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THE TOPOLOGY OF TORIC ORIGAMI MANIFOLDS

TARA S. HoLM AND ANA RITA PIRES

ABSTRACT. A folded symplectic form on a manifold is a closed 2-form with the mildest
possible degeneracy along a hypersurface. A special class of folded symplectic manifolds
are the origami symplectic manifolds, studied by Cannas da Silva, Guillemin and Pires,
who classified toric origami manifolds by combinatorial origami templates. In this paper,
we examine the topology of toric origami manifolds that have acyclic origami template
and coodrientable folding hypersurface. We prove that the cohomology is concentrated in
even degrees, and that the equivariant cohomology satisfies the Goresky, Kottwitz and
MacPherson description. Finally, we show that toric origami manifolds with codrientable
folding hypersurface provide a class of examples of Masuda and Panov’s torus manifolds.
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1. Introduction

Toric symplectic manifolds are a very useful class of examples for testing general
theories and for making explicit computations. Statements and proofs of important
theorems often simplify in the case of toric manifolds. Delzant’s classification of toric
symplectic manifolds in terms of convex polytopes allows the translation of geometric
and topological questions into combinatorial ones. In this paper, we study toric actions
in the category of folded symplectic manifolds. Relaxing the requirement that the
manifold be symplectic broadens the class of manifolds with toric actions. The mildest
degeneracy is to allow the 2-form to be zero along a hypersurface. In this instance,
there remains enough geometric structure to be able to classify such toric origami
manifolds combinatorially.

In this paper, we study the topology of a particular class of toric origami manifolds,
those with acyclic template and codrientable fold. For such manifolds, we prove that
the ordinary cohomology is concentrated in even degrees (Theorem 3.6). This allows
us to deduce a variety of facts about the equivariant cohomology of these manifolds,
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and in particular to describe the equivariant cohomology ring combinatorially (The-
orem 4.12). Our class of toric origami manifolds does fit into the framework of torus
manifolds (Theorem 5.3). The origami structure allows us to give explicit inductive
proofs. We plan to use similar geometric techniques to study the non-codrientable
and non-acyclic cases. We hope that this approach will also generalize to a class of
torus manifolds that arise from combinatorial origami templates, in the same way
that some torus manifolds arise from combinatorial polytopes.

The remainder of this paper is organized as follows. In Section 2, we review the
symplectic and folded symplectic geometry underlying our work. We then provide a
framework for computing the ordinary and equivariant cohomology of origami man-
ifolds with cooérientable folding hypersurface and acyclic template in Sections 3 and
4. In Section 5, we describe the relationship of our work with the toric topology
literature.

2. Origami manifolds

2.1. Symplectic manifolds. We begin with a very quick review of symplectic ge-
ometry, following [4]. Let M be a manifold equipped with a symplectic form: that
is, a differential 2-form w € Q?(M) that is closed (dw = 0) and non-degenerate. The
non-degeneracy condition implies that M must be an even-dimensional manifold. The
simplest examples include

(1) M =S? = CP! with w,(X,Y) = signed area of the parallelogram spanned by
X and Y;

(2) M any compact orientable surface with w the area form; and

(3) M = R?? with w = Y_dz; A dy;. The Darboux Theorem says that every
symplectic manifold has local coérdinates so that w is of this standard form.

Suppose that a compact connected abelian Lie group T = (S')" acts on M pre-
serving w. The action is weakly Hamiltonian if for every vector £ € t in the Lie
algebra t of T, the vector field

Xe(p) = < [expltc) 9]

t=0

is a Hamiltonian vector field. That is, we require w(X¢, -) to be an exact one-form?:
(2.1) w(Xe, ) = do.

Thus, each ¢¢ is a smooth function on M defined by the differential equation (2.1), so
determined up to a constant. Taking them together, we may define a moment map

.M — t,
. (t — R >
P & = )

The action is Hamiltonian if the moment map ® can be chosen to be a T-invariant
map. Atiyah and Guillemin—Sternberg have shown that when M is a compact Hamil-
tonian T-manifold, the image ®(M) is a convex polytope, and is the convex hull of
the images of the fixed points ®(M7T) [1, 14].

IThe one-form w(Xe, ) is automatically closed because the action preserves w.
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For an effective’ Hamiltonian T action on M, dim(T) < 5 dim(}M). We say that
the action is toric if this inequality is in fact an equality. A symplectic manifold M
with a toric Hamiltonian T action is called a symplectic toric manifold. Delzant
used the moment polytope to classify symplectic toric manifolds.

A polytope A in R” is simple if there are n edges incident to each vertex, and it is
rational if each edge vector has rational slope: it lies in Q™ C R"™. A simple polytope
is smooth at a vertex if the n primitive vectors parallel to the edges at the vertex
span the lattice Z™ C R"™ over Z. It is smooth if it is smooth at each vertex. A simple
rational smooth convex polytope is called a Delzant polytope. We may now state
Delzant’s result.

Theorem 2.2 (Delzant [9]). There is a one-to-one correspondence

compact toric
symplectic manifolds

} s {Delzant polytopes} ,

up to equivariant symplectomorphism on the left-hand side and affine equivalence on
the right-hand side.

2.2. Origami manifolds. We now relax the non-degeneracy condition on w, fol-
lowing [5]. A folded symplectic form on a 2n-dimensional manifold M is a 2-form
w € Q2(M) that is closed (dw = 0), whose top power w™ intersects the zero section
transversely on a subset Z and whose restriction to points in Z has maximal rank.
The transversality forces Z to be a codimension 1 embedded submanifold of M. We
call Z the folding hypersurface or fold.

The simplest examples of folded symplectic manifolds include the following.

(1) Euclidean space M = R2? has folded symplectic form
d
w = x1dxy Ndy; + dei A dy;.
i=2
The Folded Darboux Theorem says that at points in Z = {z; = 0}, every
folded symplectic manifold has local coérdinates so that w is of this standard
form [22, TITA.4.2.2].
(2) Any even-dimensional sphere M = S?* C C" @ R may be equipped with the
form wen @ 0. The folding hypersurface is the equator Z = S~ ¢ C* & {0}.
(3) Any compact surface M can be equipped with a folded symplectic form with
Z a union of circles. See, for instance, Example 3.19 of [5], and use Remark
2.33 of the same paper together with the classification of closed surfaces. This
includes non-orientable surfaces. For example, RP? can be equipped with a
folded symplectic form so that Z is a single circle.

Let i : Z — M be the inclusion of Z as a submanifold of M. Our assumptions
imply that ¢*w has a 1-dimensional kernel on Z. This line field is called the null
foliation on Z. An origami manifold is a folded symplectic manifold (M, w) whose
null foliation is fibrating: Z —— B is a fiber bundle with orientable circle fibers over
a compact base B. The form w is called an origami form and the bundle 7 is
called the null fibration. A diffeomorphism between two origami manifolds which
intertwines the origami forms is called an origami-symplectomorphism. In the

2An action is effective if no non-trivial subgroup acts trivially.
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.

