, that Ay is open in A, and that o1 (@)
is connected and oriented for all o € Ay .

By assumption, for every point in 7 there exists a convex neighbourhood U, a
complexity-one space (My,wy, @y, U), and a homeomorphism from &~ (U) to
My /T that carries &)|<T>—1(U) to the map ®y: My /T — U induced by ®y . In fact,
the convexity package implies that the preimage @El (V') is connected for any convex
subset V C U; see Section 2. Hence, the neighbourhood U can be chosen to be
arbitrarily small.

In particular, every o € A has arbitrarily small neighbourhoods whose preimages in Q
are connected. Hence, (%21)+ is a constant sheaf. Since A is convex, this implies that
H' (A, (H)™)=0forall i >0.

The following result is proved in [20, Lemma 5.7]:

Let (M, w, ®,U) be a complexity-one space. Suppose that ®~! (&) con-
sists of a single orbit. Then every neighbourhood of o contains a smaller

(3.2)  neighbourhood V such that the quotient ®~!(V)/T is contractible.
Moreover, every regular nonempty symplectic quotient ®~1(y)/ T in
®~1(V)/T is homeomorphic to a 2—sphere.

By Proposition 1.2, the genus of the reduced space is locally constant on Ay .
Hence, since regular values are dense, (3.2) implies that this genus is zero for all
two-dimensional reduced spaces over a neighbourhood of Agyore. Since A is connected
and Agport 1S not empty, this implies that every two-dimensional reduced space has
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genus zero. Hence, by Proposition 1.2 and (3.2), (’Hil)"' is the zero sheaf. Therefore,
HY(A,(H})T)=0foralli >0.

Finally, consider a global section y € H°(A, (H2)*). By (3.2), the support of y
is a subset of Ay . Therefore, since the restriction of (”;’-[fl)Jr to A is a locally
constant sheaf by Proposition 1.2, the support of y is an open and closed subset of
A - Since A is connected and Aghore 1S nonempty, this implies that y = 0. Thus,
Ho(A, (H)Y) =0. O

3.3 Proposition Let (M,w,®,T) be a complexity-one space. The restriction map
H*(M/T;7Z)— H*(®'(y)/T;7Z) is one-to-one for each y € image ®.

Proof If the complexity-one space is tall, this proposition is an immediate consequence
of Proposition 1.2. So assume that it is not tall. Let ®: M/ T — T be the map induced
by ®. Then there is the Leray spectral sequence converging to H*(M/T';7Z) with

Ey) = H'(T, Hp);

see [11, Chapter II, Theorem 4.17.1]. By Proposition 3.1, Elzj =0 forall i and j
such that i + j = 2. Consequently, H*(M/T;7Z) = 0. m|

4 Lifting from the quotient

An important step in gluing together local pieces of complexity-one spaces is to glue
them together as 7-manifolds. To carry this out, which we will do in this section, we
need a notion of diffeomorphisms of quotient spaces.

Let a compact torus 7" act on a manifold N. The quotient N/ T can be given a natural
differential structure, consisting of the sheaf of real-valued functions whose pullbacks
to N are smooth.’> We say that a map h: N/T — N'/T is smooth if it pulls back
smooth functions to smooth functions; it is a diffeomorphism if it is smooth and has a
smooth inverse. If N and N’ are oriented, the choice of an orientation on 7" determines
orientations on the smooth part of N/ T and N’/ T . Whether or not a diffeomorphism
f: N/T — N’/T preserves orientation is independent of this choice.

We now recall several definitions from [20].

3 This notion of a differential structure on quotient spaces was used by Schwarz [40]. An axiomatization
of “differential structure” appeared in Sikorski [41].
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4.1 Definition Let a torus 7" act on oriented manifolds M and M’ with T—invariant
maps ®: M — t* and ®: M’ — t*. A O-T-diffeomorphism from (M, ®) to
(M', ®@') is an orientation preserving equivariant diffeomorphism f: M — M’ that
satisfies ®' o f = .

4.2 Definition Let (M,w,®,7) and (M',w’,®’,T) be complexity-one Hamil-
tonian 7—manifolds. A ®—diffeomorphism from M/T to M’/ T is an orientation
preserving diffeomorphism f: M/T — M’/ T such that ® o f = ®, and such that f
and £~ lift to ®—T—diffeomorphisms in a neighbourhood of each exceptional orbit.
Here, ® and @’ are induced by the moment maps.

‘We now state the main result of this section.

4.3 Proposition Let 7 C t* be an open subset, A C T a convex subset, and
0. A — R.q atfunction. Let LI be a cover of T by convex open sets. For each U € il,
let (My,wy, ©y) be a complexity-one space over U with image ®y = U N A and
Duistermaat—Heckman function p|y . For each U and V in A, let

Juv: Mylynv/T — Mylunv/T

be a ®—diffeomorphism, such that fyy o fyw = fuw on Mw|unvow /T for
all U, V,W e sl. Then, after possibly passing to a refinement of the cover, there
exist ®—T—diffeomorphisms gyy: My |uny — My|uny thatlift fyy and such that
guvogyw = guw on My |ynynw forall U, V., W € il

Under the assumptions of Proposition 4.3, let Q denote the topological space obtained
from the disjoint union | |;¢( My /T by identifying x with fg7p-(x) forall U and V
in 4 and all x € My |yny/T. Let

®:0—>T
denote the map induced by the moment maps. As in the proof of Proposition 3.1, Q is

paracompact.

We define a differential structure on Q by declaring a real-valued function to be smooth
if it lifts to a smooth function on each My ; notice that this is well defined. We can
use smooth partitions of unity on the spaces My and 7 to construct smooth partitions
of unity on Q.

For any abelian Lie group A4, let A denote the sheaf of smooth functions to A4.
Let H,izloo denote the presheaf on 7~ which associates the group H*(®~1(U); A®) to
each open set U C 7. We will need the following lemma.
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4.4 Lemma In the above situation,
H* (T, H5) =0.
Pr(zof Every short exact sequence of sheaves on Q gives rise to a long exact sequence
in Cech cohomology. Therefore, the short exact sequence of sheaves on Q,
0>L—>t° >T®° 1,
gives rise to a long exact sequence of presheaves on 7
4.5) 0—H) = Hio = Hyoo = H} = Hico — -+ .

Because the sheaf t*° is fine, H' (W, 1°°) = 0 for all open sets W C Q. Hence, /Htloo
is the zero presheaf. Thus (4.5) breaks up into two short exact sequences of presheaves,

0—>7—[2—>7—[?oo—>/c—>0, 0—>/<—>’Hg~oo—>7-lé—>0,

where « denotes the kernel of the homomorphism H%., — H é . From these short
exact sequences we get long exact sequences

4.6) - — HI(T, H%) — HI(T.«) > H'*\(T, ?—[2)—>I§i+1(7-,7'l?oo)—> .
(4.7) oo > HU(T k) > H (T, Hyoo) > H (T H)) — -+
Because ”H?oo (U) =t°(®~1(U)) forall U C T, the sheaf H?oo is a fine sheaf, and so
H(T, HE) =0 foralli > 0.
Hence, (4.6) implies that H (T,k)= Hit1 (7T, ’Hg) for all i > 0. Thus, (4.7) becomes
o HNTHY) = HU(T Hieo) = H(T HY) — -+

for all 7 > 0. The claim now follows immediately from Proposition 3.1. |
The proof of Proposition 4.3 will use the following result.

