EQUIVARIANT COHOMOLOGY OF TORUS ORBIFOLDS WITH TWO
FIXED POINTS

ALASTAIR DARBY, SHINTARO KUROKI, AND JONGBAEK SONG

ABSTRACT. The main purpose of this paper is to introduce the main result of [6] and apply
it to show a ring structure of the equivariant cohomology of a certain class of torus orbifolds
which have exactly two fixed points. We also show that a torus orbifold over the suspension
of an (n — 1)-dimensional simplex is equivariantly homeomorphic to the 2n-dimensional sphere
quotiented by a product of cyclic groups.

1. INTRODUCTION

The relationship between the equivariant cohomology of certain smooth manifolds M?", with
half-dimensional torus actions T™ = S* x - - - x S', and the combinatorics of their quotient spaces is
well-known. A toric manifold, defined as a compact non-singular toric variety, admits the locally
standard action of a half-dimensional torus. This implies that its quotient space is a manifold with
faces (see Definition 2.3). The equivariant cohomology is then simply given as the face-ring of this
quotient space. This can also be realized as the face-ring of the complete regular fan associated
to the toric variety. A quasitoric manifold, first defined in [9], is a topological generalization of a
toric manifold whose quotient space is a simple polytope (an example of a manifold with faces)
but which is more general than a projective toric variety. Its equivariant cohomology is then given
by the face-ring associated to the simple polytope.

Torus manifolds, appearing in [14], are a wider class of manifolds M?", with half-dimensional
torus action, that contain both toric and quasitoric manifolds. The main example of a torus
manifold that is neither a toric nor a quasitoric manifold is the even-dimensional sphere S?" C
C™ @ R, where the torus acts coordinatewise on the first n coordinates. To any torus manifold we
can associate a combinatorial object, called a torus graph (see [17]), which is an n-valent graph
whose vertices correspond to the fixed points of M and whose edges are labelled by irreducible
torus representations. The underlying graph for S is the one with exactly two vertices and n
edges between them. We can then calculate the graph equivariant cohomology of the torus graph,
which is a ring of piecewise polynomials on the graph. When the ordinary cohomology of M is
trivial in all odd degrees, then the torus action is locally standard and the equivariant cohomology
of M is isomorphic to the graph cohomology of the associated torus graph. It is also possible to
give explicit generators and relations for this ring via Thom classes of the torus graph and we can
see that this is isomorphic to the face-ring of the quotient space which is, in this case, a manifold
with faces.

When we move from manifolds to orbifolds the picture slightly changes. In the case of singular
toric varieties, including toric varieties having orbifold singularities, it was proved in [10] that its
equivariant cohomology with integer coefficients is given by the piecewise polynomials on its fan if
its ordinary odd degree cohomology vanishes. For toric manifolds the ring of piecewise polynomials
on the fan is isomorphic to the face-ring of its quotient but this is not true for orbifolds in general.
In [5] it is shown that the equivariant cohomology of projective toric orbifolds and quasitoric
orbifolds, under the condition of vanishing odd degree cohomology, can be realized as a subring of
the usual face-ring of the orbit space/fan that satisfies an intergrality condition.
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In this paper we give the main result from [6] where we focus on torus orbifolds. Let T™ be
an n-dimensional torus, i.e., an n-dimensional commutative, compact, connected Lie group. A
torus orbifold is a 2n-dimensional, closed, oriented orbifold with an effective T™-action whose
fixed point set is non-empty. This notion is a generalization of torus manifolds as introduced by
Hattori-Masuda in [14].

In Section 2 we introduce some basic definitions that we need including that of an orbifold
with group action which our main objects, torus orbifolds, are an example of. We then give a
constructive definition of an orbifold over a combinatorial object known as a manifold with faces.
These will be examples of torus orbifolds and their quotient spaces are manifolds with faces. We
restrict out attention to these cases.

The suspension of an (n — 1)-simplex gives the simplest example of an n-dimensional manifold
with faces — one with exactly two vertices. In Section 3 we show that every manifold with exactly
two vertices is equivalent, in a combinatorial sense, to the suspension of a simplex and then show
that a torus orbifold over it is equivariantly homeomorphic to the quotient of an even dimensional
sphere by a product of cyclic groups.

In Section 4 we give the main result from [6] which computes the equivariant cohomology of
a torus orbifold X whose odd degree ordinary cohomology is trivial. To do this we associate to
each torus orbifold over a manifold with faces a labelled graph, called a torus orbifold graph, which
generalizes the torus graphs of [17]. We can then describe the equivariant cohomology of X as the
ring of piecewise polynomials on the associated torus orbifold graph if H°d4(X) = 0. We show
that this is isomorphic to a weighted face ring that gives us a description of H}.(X) in terms of
generators and relations. Restricting to torus orbifolds X over the suspension of a simplex we
compute these ring structures explicitly.

2. TORUS ORBIFOLDS OVER MANIFOLDS WITH FACES

In this section, we introduce 2n-dimensional torus orbifolds over a manifold with faces Q. We
first prepare some notation.
We set

[n] :={1,...,n}
and
RY = {(z1,...,2,) €ER" | 2; >0, forall i =1,...,n}.