FIGURE 2.3. The moment map image for the T? action on S*. The
image consists of two overlapping copies of a triangle, which we have
slightly unfolded. The hypotenuse is the image of the equator S3. Ev-
ery other point in the image has two connected components mapping
to it, one from the northern hemisphere and the other from the south-
ern

examples above, the first is not origami because the fibers are R rather than S!, but
the second and third are origami. In the second example, the null fibration is the Hopf
bundle S?”~! — CP"~!, and in the third example, the base B consists of isolated
points.

The definition of a Hamiltonian action only depends on w being closed. Thus, in
the folded framework, we may define moment maps and toric actions exactly as in
Section 2.1. For example, the action T2 C'S* ¢ C? @ R given by rotation on the C?
coordinates is Hamiltonian with moment map

®(21,21,t) = (|21]% |22]%) .

The image of this map is shown in Figure 2.3 below.

An oriented origami manifold M with fold Z may be unfolded into a symplectic
manifold as follows. Consider the closures of the connected components of M \ Z, a
manifold with boundary which consists of two copies of Z. We collapse the fibers of
the null fibration by identifying the boundary points that are in the same fiber of the
null fibration of each individual copy of Z. The result, My := (M \ Z) U By U By, is
a (disconnected) smooth manifold that can be naturally endowed with a symplectic
form which on My \ (B1 U Bs) coincides with the origami form on M \ Z. Because
this can be achieved using symplectic cutting techniques, the resulting manifold M,
is called the symplectic cut space (and its connected components the symplectic
cut pieces), and the process is also called cutting. An example of cutting a 2-torus
is shown in Figure 2.4. The symplectic cut space of a non-orientable origami manifold
is the Zy-quotient of the symplectic cut space of its orientable double cover.

In the example shown in Figure 2.3, unfolding the origami S$* yields CP? L CP2.
This is suggested by the image of the moment map: the moment image of each toric
CP? (regardless of orientation) is a triangle. The cut space M of an oriented origami
manifold (M,w) inherits a natural orientation. It is the orientation on My induced
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FIGURE 2.4. On the left, the torus, with fold Z = S' US! indicated;
in the center, the middle step before collapsing, with two copies of
Z, one in each connected component; and on the right, the final cut
space My = S? US? with B; and B; each two points

from the orientation on M that matches the symplectic orientation on the symplectic
cut pieces corresponding to the subset of M \ Z where w™ > 0 and the opposite
orientation on those pieces where w™ < 0. In this way, we can associate a + or — sign
to each of the symplectic cut pieces of an oriented origami manifold, as well as to the
corresponding connected components of M \ Z.

Remark 2.5. In this paper, we restrict our attention to origami manifolds whose fold
is coOrientable: that is, the fold has an orientable neighborhood. Note that this not
imply that the manifold is orientable. Indeed, for an orientable M, the condition that
w™ intersects the zero section transversally implies that the connected components of
M\ Z, which are adjacent in M have opposite signs. Since M is connected, picking a
sign for one connected component of M \ Z determines the signs for all other compo-
nents. As a consequence, an origami manifold M with coorientable fold is orientable
if and only if it is possible to make such a global choice of signs for the connected
components of M \ Z. The moment image of a non-orientable origami manifold that
nevertheless has codrientable fold is given in Figure 3.1.

Proposition 2.6 ([5, Props. 2.5 & 2.7]). Let M be a (possibly disconnected) sym-
plectic manifold with a codimension two symplectic submanifold B and a symplectic
involution v of a tubular neighborhood W of B which preserves B3, . Then there is an
origami manifold M such that M is the symplectic cut space of M. Moreover, this
mamnifold is unique up to origami-symplectomorphism.

This newly-created fold Z C M involves the radial projectivized normal bundle
of B C M, so we call the origami manifold M the radial blow-up of M through
(7, B). The cutting operation and the radial blow-up operation are in the following
sense inverse to each other.

Proposition 2.7 ([5, Prop. 2.37]). Let M be an origami manifold with cut space M.
The radial blow-up My is origami-symplectomorphic to M.

There exist Hamiltonian versions of these two operations, which may be used to
see that the moment map ® for an origami manifold M coincides, on each connected
component of M \ Z with the induced moment map ®; on the corresponding sym-
plectic cut piece M;. As a result, the moment image ®(M) is the union of convex
polytopes A;.

3In the non-codrientable case, the involution must satisfy additional conditions; see [5, Def. 2.23].
In the codrientable case, we have B = B; U Ba and the involution 7 maps a tubular neighborhood
of B1 to one of By and vice versa.
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Furthermore, if the circle fibers of the null fibration for a connected component Z
of the fold Z are orbits for a circle subgroup S* C T, then ®(2) is a facet of each of
the two polytopes corresponding to neighboring components of M \ Z. Let us denote
these two polytopes A; and Ay. We note that they must agree near ®(Z): there is
a neighborhood V of ®(Z) in R™ such that A; NV = Ay N'V. The condition that the
circle fibers are orbits is automatically satisfied when the action is toric, and in that
case there is a classification theorem in terms of the moment data.

The moment data of a toric origami manifold can be encoded in the form of an
origami template, originally defined in [5, Def. 3.12]. Definition 2.8 below is a re-
finement of that original definition. The reasons for this refinement are explained in
Remark 2.9.

Following [13, p. 5], a graph G consists of a nonempty set V' of vertices and a set
E of edges together with an incidence relation that associates an edge with its two
end vertices, which need not be distinct. Note that this allows for the existence of
(distinguishable) multiple edges with the same two end vertices, and of loops whose
two end vertices are equal. We introduce some additional notation: let D,, be the set
of all Delzant polytopes in R™ and €&,, the set of all subsets of R™ which are facets of
elements of D,,.

Definition 2.8. An n-dimensional origami template consists of a graph G, called
the template graph, and a pair of maps ¥y : V — D,, and Vg : E — &,, such
that:

(1) if e is an edge of G with end vertices v and v, then ¥g(e) is a facet of each of
the polytopes ¥y (u) and ¥y (v), and these polytopes agree near Ug(e); and

(2) if v is an end vertex of each of the two distinct edges e and f, then the facets
do not intersect: g (e) N WEg(f) = 0.

The polytopes in the image of the map Wy are the Delzant polytopes of the sym-
plectic cut pieces. For each edge e, the set ¥g(e) is a facet of the polytope(s) corre-
sponding to the end vertices of e. We refer to such a set as a fold facet, as it is the
image of the connected components of the folding hypersurface?.

In the example of Figure 2.3, the template graph G has two vertices and one edge
joining them. Both vertices are mapped to the same isosceles right angle triangle
under Wy, and the edge is mapped to the hypotenuse of that triangle under V.