48 Lemma Let (M,w,®,U) and (M',w’,®',U) be complexity-one spaces that
have the same Duistermaat—Heckman function. Then, every ®—diffeomorphism
f:M/T — M'/T lifts to a ®-T—diffeomorphism from M to M'.

Proof Let f: M/T — M’/T be a ®—diffeomorphism. By Lemma 2.1, a local
model for a nonexceptional orbit is determined (up to permutation of the coordinates)
by its momentum image. This, the local normal form theorem, and stability of the
moment map, imply that the local model of a nonexceptional orbit x in M/ T is the
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same (up to permutation of the coordinates) as the local model of its image f(x)
in M’/ T . Moreover, [20, Lemma 4.10] reads as follows.

Let Y be a local model for a nonexceptional orbit with a moment map
®y: Y — t*. Let W and W’ be invariant open subsets of Y. Let
g: W/T — W'/ T be a diffeomorphism which preserves the moment
map. Then g lifts to an equivariant diffeomorphism from W to W'.

When combined with Definition 4.2, this shows that every orbit in M/ T has a neigh-
bourhood on which f lifts to a ®-T—diffeomorphism.
Condition (3.2) of [20] reads as follows:

The restriction map H>(M/T;Z) — H*(®~1(y)/ T Z)
is one-to-one for some regular value y of ®.

(+)

Lemma 4.11 of [20] reads as follows.

Let (M,w,®,U) and (M’,w’, ®’,U) be complexity-one spaces that
satisfy Condition (*) and have the same Duistermaat—Heckman measure.
Then every homeomorphism from M/ T to M’/ T that locally lifts to a
®-T—diffeomorphism also lifts globally to a ®—T—diffeomorphism from
M to M’.

The lemma follows from this and Proposition 3.3. |
We will also need the following result from Haefliger and Salem [16].

4.9 Theorem [16] Let a torus T act on a manifold M. Let h: M — M be an
equivariant diffeomorphism that sends each orbit to itself. Then there exists a smooth
invariant function f: M — T such that h(m) = f(m)-m forallm € M.

Proof of Proposition 4.3 Fix any U and V in 4. Since U and V, and hence UNV/,
are convex, we can apply Lemma 4.8 to the spaces My |yny and My |yny . Thus,
there exists a ®—7—diffeomorphism

Fyy: My|luny — Myluny
that lifts fyyp .

For every U, V, W € Al, by Theorem 4.9, Fyp o Fyw o F(;II,V is given by acting by a
smooth T—invariant function My|ynynw — T . This function is the pullback of a
smooth function

(4.10) huvw: Qlunvaw — T.
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On quadruple intersections, we have

(4.11) (huyw)(huvx) N huwx)hywx) ™' = 1.

This is a cocycle condition; hence, the hypps represent a cohomology class in
H?(4, H%oo). By Lemma 4.4, after possibly passing to a refinement of the cover
i, there exist smooth T—invariant functions

Byy: Oluny =T

such that

(4.12) Buv Byw By =huvw
on triple intersections.

Then
guv(x):= (Byy(x))~' - Fyp(x)

are liftings of the fyp ’s that satisfy the required compatibility condition. |

5 Gluing symplectic forms

The last “local to global” step is to modify the symplectic forms on the local pieces so
that they agree on overlaps.

5.1 Proposition We let an (n — 1)—dimensional torus T act on an oriented 2n—
dimensional manifold M, and let ®: M — T be an invariant proper map to an open
subset T C t*. Assume that A = image ® is convex. Fix a function p: A — R~ and
an open cover  of T .

Assume that, for all U € i1, there exists an invariant symplectic form wy on ®~1(U)
with moment map ®|y and Duistermaat—Heckman function p|y such that wy is
compatible with the given orientation. Then there exists an invariant symplectic form o’
on M with moment map ® and Duistermaat-Heckman function p such that o’ is
compatible with the given orientation.

Let a compact Lie group G act on a manifold M, and let {{ps}¢eq be the vector fields
that generate this action. A differential form 8 on M is basic if it is G invariant
and horizontal, that is, t¢,, 8 = 0 for all { € g. The basic differential forms on M
constitute a differential complex Q. (M) whose cohomology coincides with the

Cech cohomology of the topological quotient M/ G ; see Koszul [27].

We will need the following technical lemma; cf [20, Lemma 3.6].
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5.2 Lemma Let an (n — 1)—dimensional abelian group T act faithfully on a 2n—
dimensional manifold M. Let ®: M — t* be a smooth invariant map. Let wg
and w; be invariant symplectic forms on M with moment map @ that induce the same
orientation on M. Let o be a basic two-form on M such that a(n,n’) = 0 for all
n,n €ker d®. Let Ay and A be nonnegative functions on M such that Lo + Ay = 1.
Then

Aowo + Aiw; +a

is nondegenerate and induces the same orientation as wg and w; .

Proof Let x € M be a point with stabilizer H; let 4 be the dimension of H. By
the local normal form theorem, a neighbourhood of the orbit of x with the symplectic
form wq is equivariantly symplectomorphic to a neighbourhood of the central orbit
T -[1,0,0] in the model T xg Ch+1 % h°. Then, the tangent space at x splits as
t/h @ h° @ C*1, where t/h is the tangent space to the orbit. By the definition of the
moment map, the forms wg|, and wq |y are given by block matrices of the form

0 I 0 0 I 0
—I *x x , —I % x |,
0 = 5)0 0 = &31

where I is the natural pairing between the vector space t/h and its dual, h°, and
where @y and @; are linear symplectic forms on Ch*+1 with the same moment map
and the same orientation. By our assumptions, «|y is given by a block matrix of the
form

000

0 * %

00

Hence, (Agwg + A1wy + )| is given by a block matrix of the form

0 710
—I *x % |,
0 *x

where

W= )»o(x)a)() + )\.1 (x)cT)l.

It suffices to show @ is nondegenerate and induces the same orientation as @qy and @y .
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Case 1 Suppose that the stabilizer of x is trivial. Then @y and ®; are nonzero
two-forms on C that induce the same orientation, and so @ is nondegenerate and
induces the same orientation.

Case 2 Suppose the stabilizer of x is nontrivial. Viewing @ as a translation invariant
differential two-form on C#*1 it is enough to find some v € C#*1 such that @|,
is nondegenerate and induces the same orientation as @gl|, and ®;|,. We choose
v € C"*1 whose stabilizer is trivial and apply Case 1 to the H action on C h+1

Proof of Proposition 5.1 Given j € N, define a sheaf Q) onT by

basic

S‘:’zl]).asic(l]) = QJ (q)_l(U)) for all open UcT.

basic

Consider the double complex

Kb =Ch, Q).

basic

Let d: K"/ — K%J*! denote the de Rham differential, and let §: K’/ — Kit1J
denote the Cech differential.

To prove the Proposition, it will be enough to find g € C! (4, Q! ) such that 68 =0

basic

and dByw = wy —oww forall V and W in 4. To see this, let {1y }yey be the pull
back to M of a smooth partition of unity on 7 subordinate to . Define

oy =Y hyoy+ Y diyg APyy € QX@T(V)) forall V e 4.
Ueu Ueu
Since § =0 and ) e Av =1,

W) — oy = Zd)\U/\(,BUV_,BUW) Zd( Z)\U)/\,BWV =0.