Remark 2.9. In the original definition of origami template, Definition 3.12 in [5], a
template consisted of a pair (P, F). The set P was a collection of Delzant polytopes
and F was a collection of pairs or singletons of facets of polytopes in P, satisfying
certain conditions. Roughly speaking, P is the image of ¥y, and the sets in F assigned
identifications of facets of polytopes in P in a way similar to that of the map Vg.
To understand the problem with this old definition we turn again to the example of
Figure 2.3: the collection P would contain two identical triangles, and F would contain
one pair, consisting of the hypotenuses of each of the triangles. However, P is a set,
and therefore if it consists of two identical elements it actually consists of only one
such element. The same issue exists with the pairs in & and in other examples, with

4A non-codrientable connected component of the folding hypersurface corresponds to a loop
edge e.
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JF itself. Simply replacing the word set by the word multiset to allow for multiple
instances of the same element gives rise to a different type of problem.
We thank an anonymous referee for bringing this problem to our attention.

With these combinatorial data in place, we may now state the classification theorem.

Theorem 2.10 ([5, Theorem 3.13]). There is a one-to-one correspondence

{ compact toric

origami manifolds} o {omgamz templates} ’

up to equivariant origami-symplectomorphism on the left-hand side, and affine equiv-
alence of the image of the template in R™ on the right-hand side.

The orbit space M/T of a toric origami manifold is closely related to the origami
template. When M is a toric symplectic manifold, then the orbit space may be iden-
tified with the corresponding Delzant polytope; this identification is achieved by the
moment map. For a toric origami manifold, the orbit space is realized as the topologi-
cal space obtained by gluing the polytopes in ¥y (V') along the fold facets as specified
by the map ¥ g. More precisely, the orbit space is the quotient

(2.11) M/T = | | (v, ¥y (v /~
veV

where we identify (u,x) ~ (v,y) if there exists an edge e with endpoints v and v
and the points x = y € Ug(e) C R™. Again, this identification is achieved by the
moment map. In simple low-dimensional examples, we can visualize the orbit space
by superimposing the polytopes ¥y (v) in R™ and indicating which of their facets to
identify; see for instance Figures 2.3, 3.1, 3.15 and 4.11. We will see in Section 5 that
there is a deformation retraction from orbit space M/T to the template graph.

There is a natural description of the faces of M/T. The facets of a polytope are
well-understood. The set of facets of M/T is

’UF/N
vEV

F facet of ¥y (v)
F not a fold facet

where the equivalence relation is induced by the one in (2.11). The faces of M /T
are non-empty intersections of facets in M /T, together with M /T itself. This notion
of face of the orbit space agrees with Masuda and Panov’s definition mentioned in
Section 5.

3. Cohomology concentrated in even degrees

We say that the origami template is acyclic if the template graph is acyclic, and
therefore a tree. In this case, the leaves of the origami template are the polytopes
which are images under Wy of the leaves of the template graph.

In light of Remark 2.5, a toric origami manifold with coorientable folding hypersur-
face is orientable exactly when the template graph has no odd cycles. In particular,
if M has an acyclic origami template, then M is automatically orientable. Two non-
acyclic origami templates are shown in Figure 3.1, one corresponding to an orientable
origami manifold and the other to a non-orientable one.
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FI1GURE 3.1. The orbit spaces corresponding to two non-acyclic tem-
plates of origami manifolds with codrientable fold. Such manifolds are
orientable exactly when there exists a consistent choice of signs for
the polytopes such that the sign changes whenever we traverse a fold
facet. The one on the left corresponds to a non-orientable manifold
and the one on the right to an orientable manifold

b
SASCHS
= 9 O O

FI1GURE 3.2. From left to right, the spaces M, My UM_, C, UC_ and C

UD

The proof of the main theorem in this section will involve induction on the number
of vertices of the template graph. To prove the inductive hypothesis, we need some
auxiliary spaces. We focus on a connected component Z of the fold Z such that M \Z
is the union of one open symplectic manifold W_ and one open origami manifold
W,. The corresponding closed manifolds with boundary are M_ = W_ U Z and
My = W, U Z. Combinatorially, M_ corresponds to a leaf of the origami template
for M.

Collapsing the fibers of the null-foliation on Z results in a toric symplectic manifold
B = 2Z/S! of dimension dim(B) = dim(M) — 2. Cutting M along Z yields one toric
symplectic manifold C_ and one toric origami manifold C, with one fewer connected
component of the fold Z \ Z. Finally, we use the space C' = C; Ug C_, which is not a
manifold. This notation is illustrated in the Figure 3.2 and summarized in Table 3.3.

Lemma 3.4. Suppose that M is a compact symplectic toric manifold with moment
polytope Apr. Let B be a codimension k T-invariant symplectic submanifold whose
moment map image A is a k-dimensional face of Apr. Then the inclusioni : B — M
induces a surjection

i H*(M;Z) - H*(B;Z).

Remark 3.5. Though it holds in more generality, we will only use this Lemma when
the submanifold B is of codimension 2. Just as [24, Lemma 2.3] allows Masuda and
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TABLE 3.3. Summary of notation

Notation Description

M Toric origami manifold, T C M

ZCZ Connected component Z of the fold Z

B C B  Toric symplectic manifold B = Z/S! and union of such B = Z/S*

W, Connected component of M \ Z that is an open origami manifold
M, W, UZ, an origami manifold with boundary
Cy W, U B, an origami manifold with one fewer vertex in its
template graph
W_ Connected component of M \ Z that is an open symplectic manifold
M_ W_ U Z, a symplectic manifold with boundary
C_ W_ U B, a toric symplectic manifold
C WL UBUW_ =Cy Ug C_ (a T-space, but not a manifold)

Panov to make inductive arguments, our Lemma 3.4 will be the crucial ingredient
when we build the cohomology of M from its related toric pieces.

Proof. The manifold B is itself a symplectic toric manifold. Its cohomology is gen-
erated in degree 2, with one class for each facet F' of Ag. Such a facet F is the
intersection of a facet F of A M with Ag. Under the restriction map i*, the gen-
erator corresponding to F maps to the generator corresponding to F. Thus, ¢* is
surjective. ([l

Theorem 3.6. Let TC M be a compact toric origami with acyclic origami template
and coorientable folding hypersurface. Then the cohomology H*(M;7Z) is concentrated
in even degrees.

Proof. We proceed by induction on the number n of vertices of the template graph, or
equivalently, of connected components of M \ Z. The base case is when n =1 and M
is a compact toric symplectic manifold. In this case, the fact that H*(M) is generated
in degree 2, and hence concentrated in even degrees is well-known. For example, see
[7, 21]. The case of a connected folding hypersurface is when n = 2, and concentration
in even degrees is proven in [5, Corollary 5.1].

For the inductive step, we assume that every compact toric origami manifold with
codrientable folding hypersurface and acyclic origami template with at most (n — 1)
vertices has cohomology concentrated in even degrees. Let M be a compact toric
origami manifold with coorientable folding hypersurface and acyclic origami template
with n vertices.

Choose a leaf of the origami template, and let Z be the connected component
of the folding hypersurface that corresponds to the facet separating the leaf from
the rest of the origami template. We use the notation M_, M., C_, C., C and B
as listed in Table 3.3. In particular, we note that C_ is actually a compact toric
symplectic manifold and C. is a compact toric origami manifold with coorientable
folding hypersurface and acyclic origami template with (n — 1) vertices.

Let Z — B be the quotient by the null-fibration. Then 7 induces maps
M2 ¢ and M_ 25O
We begin by studying the cohomology of C.



894 TARA S. HOLM AND ANA RITA PIRES

Claim 3.7. The cohomology ring H*(C;Z) is concentrated in even degrees.

Proof of Claim 3.7. We may choose T-invariant collar neighborhoods of C_ and
C. in C that deformation retract to C_ and C' respectively. This is analogous to
choosing a collar neighborhood of Z in M, as described in the remarks just before
Proposition 2.6 above.

The intersection of these neighborhoods is a collar neighborhood of B and defor-
mation retracts onto B. The Mayer—Vietoris sequence for these collar neighborhoods
induces a long exact sequence, in cohomology with integer coefficients

(38) -++——H*(C)—— H*(C})® H*(C-) —— H*(B) —— - -~
Since C_ is a compact toric symplectic manifold, Lemma 3.4 implies that the map

H*(C_) — H*(B) is a surjection. Thus, the long exact (3.8) splits into short exact
sequences (again with integer coefficients)

(3.9) 00— H*(C) —— H*(C4) @& H*(C_) — H*(B) ——0.

Note that the cohomology of C_ and B is concentrated in even degrees because
C_ and B are compact toric symplectic manifolds. By the induction hypothesis, the
cohomology of C, is concentrated in even degrees. We conclude from (3.9) in odd
degrees that H*(C;Z) must be zero in odd degrees. v

We now look at the relationship between the cohomology of C_ and that of M_.

Claim 3.10. The quotient map p— : M_ — C_ induces a surjection in cohomology
p*  H*(C_;Z) » H*(M_; 7).
In particular, H*(C_;7Z) is concentrated in even degrees, and so H*(M_;Z) is as

well.

Proof of Claim 3.10. This is an argument based on [19, Proof of Proposition 1.3],
with corrections following [18] and adjustments for integer coefficients. Consider long
exact sequence in homology with integer coefficients of the pair (C_,B)

(311) o —— Hy(B) — H(C_) —2 H(C_,B) —— |

where i : B < C_ is inclusion and j : (C_,0) — (C_,B) is inclusion of the pair.
We may apply Poincaré duality to Lemma 3.4 to establish that i, is an injection in
homology with integer coefficients. Thus, the long exact sequence (3.11) splits into
short exact sequences. We then have a commutative diagram, with integer coefficients,

H*2(B) — s H*(C) ——s H*(M_)

s

(3.12) ~(® =@ Hy (M_,2)
~J@
00— Hy o(B) " Hy_(C_) —25 Hy_.(C_, B) —0.

In this diagram, the manifold C'_ has dimension d, and B has dimension d — 2. The
maps @ and @ are Poincaré duality for the manifolds B and C_, respectively, and
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® is Poincaré duality for the manifold M_ with boundary Z. Finally, the map @ is
(p—)« and is an isomorphism by excision. The left square commutes because it is the
definition of the push-forward map ;.

We now check that the right square commutes. We use the fact that the Poincaré
duality isomorphism is the cap product with the fundamental class. So we need to
show that for any a € H*(C_),

(p-)« (P2 (a) ~ [M_]) = ju(a ~ [C_]).

But now, using the properties of the cap product as developed in [17, Section 3.3], we
have

(p,)* (pi (a) ~ [M,D = a~ ( ,)* ([M ]) by naturality of the cap product
= a~ ]*( C_ ) because (p—)«([M-]) = j«([C-])
= J« (a —~ C ) by relative naturality of the cap product,

and j*(a) = a.

Thus, the diagram commutes and we may now conclude that p* is a surjection. ¢
Finally, we turn to the relationship between the cohomology of C and that of M.

Claim 3.13. The quotient map p: M — C induces a surjection in cohomology
p*: H(C;Z) - H*(M;Z).

Proof of Claim 3.13. We have long exact sequences in cohomology with integer
coefficients for the pairs (M, M_) and (C,C_) that fit into a commutative diagram

--— H*(C,C_) —— H*(C) —— H*(C_) —— H*"1(C,C_) —— -~

S O T

o —— H* (M, M_) —— H*(M) — H*(M_) — H**}(M,M_) — - --

Note that the maps @® and @ are isomorphisms by excision, and the map @ is onto
by Claim 3.10. The Four Lemma (the “onto” half of the Five Lemma) states that if
@ and @ are onto and @ is one-to-one, then @ must be onto. We have this for each
degree, completing the proof. v

Claim 3.7 guarantees that the cohomology of C' is concentrated in even degrees.
Claim 3.13 tells us that H*(C;Z) £~ H*(M;Z) is surjective, and so H*(M;Z) is
necessarily concentrated in even degrees. ([l

Next we see how the conclusion of Theorem 3.6 can fail in the non-acyclic case.

Nonexample 3.14. The torus T? is a toric origami manifold. The (toric) circle action
is rotation along one of the coordinate circles. The folding hypersurface consists of two
disjoint circles, as shown in Figure 3.15. The orbit space consists of two superimposed
identical intervals, glued to one another at each end. The template graph has two
vertices (one for each of the intervals) connected to one another by two edges (one
for the top fold facet and one for the bottom fold facet), and therefore the template
is not acyclic.
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®

FIGURE 3.15. The moment map for S' acting on T2.

It is not hard to compute that

Z k=0,2,
HMT%Z2)={Z®Z k=1,
0 else

and so the conclusion of Theorem 3.6 fails.

4. Equivariant cohomology

Equivariant cohomology is a generalized cohomology theory in the equivariant cate-
gory. We use the Borel model to compute equivariant cohomology. For the torus T,
we let E'T be a contractible space on which T acts freely. Explicitly, for a circle, we
may choose ES! to be the unit sphere S* in a Banach space. This is well-known to
be contractible. Since T = S! x --- x S! is a product, we may let ET be a product of
infinite-dimensional spheres.

For any T-space X, the diagonal action of T on X x ET is free, and

Xr = (X x ET)/T

is the Borel mixing space or homotopy quotient of X. We define the (Borel)
equivariant cohomology ring to be

Hi(X;R):= H*(XT; R),

where H*(—; R) denotes singular cohomology with coefficients in the commutative
ring R. Thus, when X is a free T-space, we may identify

Hi(X;R) = H*(X/T; R).
At the other extreme, if T acts trivially on X, then
Hi(X;R) = H*(X x BT;R),
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where BT = ET/T is the classifying space of T. Note that the cohomology of the
classifying space, H*(BT; R) = Hy(pt; R), is the equivariant cohomology ring of a
point.