Ued Ued

Therefore, the w}, glue together to give a global form o’ € Q2(M). Since each wy is
an invariant symplectic form, and since dAy () =0 for all U € 4 and all n € ker d®,
by repeated application of Lemma 5.2 w’ is nondegenerate and is compatible with the
given orientation. Moreover,

oy + Y dGuBuy) =y + Y (dry A Buv + ru(wy —wy))
Uesl Uesl

= wy — Z )\Ua)V—l—a);, =a)§,.
Uell

Thus, each wy and a)g, differ by the exterior derivative of a basic one-form. This
implies that @’ is closed, and so it is a symplectic form compatible with the given
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orientation. It also implies that @’ is invariant, has the same moment map ® as wy,
and has the same Duistermaat—Heckman function p as wy .

As a first step towards ﬁnding the required cochain, we will show that we may assume
that there exists g € C!(4, demc) such that dByw = wy — oy forall V and W
in 4. After possibly passing to a refinement, we may assume that every U € il is
convex. As we mentioned earlier, [20, Condition (3.2)] reads as follows:

The restriction map H>(M/T:;Z) — H*(®~ ' (y)/T:Z)
is one-to-one for some regular value y of ®.

(%)

Moreover, [20, Lemma 3.5] reads as follows.
Let (M,w,®,U) and (M’,w’, ®’,U) be complexity-one spaces that
satisfy Condition (*) and have the same Duistermaat—Heckman measure.
Then for every ®-T—diffeomorphism g: M — M’ there exists a basic
one-form B on M suchthat df = g*o0’ —w.

Hence, the claim follows immediately from Proposition 3.3.

Next, we will show we may assume there exists y € C 24, Qbam) such that §y =0 and
88=dy.Forall jeN, deﬁneapresheaf HR on 7 by HR(U) —HI (@~ 1(U)/T;R)
for all open U C T . Recall the Cech cohomology of ®~!(U)/ T coincides with the co-
homology of (2 ;. (P~ 1(U)) d). Since 8 =0 and d§B = 0, the cochain §8 repre-
sents a cohomology class in H? ($18 ’HR) By Propos1t10n 3.1, H? (T, HR) = 0. Hence,
after passing to a refinement, there exists ,B’ eC! o, Qbam) such that d’ = 0 and such
that 68 and 8B agree as elements of C 24, HR) ie, there exists y € C 2(4, Qb sic)
such that 68 — 8B’ = dy . By replacing by B — B’, we may assume that 68 = dy,
as required. Since H? (T, H]%) = 0 by Proposition 3.1, we may assume that §y = 0
by a similar argument.

Finally, we will use the fact that ﬁbam is a fine sheaf to show that we may assume that
88 =0, as required. Define 1 € C! §18 Qbasw) by

nvw = Z )\UVUVW forall V, W e il
Uei

Since §y = 0, we have dn = y, and so §dn = dy = §. Hence, we may replace f
by g —dn. m|

6 Reconstruction

By breaking a space into the moment map preimages of small open subsets of t*, and
then gluing them back together, we obtain a special case of Theorem 1. This theorem is
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easier to prove than our other existence theorems, in that it does not require the “local
existence” results proved in Sections 7-9, ie, it does not require us to determine which
spaces can occur as preimages of small open subsets of t*.

6.1 Theorem Let (M,w,®,T) be a tall complexity-one space of genus g. Let X
be a closed oriented surface of genus g, and let f: M. — X be any painting. Then
there exists a tall complexity-one space (M',w’, ®',T) with the same moment image
and Duistermaat—Heckman function as M whose painting is equivalent to f.

Since every tall complexity-one space (M,w,®,7T) has a convex moment image
A = (M), a positive Duistermaat—-Heckman function p, and a skeleton S = M,
Theorem 6.1 is simply the special case of Proposition 6.2 below with 4 = {7 }.
(Proposition 6.2 is also a key ingredient in the proofs of Theorems 1, 2 and 3; see
Section 10.)

6.2 Proposition Let 7 be a convex open subset of t*, A C T a convex subset, and
p: A — R apositive function. Let (S, ) be a skeleton over T, X a closed oriented
surface of genus g, and f: S — X a painting. Finally, let 4| be a cover of T by convex
open sets.

Suppose that for each U € Al there exists a complexity-one space (My, wy, ®y) of
genus g over U with moment image ANU and Duistermaat—Heckman function p|any
whose skeleton is isomorphic to S N 7~ 1(U). Then there exists a complexity-one
space (M, w, ®,7T) with moment image A and Duistermaat—Heckman function p
whose painting is equivalent to f.

Proof By Proposition 20.1 from the elephant [21] (see Proposition 6.3 below), after
(possibly) passing to a refinement of i, there exists ®—diffeomorphisms

hyy: My/T|\uny — My /T |unv

such that Ay p o hyy = hyy on triple intersections and the following property holds.

If (M,w, ®,T) is a complexity-one space such that for every U € 4l there
exists a d—T—diffeomorphism Ay: M |y — My so that hyy is the map
induced by the composition A o (Ayy) ™!, then the painting associated to
M is equivalent to f.

By Proposition 4.3, after passing to a refinement of 4, there are ®—T'—diffeomorphisms

gvu: Myluny — My|yny that lift Apy and such that gy p o gyy = gwy on
every triple intersection.
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We use these ®—T—diffeomorphisms to glue together the manifolds M. This gives
an oriented 2n—dimensional manifold M with a 7" action and a 7-invariant proper
map ®: M — T . Moreover, there exists a —T—diffeomorphism Ay: M|y — My
for each U € 4 such that gpy = Ap o (Ay)~! on each double intersection.

For each U € 4, the pullback wy, := Aj;wy is a T—-invariant symplectic form
on ®~1(U) with moment map ®|y; and Duistermaat—Heckman function p|y; and such
that wy, is compatible with the given orientation. Therefore, by Proposition 5.1, there
exists a 7T—invariant symplectic form @ on M with moment map ® and Duistermaat—
Heckman function p and such that w is compatible with the given orientation. Finally,
by the property above, the painting associated to (M, w, ®,T) is equivalent to f. O

For the reader’s convenience, we now reformulate [21, Proposition 20.1].

6.3 Proposition Let 7 be an open subset of t* and A CT a convex closed subset. Let
f: S — X be a painting, where X is a closed oriented surtace of genus g and (S, )
is a skeleton over T . Let i be a cover of T by convex open sets. For each U € il,
let (My,wy, ®y,U) be a tall complexity-one space of genus g over U, so that
image @y = U N A and so that the set of exceptional orbits (M )exc s isomorphic to
the restriction S|y := SNx~1(U).

Then, after possibly refining the open cover, one can associate to each U and V in il a
®—diffeomorphism hyy: My/T|uny — My /T |yny suchthat hyyohyy =hwu,
and such that the following holds.

It (M,w, ®,T) is a tall complexity-one space such that for every U € U there exists
a ®-T—diffeomorphism Ay: M|y — My so that hyy is the map induced by the
composition Ay o (A\yy) ™!, then the painting associated to M is equivalent to f.