For any T-space X, we have the fibration

(4.1) X < Xr — BT.

The projection X7 — BT induces the map Hy (pt; R) — Hq(X; R), making H#(X; R)
an Hj(pt; R)-module. Natural maps in equivariant cohomology preserve this module
structure.

A common tool in the computation of equivariant cohomology is the Serre spectral
sequence applied to the fibration (4.1). This has Es-page

EP? = HP(BT; HI(X; R)).

This spectral sequence converges to Hy(X; R). When X has cohomology concentrated
in even degrees, then this spectral sequence is 0 in every other row and column, and
automatically collapses. In particular, the equivariant cohomology is also concentrated
in even degrees.

Goresky et al. call a T-space X equivariantly formal if the Serre spectral se-
quence collapses at the E2-page [12]. This spectral sequence does collapse for a com-
pact toric origami manifold with acyclic origami template and codrientable folding
hypersurface, because the cohomology is concentrated in even degrees (Theorem 3.6).
Historically, the term “formal” has been used in rational homotopy theory, and so
equivariantly formal has multiple interpretations. Scull describes the relationships
between these interpretations [25]. To avoid further confusion, we will not use this
term in the remainder of this paper.

Suppose that a torus T acts on a compact manifold M. Then the inclusion of the
fixed points I : MT — M induces a map in equivariant cohomology,

(4.2) I* . Hi(M; R) — Hi:(M™; R).

A classical result of Borel establishes that the kernel and cokernel of I* are torsion
submodules [2]. Our first step is to prove that in our set-up, I* is injective. We can
deduce this in a variety of ways. We supply a constructive proof here that we hope
adds geometric intuition in the origami setting.

Theorem 4.3. Let TC M be a compact toric origami with acyclic origami template
and codrientable folding hypersurface. Then the inclusion I : MT — M induces an
injection in equivariant cohomology

I* . Hi(M;Z) — Hp(M"; 7).
Proof. We proceed by induction on the number of vertices in the template graph.

Base Case: Suppose the template graph has a single vertex. Then M is a toric
symplectic manifold. In particular, M is Kéhler and has isolated fixed points. Frankel
showed that H*(M;Z) is torsion free in this situation [10, Corollary 2|. The Serre
spectral sequence then has no torsion at the Fo page, where it collapses, so we may
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conclude that H:(M;Z) is torsion free. As the fixed points are isolated, Hi(MT;Z)
is also torsion free, and so Borel’s classical result now implies injectivity.

Inductive Step: We assume that the statement holds for any acyclic toric origami
manifold with codrientable fold with at most (n — 1) vertices in its template graph.

As in the previous section, we choose a leaf of the origami template, and let Z be
the connected component of the folding hypersurface that corresponds to the facet
separating the leaf from the rest of the origami template. We continue to use the
auxiliary spaces M_, M., C_, Cy, C and B as listed in Table 3.3.

Claim 4.4. The inclusion CT — C induces an injection
Hi(C:Z) — HE(CT 7).

Proof of Claim 4.4. We note that C_ is a toric symplectic manifold, and Cy is a
toric origami manifold with fewer vertices in its template graph. Thus, in equivariant
cohomology with integer coefficients,

* " * T * L*F * T
Hp(C-) — Hp(CZ) and Hp(Cy) — Hp(CL)

are both injective.

Next consider the equivariant Mayer—Vietoris long exact sequence for T-invariant
neighborhoods of C' = Cy U C_. The spaces C, Cy, C_ and B each have ordinary
cohomology only in even degrees, and hence equivariant cohomology only in even
degrees. Thus, the equivariant Mayer—Vietoris long exact sequence splits into short
exact sequences. We then have a commutative diagram, with integer coefficients,

0 —— Hi(C) —2 Hy(Cy) @ Hy(C-) —— Hi(B) —— 0

o| o| |

0 —— H7(CT) = Hi(CY) ® Hy (CT) —— Hi(BT) ——0

The map @ is injective because the top row is short exact. The map ® is I* @ I7,
and is thus injective. Therefore, ® o @ is injective. But @ 0@ = @ o ®. Hence, ® must
be injective. v

Claim 4.5. In even degrees, the map
H’]%* (Ca C—) - H’ﬂ%*(CTa C?)
18 injective.
Proof of Claim 4.5. The pair (C,C_) is T-invariant, so we consider the long exact
sequence of the pair in equivariant cohomology. By Claim 3.7, the cohomology of C'

is concentrated in even degrees. The space C_ is a toric symplectic manifold, so its
cohomology is also concentrated in even degrees. Thus, the long exact sequence splits
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into a 4-term short exact sequence. This induces a commutative diagram

0—— HE(C,C_) —2 HZ*(C) —— HE*(C) —— HZ*(C,C_) — 0

0| o| J J
0—— HZ(CT,CT) —2s H24(CT) —— HE2*(CT) —— HZ+1(CT,C7) —— 0,
The map @ is injective because the top row is exact. The map ® is injective by
Claim 4.4. Therefore, @ o @ is injective. But ® 0 @ = @ o @®. Hence, ® must be
injective. v

Claim 4.6. The inclusion M* — M_ induces an injection Hi(M_) — H:(M?Y).

Proof of Claim 4.6. Recall that C_ is a toric symplectic manifold. Let f : C_ — R
be the component of its moment map that attains its maximum value on B. Let that

value be f(B) =b e R. Let g : M_ — R be the composition M_ 2= C_ LR
Choose € > 0 such that there is no critical value in between b — ¢ and b, and so that
g H((b — &,b]) is contained in the intersection of M_ with a Moser neighborhood of
Z in M.

The fact that f is a Morse-Bott function on C_ with no critical values between b—e
and b guarantees that f~'((—o0,b)) and f~'((—o0,b— 5]) are homotopy equivalent.
In addition, the fact that g~ ((b — &,b]) is contained in the intersection of M_ with
a Moser neighborhood of Z in M guarantees that f~!((—oco,b — £]) is homotopy
equivalent to M_.

We now appeal to a standard argument from equivariant symplectic geometry to
conclude that

=7 (o= 5] () =

induces an injection in equivariant cohomology. This is an inductive argument on the
critical set of f, and can be copied verbatim from the proof of [26, Theorem 2].
v
We now consider the long exact sequence in equivariant cohomology for the pair
(M, M_). We have shown that M_ and M have cohomology and thus equivariant
cohomology concentrated in even degrees. Thus the long exact sequence splits into a
4-term short exact sequence. This induces a commutative diagram

0—— H¥*(M,M_) —— H¥*(M) —— HZ*(M_) —— HZ*"' (M, M_) — 0

N R J
0 —— He* (M, MT) —— HZ*(M") —— HF*(MT) —— HF* ™' (M, M_) — 0.