Part II: Classification

7 Compatibility of skeleton

Let (M,w,®,T) be a tall complexity-one space. The purpose of this section is to
show that the set My of exceptional orbits is a tall skeleton over 7, the moment
image (M) is a convex Delzant subset of T, and the set ®(M ) and skeleton My
are compatible. See Definitions 1.13, 1.17 and 1.21.
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7.1 Lemma Let (M,w,®,T) be a tall complexity-one space. The set Me. of
exceptional orbits, labelled by the isotropy representations in M and equipped with the
map ®: M. — t* induced by the moment map, is a tall skeleton over T .

Proof By construction, M. satisfies the local requirement in the definition of a tall
skeleton. By the local normal form theorem and Lemma 2.1, the set of nonexceptional
orbits is open, and hence M.y is closedin M/ T . So the restriction @|pz, : Mexe =T

is proper. |
7.2 Lemma The moment image of a tall complexity-one model is a Delzant cone.

Proof Let Y = T xg C'*t1 x 0 be a tall complexity-one model with moment
map Py, and let « = Oy ([1,0,0]) be the moment map value at the central orbit.
By Lemma 2.2, there exists a nonexceptional orbit x in CIDI_,I(a). Let Y be the
corresponding complexity-one model. By Lemma 2.1, image ®y, is a Delzant cone
at o. By the local normal form theorem and the stability of the moment map for Y
and for Y (see Section 2), there exists a neighbourhood U of « in 7 such that
U Nimage ®y = U Nimage @y, . Because image Py and image Py, are invariant
under dilations about ¢, this implies that they are equal. |

7.3 Lemma Let (M,w,®,T) be a tall complexity-one space. Then the moment
image ®(M) is a convex Delzant subset of T that is compatible with the tall skele-
ton My .

Proof Because 7 is convex, M is connected, and ®: M — T is proper, ®(M) is
a convex closed subset of 7 ; see Section 2. Let x be a T—orbit in M, let Y be the
corresponding model, and let & = ®(x). By the local normal form theorem, stability
for the moment map on Y, and stability of the moment map on M, there exists a
neighbourhood U of « such that ®(M)NU =image Py NU . The claim now follows
from Corollary 2.4 and Lemma 7.2. |

8 Duistermaat—-Heckman functions for tall
complexity-one models

The purpose of this section is to define the Duistermaat—-Heckman functions for
truncations of a tall complexity-one model (Definition 8.7) and to prove their basic
properties (Corollaries 8.23 and 8.24). These functions were used in the introduction
to define compatibility of a (Duistermaat—-Heckman) function and a tall skeleton; see
Definition 1.24.
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Let Y =T xg C" x h° be a tall complexity-one model. The action of T on itself by
left multiplication, and the action of (S!)” on C” by coordinatewise multiplication,
induce a Hamiltonian action of 7' x (S!)" on T*(T) x C". Under the reduction
by H that produces the model Y, this descends to a faithful toric (complexity-zero)
Hamiltonian action of the torus

G=Txg(SH"
on the model Y.
8.1 Lemma LetY =T xg C'1 x 0 be a tall complexity-one model, let x: H —
(SYYt! be the embedding through which H acts on Ch+1 | Jet
G:=T xg (SH"!,

and let it: T — G denote the inclusion map t + [t, 1]. Then there exists a unique
(h + 1)—tuple of nonnegative integers (&g, ..., &) such that the following sequence is
well defined and exact:

ir P

(8.2) {1} T G S {1},
where P([\,d]) = af := ]_[ a . The sequence
a1 a*
83 {1 H —"— ()M == (n

is also exact.

Proof Lemma 8.1 follows from [20, Lemmas 5.2, 5.3, and 5.8]. For completeness,
we give a direct argument.

For any integers &g, ..., &y, the sequence (8.2) is well defined and exact if and only if
the sequence (8.3) is exact.

Because the quotient (S')#*+1/y(H) is a one-dimensional compact connected Lie
group, there exist integers &y, ..., &, such that (8.3) is exact; these integers are unique

up to replaoing (SO’ R "i:h) by (_505 D) _Sh) .

Let no, ..., ny, be the weights for the H action on ch+t, Differentiating the relation
. h

X(h)s =1 gives Y _o &xmi = 0.

The quadratic moment map for the H action on Ch+1 s given by the equation
Ph(2) = Zi:o 7|zk|*nk . Because Y is tall, the level set <I>;I1 (0) contains more
than one orbit. Hence, there exist complex numbers zy, ..., zj, not all zero, such that

h
> h—o Tlzk|*k = 0.
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Because the action is effective, the space of solutions (xy, ..., xy) of the equation
> xgnx = 0 is one-dimensional. Hence, the previous two paragraphs imply that the
vectors (£, ..., &) and (|zg|?, ..., |z4|?) are proportional. So, after possibly replacing
(&o,...,&,) by (=&, ...,—&p), the integers &, ..., &y, are all nonnegative. m]

8.4 Definition We call the map P: G — S described above the defining monomial;
cf [20, Definition 5.12]. A complementary circle to T in G is a homomorphism
J: S — G such that PoJ =idg:.

Let gz denote the integral lattice in g and 92 the weight lattice in g*. Thus,
gz = Hom(S',G), g} =~Hom(G,S").

8.5 Remark Complementary circles always exist. To see this, note that the short exact
sequence (8.2) gives rise to a short exact sequence of lattices, {0} - — gz — Z — {0}.
Any splitting of this sequence determines a complementary circle J: S! - G to T
in G.

8.6 Definition Let (M, w, ) be a Hamiltonian 7-manifold, and let 4 C M be a
measurable subset. The Duistermaat—Heckman measure for the restriction of ® to A is
the pushforward by the moment map of the restriction to A of the Liouville measure; a
real-valued function on ®(A) is the Duistermaat—Heckman function for this restriction
if its product with Lebesgue measure is the Duistermaat—Heckman measure. As before,
it is almost unique; see the discussion above Remark 1.22.

8.7 Definition Let ¥ =7 x5 C"*1 %0 be a tall complexity-one model with moment
map Py: Y — t*. A real-valued function p on a subset of t* is the Duistermaat—
Heckman function for a truncation of the model if there exists a complementary circle J
to 7' in G and a positive number « such that p is the Duistermaat—-Heckman function
for the restriction of ®y to the subset

(8.8) Yri =97 ((—o0,«])

of Y, where ¢;: Y — R is the moment map for the resulting circle action on Y,
normalized by ¢ ([1,0,0]) = 0.

Let Y be a tall complexity-one space, and let & = @y ([1, 0, 0]) be the moment map
value at the central orbit. We will show in Corollaries 8.23 and 8.24 that there exist
Duistermaat—Heckman functions for truncations of the model Y, that they are well
defined and continuous on a neighbourhood of « in image @y, and that the difference of
every two such functions is equal to an integral affine function on some neighbourhood
of o in image ®y .
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89 Lemma Let Y = T xg C'*1 x4 be a tall complexity-one model, and let
®y: Y — g* be a moment map for the action of G := T x g (S')"+1. There exists a
linear isomorphism

(8.10) g* — hO x RH!
with the following properties.

(1) The following diagram commutes:

(8.10)

g* bO % Rh-l—l
i;L l(v,s)H(x*(S),V)
£* = b* % hO’

where the bottom isomorphism is induced by the inner product on t that we
have chosen, ir: T — G is the inclusion map, and x: H — (SY)"*1 is the
embedding through which H acts on ch+1,

(2) The composition

oy

8.10
v gr 810

hO % Rh-i-l
has the form
(8.11) A,z vl (v, 7|z0|%, . ... 7|zp|?) + constant.

(3) Let & be the element of g; which corresponds to the defining monomial
P ¢ Hom(G, S1), and let &, . .. , &, be the exponents of the defining monomial.
Then the isomorphism (8.10) carries & to (0, (&g, ...,&h)).

Proof Let ig: H — T denote the inclusion map. The torus G is the quotient of
T x (S1)"*1 by the image of the H under embedding a — (igr(a)~", x(a)). Hence,

(8.12) 0" = {(r.9) € O xR G () = 1" ().

Under the identification of t* with h* x h°, the space g* becomes further identified
with

(8.13) {(B.v.s) €0 x 0 x RMTT| B = 1 (s)}.

Now consider the composition

8.14)  g* ML e S RAFL = e g0 A1 P00 g
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The projection (8, v,s) — (v,s) is a linear isomorphism from the space (8.13) —
which is the image of g* in h* x h® x R+ —to §h® x R#*+!. This proves that the
composition (8.14) is a linear isomorphism.

Moreover, if (8, v, s) is in (8.13) then (8, v) = (x*(s), v). This gives (1).

We have that the moment map for the 7" action on Y, as a map to h* x h°, has the form
[A,z,v] (®g (), v) + constant. The moment map for the (S*)**! action on ¥ has
the form

[A,z,v]— (7|z0|%, ..., 7|z]?) + constant .

Therefore, the moment map for the G action on Y, as a map to h™* x ho x RAt1 , has
the form

A, z,v] > (Pg(2), v, |20|?. . ..., 7|z4|?) + constant .
This implies (2).

Since the restriction of P € Hom(G, S!) to the subtorus 7 of G is trivial, and the

restriction of P to the subtorus (S!)#+! of G is the homomorphism a > szoai" ,
the natural embedding of g* into t* x R**1 carries & to (0, (&, ....£&)). Projecting
to hO x R#+1 we get (3). O

8.15 Lemma Let Y =T xg C"t1 x 10 be a tall complexity-one model with mo-
ment map ®y: Y — t*. Let J € Hom(S!, G) be a complementary circle to T in
G:=T xg (SHt!, and let j be the corresponding element of gz . Let CBY: Y —>g*
be the unique G moment map that satisfies i7. o dy = Oy and (E)y([l, 0,0]), j) =0.
There exists a unique continuous map

o: image ®y — g*
with the following properties:
(1) ip(o(B) +1t&) = B forall B € image Py andt € R

(2) image Py = {o(B) +t&| B €image Py andt > 0}
(3) o(®y((1,0,0])) = Py ([1,0,0]); hence, if « = Dy ([1,0,0]) then (o (), j) =0

Here, i7: T — G is the inclusion map, and & € g corresponds to the defining
monomial P € Hom(G, Sl).
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Proof Let x: H — (S')"*! be the embedding through which H acts on C"*!. Let
o, ..., &y be the (nonnegative) exponents of the defining monomial. By (8.3), the level
sets of the projection x*: RAt! — h* are the lines s + R (&, ..., &x).

After possibly reordering the coordinates, we may assume that
(8.16) & >0for0<k <h', & =0forh <k <h;

let /" = h —h’. Consider the subset 8R}_’,_/+1 X R’_’i_ﬁ of Rf"_"'l , consisting of (4 + 1)—
tuples of nonnegative numbers in which at least one of the first 4’ + 1 entries is equal
to zero. Consider the map

(8.17) IRMFL X RY — y*(RAFY), 55 x*(s).

This map is a bijection because the line s + R (&, . . ., &) meets 8R}1 1y ]R}_’: exactly
once for each s € Ri’fl , by (8.16). Restricted to each (closed) facet, this map coincides
with a linear isomorphism, and hence is open as a map to its image. It follows that the
map (8.17) is open.

Since the map (8.17) is a homeomorphism, it has a continuous inverse
oH: X*(Rﬁ“) — RTLI.
We claim that o has the following properties:
(") x*©u(B)+1(E,....&)) = p forall p € x*(R"1) and r € R
@) R ={og () +1(o.....51) | B € x*(REF) and 1 > 0}
(3") og(0)=0
Properties (1’) and (3”) follow immediately from the definition of o . To prove (27),

consider B € X*(RTFI) and 7 € R. By (8.16), the fact that 0;(8) € 8R}1+1 X ]Rf‘:
implies that o (8) + (&, - .., &) lies in RTFI exactly if > 0.

We may assume without loss of generality that ®y ([1, 0, 0]) = 0. Then the identification
of t* with h* x h° carries image ®y onto X*(RT’]) x h0. Define o: image ®y — g*
so that the following diagram commutes:

image ®y = X*(RT_I) x h°
al l(ﬁy‘))'—’(‘)ﬁH(ﬂ))
g* (8.10) b0 x RA+1,

where (8.10) is the isomorphism defined in Lemma 8.9. By part (2) of that lemma,
(8.10) carries image ®y onto h x RTFI. Claims (1), (2) and (3) then follow from
(1), (27) and (3"), respectively, by parts (1) and (3) of Lemma 8.9. O
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8.18 Lemma Let Y =T xg C"t1 x 10 be a tall complexity-one model with mo-
ment map ®y: Y — t*. Let J € Hom(S!, G) be a complementary circle to T in
G.=Txg (Sl)thl ; let j be the corresponding element of gz ; and let ¢: Y — R be
the moment map for the resulting circle action, normalized by ¢([1, 0, 0]) = 0. Then the
T x S! moment map (®y,¢): Y — t* xR is proper, and each fiber contains at most
one T x S orbit. Moreover, if o: image ®y — g* is the map given in Lemma 8.15,
then

(8.19) image(®y, @) = {(B,s5) € t* xR | B € image ®y and s > (o (B). j)}.

Proof Letir: T < G be the inclusion map. Let Py: Y — g* be a G moment map,
normalized so that (i, j) 0dy = (®y, ¢). Note that, in particular, (&Sy([l, 0,0], j)=
¢([1,0,0])=0; cf Lemma 8.15. By Lemma 8.9(2), EIBY is proper and each fiber contains
at most one G orbit.

Let £ € g% correspond to the defining monomial P € Hom(G, S!). Because P o J is
the identity map, (&, j) = 1. Moreover, since the homomorphism J splits the short
exact sequence (8.2), the map (i7,J): T x S! — G is an isomorphism of groups.
Hence, the induced map (i, j): g* — t* xR is a linear isomorphism. Therefore, by
the first paragraph, (®y, ¢) is proper and each fiber contains at most one 7" x S orbit.

Finally, (8.19) follows easily from properties (1) and (2) of Lemma 8.15. O

8.20 Lemma LetY =T x g Ch*t1xp0 be a tall complexity-one model with moment
map ®y: Y — t*. Let J € Hom(S!, G) be a complementary circle to T in G :=
T xg (SYH!; Jet j be the corresponding element of gz ; and let ¢: Y — R be the
moment map for the resulting circle action, normalized by ¢([1,0,0]) = 0. Given
k € R, define

Yre=¢ ' ((—o0,k]) C Y.

(1) Ifo:image @y — g* is the map given in Lemma 8.15, then the function

(8.21) B>k—(o(B), )

from ®y (Y ) to R is a Duistermaat—-Heckman function for the restriction
of ®y to Yy . ; see Definition 8.6.