We want to show that ® is injective. The Four Lemma (the “injectivity” half of the
Five Lemma) states that if @ and @ are injective and @ is surjective, then ® must
be injective.

We first note that Hi(M,M_) = HX(C,C_), and Hi(MT, M*) = Hz(CT,CT).
Thus, the map @ is injective (in even degrees) by Claim 4.5. The map @ is injective
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by Claim 4.6. The map @ is obviously surjective. Thus, by the Four Lemma, the map
@ must be injective, as desired. O

Remark 4.7. We may also derive Theorem 4.3 from work of Franz and Puppe [11].
We describe this approach, and its further applications, in the proof of Theorem 4.12
below.

We now identify the image of I*. Goresky et al. proved that the equivariant coho-
mology of certain spaces may be described combinatorially as n-tuples of polynomials
with divisibility conditions on pairs of the polynomials [12, Theorem 1.22]. The de-
scription applies, for example, to toric varieties [3, Section 2.2], hypertoric varieties
[16, Proposition 3.2], and coadjoint orbits [12, Section 7.8]. In this section, we prove
that the description also applies to any compact toric origami manifold with acyclic
origami template and coorientable folding hypersurface. We begin by recalling the
assumptions and results from [12]. The two key assumptions are

(A) The fixed point set M T consists of isolated points; and

(B) The one-skeleton M; = {p € M | dim(T - p) < 1} is 2-dimensional.

The first assumption simplifies what H#(M7T;Z) can be. When the fixed point set
consists of isolated points, this ring is a direct product of copies of

H%(pt,Z) = Z[xh s ,l’n],

one for each fixed point. Thus, every class can be represented as a tuple of polynomials,
and the ring structure is the component-wise product of polynomials.

When M is a compact Hamiltonian T-space, the second assumption ensures that
the one-skeleton must consist of 2-spheres intersecting one another at the isolated fixed
points. Moreover, the T-action preserves M, and the action rotates each S? about an
axis. The image of M7 under the moment map is an immersed graph ®(M;) =T called
the moment graph® whose vertices correspond to the fixed points MT and whose
edges correspond to the embedded S?’s. Each edge e in I is labeled by the weight ©
a, € t* by which T acts on e. Indeed, the moment map sends the corresponding S?
to a line segment parallel to the weight a.. The embedding of the graph I' encodes
in this way the isotropy data, denoted «. In this framework, we have the following
description of HF(M;Q).

Theorem 4.8 (Goresky—Kottwitz—MacPherson [12]). Suppose M is a compact Hamil-
tonian T-space satisfying conditions (A) and (B) above. Then I* is injective

I*: Hy(M;Q) — Hiy(M";Q) = @ Hi(pt; Q),
peMT
and its image consists of
(49 {(f) e D HiwLQ) | acl(fy ~ fy) Jor cach edge e = (p,q) in T }.
peMT
We will refer to these divisibility conditions as the Goresky, Kottwitz and
MacPherson (GKM) description.

5The moment graph I' is sometimes called the GKM graph. It is not the template graph.
6This is well-defined up to a sign, which is sufficient for our purposes.
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FI1GURE 4.11. The orbit space and the GKM graph for a toric
origami structure on the Hirzebruch surface. The GKM graph has
four vertices and four edges, two of which are folded

Remark 4.10. For a Hamiltonian T-space, assumption (A) guarantees that I* is
injective in equivariant cohomology with integer coefficients. We may strengthen as-
sumption (B) to guarantee that the GKM description holds over Z. A stronger set
of assumptions are described in [15, Section 3|; they include the existence of a cell
decomposition of the manifold. In particular, for Hamiltonian T-spaces with isolated
points, Morse theory can be applied to a generic component of the moment map to
establish that these stronger assumptions boil down to local topological properties
that must be checked at the fixed points. These can then be verified for symplectic
toric manifolds and for coadjoint orbits.

As we have seen, the moment map for a toric origami manifold M does not neces-
sarily produce Morse functions on M. We do not know if there is a cell decomposition
of a toric origami manifold that would allow us to apply techniques from [15].

A key technical tool in the proof of Theorem 4.8 is the Chang—Skjelbred Lemma [6,
Lemma 2.3]. Let J : MT — M; denote the inclusion of the fixed points into the one-
skeleton. The Chang-Skjelbred Lemma states that I*(Hp(M)) = J*(Hj(M;y)). Since
the one-skeleton consists of S*’s, we must understand Hz(S?). It is a simple calculation
to check that each S? contributes one of the divisibility conditions in (4.9).

Now let TC M be a compact toric origami manifold with acyclic origami template
and codrientable folding hypersurface. The fixed points MT correspond to all of the
0-dimensional faces of the orbit space M/T. Just as for toric symplectic manifolds,
these are isolated fixed points. The one-skeleton corresponds to the (possibly folded)
edges (1-dimensional faces) of the orbit space. These are the 1-dimensional faces of
the polytopes of the symplectic cut pieces that are not entirely contained in a fold.
The corresponding subsets of M are symplectic and origami 2-spheres. Therefore, the
one-skeleton is 2-dimensional. An example is shown in Figure 4.11.

Thus, assumptions (A) and (B) are satisfied in the case of toric origami manifolds,
and indeed the GKM theorem generalizes to our set-up.

Theorem 4.12. Let TC M be a compact toric origami with acyclic origami template
and coérientable folding hypersurface. Then I* is injective

I*: Hy(M;Z) — Hy(M™;2) = €P Hi(pt; 2),
peMT
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and the image consists of

(13)  {(h) e @ H:whZ) | acl(fy — fu) for cach edge e = (p,) in T},

pEMT
where . is the weight of the action T C'S? on the 2-sphere corresponding to e.

Proof. In Theorem 4.3, we have established that I* is injective (over Z). This can also
be derived from an algebraic result of Franz and Puppe. In [11, Theorem 1.1], for a
T-space X with connected stabilizers, they show that five conditions are equivalent.
Their condition (ii) is that the Serre spectral sequence collapses at the Ep-page. Their
condition (v) gives a long exact sequence.

A consequence of the origami template classification of toric origami manifolds is
that the stabilizer of a point is a connected subtorus of T. Thus, we may appeal to
Franz and Puppe’s theorem. Our Theorem 3.6 implies that the Serre spectral sequence
collapses at the Es-page, assertion (ii) in [11, Theorem 1.1]. This is then equivalent
to assertion (v) which gives a long exact sequence, the first few terms of which are

0 — H3(M;Z) 2 Hi(M; 2) 2> Hy ™ (My, Mo; Z).
The content of our Theorem 4.3 is that @ (which is I*) is injective. That the sequence
is exact then means that the image of @ is equal to the kernel of @. The map @ is
the boundary map in the long exact sequence of the pair (M, My). Thus, we have
om0 z) 2 HE My z) B B (M, My Z) —
The kernel of @ is then equal to the image of @, which is the image of the equivariant
cohomology of the one-skeleton in Hj(My;Z). The fact that the one-skeleton con-
sists of symplectic and origami 2-spheres means that each S? contributes one of the
divisibility conditions in (4.13). O

In Section 3, we proved that H*(M;Z) is concentrated in even degrees. We do not
have a Morse function on M that would allow us to compute the ranks of these coho-
mology groups. With our explicit description of Hj(M;Z), it is possible in examples
to determine the ranks and ring structure of H*(M;Z). This is a consequence of the
collapse of the Serre spectral sequence, which implies that

H*(M;Z) = Hy (M; Z) @z (pt;z) L.