(2) Ifk>0,then ®y(Yy ) contains a neighbourhood of o« = @y ([1,0,0]) in Py (Y).

(3) The restriction of ®y to Yy , is proper.
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Proof Since by Lemma 8.18 each level set of (®y, @) contains at most a single 7" x S'!
orbit, the Duistermaat-Heckman measure for the restriction of (®y, @) to Yy, is
Lebesgue measure on the set (®y, ¢)(Yy ). The Duistermaat-Heckman measure for
the restriction of ®y to Y . is the pushforward of this measure under the projection
map from t* x R to t*. Finally, by (8.19),

(822) (Py.¢)(Ysk) =1{(B.5) € " xR | B €image Py andk =5 = (0(B), j)}.
Claim (1) follows immediately.

By Lemma 8.15, the function o is continuous and (o(«), j) = (®y([1,0,0], j) =
¢([1,0,0]) = 0. Therefore, if « > 0, then (8.22) implies that there is a neighbourhood
U of « in t* such that ®y(Y)NU = Oy (Yy,) N U. This gives claim (2).

Since o is continuous, (8.22) implies that the intersection (K xR) N (®y, ) (Y )
is compact for any compact set K. Moreover, by Lemma 8.18, (®y, ¢) is proper.
Claim (3) follows immediately. O

8.23 Corollary For every tall complexity-one model Y, there exist Duistermaat—
Heckman functions for truncations of the model. Each such function is well defined
and continuous on a neighbourhood of « in image @y .

Proof By Remark 8.5, there exist complementary circles to 7" in G. The result then
follows from Lemma 8.20 with any « > 0. O

8.24 Corollary Let Y =T xg C"t1 x p° be a tall complexity-one model. Let p
and p' be Duistermaat—-Heckman functions for truncations of Y. Then the difference
p— p’ is equal to an integral affine function on some neighbourhood of ®y ([1, 0, 0]) in
image Py .

Proof Let J and J’ be complementary circlesto 7 in G :=T xpg (Sl)thl , and
let j and j’ be the corresponding elements of gz. Let ¢ and ¢’ be the associated
moment maps, normalized by ¢([1,0,0]) = ¢’([1,0,0]) =0. Let P: G — S be the
defining monomial. Because PoJ = PoJ' =1Idgi, there exists Aj € tz such that

j=i"=ir(A)).

Let 0 and ¢’ be the maps from image ®y to g* that are associated to J and J’,
respectively, in Lemma 8.15. Let &)Y and &)/Y be the G moment maps, normalized as
in Lemma 8.15. Because i ; ody =i ;i o CD’Y , there exists a real number ¢ such that
Py — E)/Y = c&, where £ € g7, corresponds to P € Hom(P, Sh.
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Therefore, parts (1) and (2) of Lemma 8.15 imply that

Let k and k' be positive numbers. Let py, and p; . be the Duistermaat-Heckman
functions for the restrictions of ®y to ¢~ ((—o0, k]) and ¢’ -1 ((—o0, k']), respectively.
By Lemma 8.20, there exists neighbourhood of ®y([1,0,0]) in image ®y where

p1(B) = prr i (B) =k —(0(B), j) =&+ (0'(B). ')
=k —(0(B), j) =« +{o(B)—c& j—ir(A)))
=k —k' —c— (0 (B)), A))
=k—Kk' —c— (B, AJ).

Here, the penultimate equality uses the fact that (¢, j) = 1, and the last equality follows
from Lemma 8.15. |

9 Compatibility of the Duistermaat—-Heckman function and
local existence

This section achieves two goals. In Proposition 9.2 we prove that a Duistermaat—
Heckman function of a complexity-one space is compatible with its skeleton. In
Proposition 9.10 we prove “local existence:” for any compatible values of our invariants,
over sufficiently small open subsets of t* there exists a tall complexity-one space whose
invariants take these values. The proofs of both propositions rely on a surgery that
removes or adds exceptional orbits. In order to perform this surgery we identify a
punctured neighbourhood of an exceptional orbit with a punctured neighbourhood of a
nonexceptional orbit. This identification is done in Lemma 9.1.

We begin by setting up the relevant notation. Let C be a Delzant cone in t*, and let
(Mc,oc,®c) be a symplectic toric manifold whose moment image is C. We recall
how to obtain such a manifold. By Definition 1.17 there exists an integer 0 <k <n
and a linear isomorphism A: R” — t* that sends Z" onto the weight lattice £* such
that C =« + A(R’_‘i_ x R"~%). We may take M¢ to be the manifold

with the standard symplectic structure; with the 7—action given by the isomorphism
T — (SHkx(S')"k induced by A4*: t— R”; and with the moment map ®¢(z, a, 1) =
o+ A(r|zi )3, .. |zl 01 - - k), Where we have z = (zq, ..., z;) € CK and
(a,n) € (Sl)n—k « Rk ~ (T*Sl)n_k.
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We also consider the manifold M¢ x C with the product symplectic structure. This
manifold admits a 7" action on the first factor with moment map (m, z) — ¢ (m) for
all m € Mc and z € C. It also admits a toric action of 7" x S with moment map
(m,z) — (®c(m), k + |z|?), for any k € R.

Given € > 0, let D, be the disk

De={zeC|m|z|* <€}

9.1 Lemma LetY =T xg Ct1 x50 pe a tall complexity-one model with moment
map ®y: Y — t*. Let J be a complementary circle to T in G := T xp (S1)+!
and let ¢: Y — R be the moment map for the resulting circle action, normalized by
®([1,0,0]) =0. Let @ = Py ([1,0,0]).

(1) Let V be a neighbourhood of the central orbit T -[1,0,0] in Y. Then there exists
a neighbourhood U of « in t* and a positive number k' such that the preimage
(Py. ) (U x (=00, k")) is contained in V.

(2) Let (Mc,wc,c) be a symplectic toric manifold whose moment image is®

C :=image ®y . For every positive number k , there exists € > 0, a neighbour-

hood U of a € t*, and a T—equivariant symplectomorphism between
QD;I(U) Ne Y((k,k +€))CY and CIJEI(U) X (De~{0}) C M¢c xC

that intertwines ¢: Y — R and the map (m, z) — k + |z|*>. Here, T acts only
on the first factor of M¢ x C.

Proof Let j be the element of Zg C g that corresponds to J € Hom(S!, G). Let
o: image ®y — g* be given as in Lemma 8.15. Then by Lemma 8.15 and Lemma 8.18,
we have the following results:

(i) The map o is continuous and (o (), j) =0.
(ii)) (Dy.p): Y — t* xR is proper and each fiber contains at most one orbit.
(iii) image(Py.p) ={(B.s) et* xR |B € Py (Y) and s = (o(B). /)}.

Let V be a neighbourhood of 7' -[1,0,0] in Y. By (ii), there exists a neighbourhood U
of o in t* and a positive number «’ such that the preimage (®y, )~ (U x (—k’, k"))
is contained in V. Therefore, by (i) and (iii) above, after possibly shrinking U, the
preimage (®y, @)~ (U x (—oo, —k’]) is empty; this proves claim (1).

Moreover, if k is a positive number, then by (i) and (iii) above, there exists a neigh-
bourhood W of (a,k) € t* x R such that image(®y,9) NW = (C xR) N W.

%The moment cone is a Delzant cone by Lemma 7.2.