Example 4.14. The 2n-sphere S?” may be endowed with toric origami structure
whose template graph has two vertices and a single edge between them. Each of
the two vertices maps to a the n-simplex in R™ with an orthogonal corner at the
origin; that is, a simplex with vertices the origin and the standard basis vectors
e; =(0,...,1,...,0) with a single 1 in the ith co6rdinate and Os elsewhere. The edge
maps to the fold facet by which these two polytopes are glued together: the (n — 1)-
simplex with vertices the e;, opposite the origin. The orbit space for S* is shown in
Figure 2.3.

Thus the toric action has 2 fixed points, which we denote N and S (for the north
and south poles). There are n edges in the GKM graph, each joining ®(N) and ®(S).
We can identify Hy(pt;Z) = Z[x1, ..., x,]. From the representation of the orbit space
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in R™ we can see that the T-action on the sphere mapping to the i*" codrdinate line
in R™ has weight x;. Theorem 4.12 states that

I*(HE(S™, 7)) = {(fN,fg) € Zlar,. .., x5 ® Lz, .., 0]

forizl,...,n}.

fl?i|(fN - fs)

From this, we can find a module basis (for H:(S?";Z) as an Hz(pt; Z)-module) with
two elements

I"(1) = (1,1) and I'*(7w) = (21 - - - x4, 0),
where 1 € HY(S*";Z) and m € H2"(S*"; Z).

Nonexample 4.15. We revisit Nonexample 3.14, of a toric circle action on a torus.
The circle action is free, and so has no fixed points. Nevertheless, we may compute

Z k=01,

H§1(T2;Z):Hk(T2/SIJZ):Hk(Sl):{ 0 else

In particular, the conclusion of Theorem 4.3 cannot hold.

5. Toric origami manifolds are locally standard

Toric topology is the study of topological analogues of toric symplectic manifolds and
toric varieties. The symplectic or algebraic structure is dropped, and the focus is the
existence of an effective smooth action of a torus half the dimension of the manifold.
Examples of such topological analogues, from most restrictive to most general, are
toric manifolds [8] (referred to by some authors as quasitoric manifolds), topological
toric manifolds [20] and torus manifolds [23].

We now show that acyclic toric origami manifolds fit into the framework of torus
manifolds, and that Theorem 3.6 also follows from the work of Masuda and Panov on
the cohomology of torus manifolds [24]. Their theory is more general and their proofs
algebraic.

A torus manifold is a 2n-dimensional closed connected orientable smooth mani-
fold M with an effective smooth action of an n-dimensional torus T™ with non-empty
fixed set. A torus manifold M is said to be locally standard if every point in M has
an invariant neighborhood U weakly equivariantly diffeomorphic to an open subset
W C C" invariant under the standard T"-action on C™. The adverb ‘weakly’ means
that there is an automorphism p: T — T and a diffeomorphism f: U — W such
that

fty) = p(t)f(y)
forallteT, yeU.

Compact symplectic toric manifolds are locally standard [9, Proof of Lemme 2.4].
Next we will prove that toric origami manifolds with coorientable folding hypersurface
are also locally standard. Toric origami manifolds with non-codrientable components
of the fold are not locally standard. Indeed, an invariant neighborhood of a point
on a non-codrientable component of the fold is a bundle of Md&bius bands over the
corresponding connected component of B [5, Rmk. 2.26], which is not equivariantly
diffeomorphic to an invariant open subset of T C C"™.
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Lemma 5.1. Suppose that (M, Z,w,®,T) is a toric origami manifold with coérientable
folding hypersurface. Then M is locally standard.

Proof. The argument used in [9, Proof of Lemme 2.4] to prove that compact sym-
plectic toric manifolds are locally standard does not use compactness of the manifold,
and therefore applies directly to the manifold M \ Z.

Next, we check the ‘locally standard’ condition on a point p € Z on the fold. We
use a Moser model, as defined in [5, Def. 2.12], for a neighborhood of p. As remarked
in [5], such Moser models exist for orientable origami manifolds. What is necessary for
the local existence of the Moser model near a single component of the fold is simply
the coodrientability of that piece of the fold. Thus, we may assume that p € Z has a
neighborhood with a Moser model.

Let Z,, denote the connected component of Z containing p. The local Moser model
is an equivariant diffeomorphism

02, % (—g,e) — U,

where ¢ > 0 and U is a tubular neighborhood of Z,, such that ¢(z,0) = x for all
x € Zp,. The symplectic form can be written in these codrdinates, but we do not need
that here.

We now consider the null-fibration S' < 2, —— B,,. It is a principal S!-bundle,
and the base space is a compact symplectic toric manifold of dimension (2n — 2).
Let b = 7w(p). Compact toric symplectic manifolds are locally standard. Choose a
neighborhood V of b € B, that is weakly equivariantly diffeomorphic to an open
subset W C C™! that is invariant with respect to the standard T"~!-action on
C™~1. By possibly passing to a smaller neighborhood of b, we may assume that the
bundle over V is trivial, V' x S — V. Thus, we have an equivariant neighborhood

V xS x (—¢,¢)

of p € Z,. Under this identification, the action of T™ splits into the T"~! action on
V, and S' acting on itself by multiplication on the S'. We may embed S x (—¢,¢)
as an open annulus A C C by equivariant diffeomorphism. Therefore V' x St x (—¢, ¢)
is weakly equivariantly diffeomorphic to an open subset W x A € C"~! x C that is
invariant with respect to the codrdinate T™-action on the vector space C™.” ([l

A key player in Masuda and Panov’s work on torus manifolds is the orbit space
@ = M/T, which in the origami framework is closely related to the origami template,
as explained at the end of Section 2. Masuda and Panov define the faces of the orbit
space using their notion of characteristic submanifold. The orbit space is then called
face-acyclic if every face F (including @ itself) is acyclic: that is, it has H*(F') = 0.

Note that the orbit space M /T deformation retracts onto the template graph: each
polytope ¥y (v) deformation retracts onto a point in its center and rays from that
point to each of the fold facets of that polytope. This can be done so that when two
polytopes are glued along a fold facet, the rays from the center points of the two
polytopes join at the fold facet: the two rays now form a line between the center
points of the two polytopes. Viewing the center points of the polytopes as vertices

7An alternative proof for this Lemma was pointed out to us by one of the referees: it uses the
fact that any submanifold of M consisting of points with the same isotropy subgroup is transverse
to the folding hypersurface Z. This fact relies strongly on the codrientability hypothesis.
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FIGURE 5.2. Each polytope deformation retracts onto a central point
and rays towards the fold facets. The orbit space M /T deformation
retracts onto the template graph

of a graph and the lines joining them as edges, we recover the template graph. An
example is provided in Figure 5.2.