Geometry & Topology, Volume 18 (2014)



Classification of Hamiltonian torus actions with two-dimensional quotients 707

Consider ¥ and M¢ x S! xR as symplectic manifolds with toric 7 x S! actions
and with moment maps (Py, ¢) and (¢, k + projr), respectively. By the argu-
ment above, their moment images coincide with C x R, hence with each other, on a
neighbourhood of («, k). Because (ii) holds, the local normal form for toric actions
(see [10]) implies that, after possibly shrinking this neighbourhood, its preimages
in Y and in M¢c x S x R are isomorphic. Thus, after possibly shrinking U, for
sufficiently small ¢ the subset CD;I (U)Ne@ 1 ((k —€,k +¢€)) of Y is isomorphic to
the subset CIDE1 (U)x St x(k—€,k+€) of Mc x ST xR. Restricting to the preimage
of U x (k, k + €), and composing further with the map ret? > (eie, k 4+ mr?), which
is an S!—equivariant symplectomorphism from D, ~ {0} onto S! x (k,« + €) that
carries the map z > k + |z|? to the map (A,s) — s, we get claim (2). a

We are now ready to prove the first main result of this section.

9.2 Proposition Let (M,w, ®,T) be a tall complexity-one space. The skeleton and
Duistermaat—Heckman function of M are compatible.

Proof Fix apoint ¢ in the moment image A=®(M). By Lemma 7.1 and Corollary 2.5,
there are only finitely many exceptional orbits x in ®~!(a). For each such x, let
Yy =T xg, xChxt1 2 be the tall complexity-one model with moment map
®,: Yy — t* corresponding to x.

By applying surgery to neighbourhoods of the exceptional orbits, we will construct
a complexity-one space (M’,’,®’,U) with moment image A N U that has no
exceptional orbits, where U C T is a convex open neighbourhood of «. Additionally,
the Duistermaat-Heckman function p': ANU — R~ of M’ will satisfy

9.3) p=p=Y px:
X

where py is the Duistermaat—Heckman function for a truncation of the model Y, for
each exceptional orbit x in ®~!(«), and the sum is over all such orbits. Because M’
is a complexity-one space with no exceptional orbits, p’ is integral affine on ANU.
The proposition will follow immediately.

By Lemma 7.3 there exists a Delzant cone C at « and a convex open neighbourhood U
of @ in t* such that ANU =CNU. Let (M¢c,wc,Pc) be a toric manifold with
moment image C.

By the local normal form theorem, for each exceptional orbit x in ®~!(«) there exists
an isomorphism Wy from an invariant neighbourhood Vy of the central orbit 7°-[1, 0, 0]
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in Yy to an invariant open subset of M that carries T -[1, 0, 0] to x. Moreover, we
may assume that the closures in M of the open subsets W, (Vy) are disjoint.

Given an exceptional orbit x in ®~!(a), let J, be a complementary circle to T
in T xg, (S 1)thrl ; see Remark 8.5. Let ¢x be a moment map for the resulting
circle action, normalized by ¢x([1,0,0]) = 0. By Lemma 7.3, image &, = C. By
Lemma 9.1, for sufficiently small € > 0, after possibly shrinking U, there exists x5 > 0
such that ®;1(U) N ((—o0, kx + €)) is contained in Vy; moreover, there exists an
isomorphism between

9.4) N U) N Wy (@r  ((kx, kx +€))) C M and
9.5) O (U) x (De~1{0}) C Mc xC
that intertwines @y o W7 !: Wy (Vy) — R and the map (m, z) — kx + 7|z|2.
We construct M’ by gluing together the spaces
9.6) O~ U~ Wn(oy ! (—oe ) © M and
b

9.7) | |oc' W) x De c Me xC

X
by identifying their isomorphic open subsets (9.4) and (9.5) for every exceptional
orbit x in &~ ! ().
The space M’ is the union of two closed subspaces: the images in M’ of

9.8 o1 (U)~ |_| U (o5 (—00, kx + %e)) CM and

(9.9) | |®c' (W) x Dayaye € Me xC,
X

where 13(1 /2)e C C is the closed disk. Because each of these is Hausdorff, M’ is
Hausdorff.

By construction, M’ is a manifold with a 7" action, a symplectic form o', and a
moment map ®’. Moreover, as maps to U, the restriction of ® to (9.8) and the
restriction of ®¢ to (9.9) are both proper, and so @’ is proper as well.

This yields a complexity-one space (M, w’, ®, U) with moment image A N U that
has no exceptional orbits in @’ -1 (). By Lemma 7.1, the restriction of @’ to the set
of exceptional orbits is proper. Therefore, after possibly shrinking U further, we may
assume that M’ has no exceptional orbits.
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By Lemma 8.20, after possibly shrinking U, there is a well-defined Duistermaat—
Heckman function px: A NU — Rs¢ for the restriction of @ to ¢3! ((—00,kx]),
and thus for the restriction of ® to Wy (¢3! ((—00, kx]). Since M and (9.6) differ by a
set of measure zero, and since px is a Duistermaat—Heckman function for a truncation
of the model Yy, the Duistermaat-Heckman function p’ for (M, w’, ®’) satisfies
(9.3), as required. O

We proceed to the second main result of this section.

9.10 Proposition (Local existence) Let (S, ) be a tall skeleton over an open subset
T Ct*, let A C T be a convex Delzant subset that is compatible with (S, ), and
let g be a nonnegative integer.

(1) Forany a € T there exists a convex open neighbourhood U C T of o and a tall
complexity-one space of genus g over U with moment image A N U whose
skeleton is isomorphic to S|y .

(2) Let p: A — R~ be a function that is compatible with (S,x). Then for
any o € T there exists a convex open neighbourhood U C T of o and a
tall complexity-one space of genus g over U with moment image A N U,
whose skeleton is isomorphic to S|y and whose Duistermaat—Heckman function

is planu -

Proof of part (1) Let @ be a point in 7 and fix an arbitrary positive number b. By
Corollary 2.5, the level set 7~ !(a) in S is finite. We will choose a convex open
neighbourhood U C T of « and construct a complexity-one space (M’ @’, ®',U) of
genus g with moment image ANU whose skeleton is isomorphic to S|y . Additionally,
the Duistermaat—-Heckman function o’ of M’ will be smaller than b near «; moreover,
it will satisfy

(9.11) pl=ct Y ps.
ser—l(a)

where ¢ is a positive real number and where each py is the Duistermaat—-Heckman
function for a truncation of the model Y associated to s € S'.

Choose a closed symplectic 2—manifold (X, ) of genus g and a positive number «
for each s € 7! () such that

9.12) /En+ > ke <b.

sen—(a)
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Since A is a Delzant subset, there exists a convex open neighbourhood U of o and
a Delzant cone C at @ suchthat ANU =CNU. Let (Mc,wc,Pc) be a toric
manifold with moment image C.

By the Darboux theorem, if € > 0 is sufficiently small, for each x € 7~ (&) we can
choose an open set W in ¥ and a symplectomorphism Ws: D¢ — Wi let xg = Wi (0).
Furthermore, we may assume that the closures of the sets W are disjoint. Clearly, for
each s € 7~ !(«), there is an isomorphism between

(9.13) O (U) x (De~{0}) C Mc xC  and
(9.14) SN U) x (Wy ~{xy}) € Mc x 2,
given by (m, z) — (m, ¥(2)).

Let Yy = T xg, C"+1 x 2 be the tall complexity-one model with moment map
®,: Yy — t* corresponding to s € 7~ (). Let Jy be a complementary circle to T
in T xg, (SH"+!; see Remark 8.5. Let @5 be a moment map for the resulting
circle action, normalized by ¢;([1,0,0]) = 0. Since (S, ) and A are compatible,
image @y, = C. By part (2) of Lemma 9.1, after possibly shrinking U and e, there
exists an isomorphism between

(9.15) o, (U) Ny ((ks, k5 +€)) C Yy and
(9.16) O (U) x (De~1{0}) € Mc xC
that intertwines ¢s: Yy — R and the map (m, z) — kg + 7|z|?.

Because the sets (9.14) and (9.15) are both isomorphic to the same set, there exists an
isomorphism between them that intertwines the map (m, Wy(z)) — ks + 7|z|? and the
map ¢g. We construct M’ by gluing together the spaces

(9.17) D' (U) x (£~ {Xs}sen—1(@) C Mc x T and
(9.18) L] oi'@ne (oo +epc || ¥
sex—(a) sen—1(a)

by identifying their isomorphic open subsets (9.14) and (9.15) for every s € 7! ().

The space M’ is the union of two closed subspaces: the images in M’ of

(9.19) Dz (U) x (2 <~ ] \IIS(DE/Z)) CMcx¥ and
sen—1(a)
(9.20) || @' @) nes (—ooks+e/2Dc | ] Y.
ser—1(a) sex—1(a)

Because each of these is Hausdorff, A/’ is Hausdorff.
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By construction, M’ is a manifold witha 7" action, a symplectic form w’, and a moment
map ®’. Moreover, as a map to U, the restriction of ®¢ to (9.19) is proper, and the
restriction of each @y to (9.20) is proper by part (3) of Lemma 8.20. Therefore, @' is
proper as amap to U.

This yields a complexity-one space (M, w’, ®', U) with moment image A N U, and
an isomorphism from M/ onto a neighbourhood of 7~ !(«) in S. Because 7 is

proper, after possibly shrinking U further, we may assume that the image of M/, .
in S is S|y . Since it is straightforward to check that M’ has genus g, it remains to

show that the Duistermaat-Heckman function p’ of M’ is smaller than b near .

We can write M’ as the disjoint union of (9.17) and

Ll e'@ne; (—eshc | ¥

sex—1(a) ser—1(a)

The function that takes the constant value fz non C NU is a Duistermaat-Heckman
function for the set (9.17). Moreover, by Lemma 8.20, after possibly shrinking U , for
each s € 7~ !(a), the function pg: ANU — R given by ps(ar) = k5 — (0(ax), j) is a
Duistermaat—Heckman function for the restriction of ®; to ®; 1 (U) N ;! ((—o0, ky)).
In particular, ps is a Duistermaat—Heckman function for a truncation of the model Y.
Thus, the Duistermaat-Heckman function p’ for M’ satisfies (9.11), with ¢ = fz n.
Since, moreover, ps(a) = ks — (0(a), j) = ks (by Lemma 8.15), Equation (9.12)
implies that p’(«) < b. By continuity, o’ is smaller than b near «. m|

Proof of part (2) By part (1) there exists a complexity-one space (M',w’, ®",U) of
genus g with moment image A N U whose skeleton is isomorphic to S|y such that
the Duistermaat—-Heckman function p’ of M’ satisfies p'(a) < p() and (9.11). Thus,
since p is compatible with (S, ), Corollary 8.24 implies that p — o’ is integral affine
on a neighbourhood of « in A. (Alternatively, this follows from Proposition 9.2.)
Thus, since we have p’ < p near «, there exist k > 0 and { € £ C t such that

p(B)—p' (B) =k —(B—a.i).

The tall complexity-one Hamiltonian 7-manifold ¥ = M¢ x C with moment map
®y (m, z) = O (m) is isomorphic to the tall complexity-one model 7" X gz (CkxC)xp°,
where T = (S1)", where H = {1}"% x (S1)*, and where h° =~ R"% . So we can
apply Lemma 8.20 to it. We identify the corresponding torus G = T x g (S1)K+! with
T x S, and we identify [1, 0, 0] with the point (129, 0) such that ®¢ (mg) = «.

Define J: S — T'x S! by J(A) = (A%,1). Let ¢: ¥ — R be the moment map
for the resulting circle action, normalized by ¢(mg,0) = 0. The T x S' moment
map dy: Y > t* xR given by Py (m,z) = (P¢ (m), |z|® — (a, £)) is normalized
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as in Lemma 8.15. Its moment image is Py (Y) = C x [—{@, ¢), 00). Hence, the
map o: C — t* x R described in Lemma 8.15 is o (8) = (B, —(«, ¢)). Therefore, by
Lemma 8.20, the restriction of ®y to ¢~ ((—o0, k]) is proper and the Duistermaat—
Heckman function for this restriction is pj (B) =k — (8 —, ).

By part (2) of Lemma 9.1, there exists a T equivariant symplectomorphism from
CID)_,1 (U)Ne N ((k,k +€)) to CDEI (U) x (D¢ ~{0}) that carries the map ¢ to the map
(m,z) = k 4+ m|z|?. If we glue this local model into M’ following the same procedure
as explained in the above proof of part (1), we get a new complexity-one space, which
satisfies all our requirements. a

10 Proof of the existence theorems

We are now ready to prove the existence theorems that we stated in Section 1.

Proof of Theorem 3 By part (2) of Proposition 9.10 for each point in 7 there exists
a convex open subset U C 7 containing the point and there exists a complexity-one
space of genus g := genus(X) over U whose moment image is ANU , whose skeleton
is isomorphic to S|y, and whose Duistermaat-Heckman function is p|y. The result
now follows from Proposition 6.2. a

Proof of Theorem 1 This theorem is an immediate consequence of Lemma 7.3,
Proposition 9.2, and Theorem 3. |

Proof of Theorem 2 This theorem is an immediate consequence of Lemma 10.1
below and Theorem 3. |

10.1 Lemma Let 7 C t* be an open subset. Let A C T be a convex Delzant subset.
Let (S, ) be a skeleton over T . If A and (S, ) are compatible, then there exists a
function p: A — R~ that is compatible with (S, ).

Proof By part (1) of Proposition 9.10, there exists a cover 4 of 7 by convex sets and,
for each U € 4, a complexity-one space (My, wy, Py, U) whose moment image is
U N A and whose skeleton is S|y . Let

pu: UNA—-R

be its Duistermaat—Heckman function. By Proposition 9.2, py is compatible with the
moment image A N U and the skeleton (S|y, 7y). Hence, by Definition 1.24, and
Corollary 8.24, on every intersection the difference

puluny —pvluny
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is locally an integral affine function. Hence this difference is given by a locally constant
function
hyy: UNV - L R.

Let A denote the sheaf of locally constant functions to £ @R . Because A is convex, the
Cech cohomology H'(A, A) is trivial. Hence, after possibly passing to a refinement
of the cover, there exist locally constant functions

(10.2) hy: U > LR

such that iy — hy = hyy on U N V. Therefore, we can define p: A — R by
plu = pu — hy for all U € §, where hy also denotes the integral affine function
given by (10.2). |
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