Theorem 5.3. Suppose that (M, Z,w,®,T) is a toric origami manifold such that
each connected component of the folding hypersurface is coérientable. Then M/T is
face-acyclic if and only if the origami template is acyclic.

Proof. The orbit space M/T deformation retracts onto the template graph, and any
face F' of M/T deformation retracts onto a subgraph: the vertices of this subgraph
correspond to the polytopes Wy (v) which have non-empty intersection with F, its
edges are the fold facets Wg(e), which have non-empty intersection with F'.

Being homotopy equivalent to a (sub)graph, a face of M/T will be acyclic if and
only if that (sub)graph has no cycles, and therefore M /T is face-acyclic exactly when
the template graph has no cycles. O

We now can derive our Theorem 3.6 from Masuda and Panov’s work: they prove
that face-acyclic locally standard torus manifolds have no odd-degree cohomology [24,
Theorem 9.3]. While our proofs have very different flavors, it is interesting to note
that a crucial ingredient in their proof is their [24, Lemma 2.3], which is closely related
to our Lemma 3.4, as described in Remark 3.5.

Acknowledgments

We are grateful to Jean—Claude Hausmann for his help and patience when we were
sorting out the commutativity of diagram (3.12); and to Nick Sheridan for his sug-
gestions regarding Definition 2.8. We would also like to thank Ana Cannas da Silva,
Victor Guillemin, Allen Hatcher, Yael Karshon, Allen Knutson, Tomoo Matsumura,
and Milena Pabiniak for many helpful conversations. We are very grateful for the
comments from the anonymous referees, which led to several improvements of this
paper. Tara Holm was partially supported by the Simons Foundation (Grant no.
208975) and NSF (Grant DMS-1206466). Ana Rita Pires was partially supported by
an AMS-Simons Travel Grant.

References

[1] M.F. Atiyah, Convezity and commuting Hamiltonians, Bull. Lond. Math. Soc. 14(1) (1982),
1-15.



906

2]

(3]

(4]
(5]
(6]

TARA S. HOLM AND ANA RITA PIRES

A. Borel, Seminar on transformation groups, With contributions by G. Bredon, E.E. Floyd, D.
Montgomery, R. Palais. Annals of Mathematics Studies, No. 46, Princeton University Press,
Princeton, N.J. (1960).

M. Brion, Piecewise polynomial functions, convex polytopes and enumerative geometry, in Pa-
rameter spaces (Warsaw, 1994), Vol. 36 of Banach Center Publ., 25-44, Polish Acad. Sci.,
Warsaw (1996).

A. Cannas da Silva, Lectures on symplectic geometry, Vol. 1764 of Lecture Notes in Mathematics,
Springer-Verlag, Berlin (2001), ISBN 3-540-42195-5.

A. Cannas da Silva, V. Guillemin, and A.R. Pires, Symplectic origami, Int. Math. Res. Not.
IMRN (2011), no. 18, 4252-4293.

T. Chang and T. Skjelbred, The topological Schur lemma and related results, Ann. Math. (2)
100 (1974) 307-321.

V.I. Danilov, The geometry of toric varieties, Russian Math. Surveys 33(2) (1978), 97-154.
M.W. Davis and T. Januszkiewicz, Convex polytopes, Coxeter orbifolds and torus actions, Duke
Math. J. 62(2) (1991), 417-451.

T. Delzant, Hamiltoniens périodiques et images convexes de ’application moment, Bull. Soc.
Math. France 116(3) (1988), 315-339.

T. Frankel, Fized points and torsion on Kdhler manifolds, Ann. of Math. (2) 70 (1959) 1-8.
M. Franz and V. Puppe, Ezact cohomology sequences with integral coefficients for torus actions,
Transform. Groups 12(1) (2007), 65-76.

M. Goresky, R. Kottwitz, and R. MacPherson, Equivariant cohomology, Koszul duality, and the
localization theorem, Invent. Math. 131 (1998) 25-83.

R.L. Graham, M. Grotschel, and L. Lovész, editors, Handbook of combinatorics. Vol. 1, 2,
Elsevier Science B.V., Amsterdam (1995), ISBN 0-444-88002-X.

V. Guillemin and S. Sternberg, Geometric Quantization and multiplicities of group representa-
tions, Invent. Math. 67(3) (1982), 515-538.

M. Harada, A. Henriques, and T.S. Holm, Computation of generalized equivariant cohomologies
of Kac—Moody flag varieties, Adv. Math. 197(1) (2005), 198-221.

M. Harada and T.S. Holm, The equivariant cohomology of hypertoric varieties and their real
loci, Commun. Anal. Geom. 13(3) (2005), 527-559.

A. Hatcher, Algebraic topology, Cambridge University Press, Cambridge (2002), ISBN 0-521-
79160-X; 0-521-79540-0.

J.-C. Hausmann, Personal communication.

J.-C. Hausmann and A. Knutson, Cohomology rings of symplectic cuts, Differ. Geom. Appl.
11(2) (1999), 197-203.

H. Ishidia, Y. Fukukawa, and M. Masuda, Topological toric manifolds, Mosc. Math. J. 13(1)
(2012), 57-98.

J. Jurkiewicz, Chow ring of projective nonsingular torus embedding, Colloq. Math. 43(2) (1980),
261-270 (1981).

J. Martinet, Sur les singularités des formes différentielles, Ann. Inst. Fourier (Grenoble) 20
(1970), no. fasc. 1, 95-178.

M. Masuda, Unitary toric manifolds, multi-fans and equivariant indezx, Tohoku Math. J. (2)
51(2) (1999), 237-265.

M. Masuda and T. Panov, On the cohomology of torus manifolds, Osaka J. Math. 43(3) (2006),
711-746.

L. Scull, Equivariant formality for actions of torus groups, Can. J. Math. 56(6) (2004), 1290
1307.

S. Tolman and J. Weitsman, On the cohomology rings of Hamiltonian T-spaces, in ‘Northern
California Symplectic Geometry Seminar’, Vol. 196 of Amer. Math. Soc. Transl. Ser. 2, 251-258,
Amer. Math. Soc., Providence, RI (1999).

DEPARTMENT OF MATHEMATICS, CORNELL UNIVERSITY, ITHACA, NY 14853-4201, USA
E-mail address: tsh@math.cornell.edu, URL: http://www.math.cornell.edu/~tsh/

DEPARTMENT OF MATHEMATICS, CORNELL UNIVERSITY, ITHACA, NY 14853-4201, USA
E-mail address: apires@math.cornell.edu, URL: http://www.math.cornell.edu/~apires/




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