A compact, connected, commutative, Lie group is called a torus, often denoted by T. We use the
following symbols for a torus T
e t:= Lie(T), the Lie algebra of T}
e t7 :=exp !(e) C tis the lattice, where e € T is the identity element and exp : t — T is
the exponential map;
o tg =1z ®zQ.

We also use the following symbol as the standard n-dimensional torus:
T :={(21,...,2,) €C" | |21| =+ = |2za| = 1}.

This is nothing but the product of n unit circles in C. It is well-known that every n-dimensional
torus T is isomorphic to T".

In this paper, we often identify t; := Hom(tz, Z) with H?(BT;Z) = Z". This identification is
canonically defined as follows. It is well-known that elements in H2(BT};Z) are given by the first
Chern classes of line bundles ET' x1C, — BT, where C,, is the 1-dimensional representation space
defined by p : T — S'. Moreover, the representation p lifts to the Lie algebra homomorphism
p : t = R; therefore, p € t*. Since T" and S' are abelian groups, we can take p € t;. This
gives a homomorphism from H?(BT};Z) to t;. By comparing their dimensions, we can check this
homomorphism is isomorphism.

Moreover, in this paper, we use the symbol = for the equivalence between two algebraic objects
(i.e. group isomorphism or algebra isomorphism) and the symbol ~ for the equivalence between
two geometric objects (i.e. homeomorphism or equivariant homeomorphism).
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2.1. Torus orbifolds. We first briefly recall the notion of a torus orbifold defined in [14, Section
12]. Let X = (X,U) be a 2n-dimensional orbifold whose underlying topological space is X and
whose (maximal) orbifold atlas is U = {(Ua, Vo, Ha, Pa)}, 1-€., U satisfies the following conditions:

{U,} is an open covering of X;

V, is an open subset in R?";

H, is a finite subgroup of O(2n) acting on V,;

a continuous map p, : Vy — U, which is an H,-equivariant map that induces a homeo-
morphism V,/H, ~ U,, where H, acts on U, trivially.

We often denote X by X and call (Uy, Va, Ho,pa) an orbifold chart of X. A continuous map
f: X — X’ from an orbifold X to another orbifold X is called an orbifold map if for every x € X
there are two orbifold charts (Uy, Vi, Ha, po) for X around z and (U, V., H.,,p.,) for X’ around
f(z) and a continuous map f, : Vi, — V. such that the following diagram commutes:

VQL>VCC

Pal lpﬁ,
f‘Ua

Uy, —=U!

If f, can be taken as a smooth map for every orbifold chart, then we call an orbifold map f a
smooth map.

Let G be a Lie group. A G-action on an orbifold X is a smooth map ¢ : G x X — X which
satisfies the usual rules of being a group action. We often denote an orbifold (or any topological
space) X with G-action by (X,G) or (X, G, ) if we emphasize the action ¢ : G x X — X. A
2n-dimensional closed oriented orbifold (X, T) with an effective n-dimensional torus T-action is
called a torus orbifold if it has a nonempty fixed point set X7 .

Remark 2.1. In this paper, an equivariant map [ : (X, G, ) = (X', G, ¢") means a weak equivari-
ant map, i.e., there is a group homomorphism h : G — G’ such that f(¢(g,x)) = ¢'(h(g), f(z))
for all (g,z) € G x X.

Let (X,T) be a torus orbifold. A special orbifold chart (U, V,, Hy,p:), (also called a good local
chart, see e.g. [1]), around z € X is an orbifold chart satisfying the condition that p;!(z) is a
single point & € V.. The following fact is well-known (see, for instance, [11, Proposition 2.12]).

Lemma 2.2. Let ¢ € X be a fized point in a torus orbifold (X, T). Then, there exists a T-
invariant open neighborhood U, of x and a special orbifold chart (Uy, V., Hy, p.) around x which
satisfies the following conditions:

(1) there is a finite covering fx of T such that fx/H ~T and Tx acts on Vy;
(2) the continuous map p, is an equivariant map between (V,Ty) and (U, T) which induces
an equivariant homeomorphism between (V. /H,,T,/H,) and (U, T).

A connected component of the fixed point set of a circle subgroup S; of T is a suborbifold,
say X;. This suborbifold X; is called a characteristic suborbifold if X; is a (2n — 2)-dimensional
orbifold and contains at least one fixed point of the T-action. In the definition of torus orbifolds in
[14], we also need to choose an “invariant normal orientation” for every characteristic suborbifold
X;. We will explain this in Section 2.3 for the case of torus orbifolds over manifolds with faces.

2.2. Manifolds with faces. In order to define a torus orbifold over ), we next recall the definition
of an n-dimensional manifold with faces, also called a face acyclic nice manifold with corners (see
[7, Chapter 10], [18, Section 5] or [16, Section 2.2] for more details). Let Q"(= Q) be an n-
dimensional topological manifold with boundary (we will always assume that @) is connected). A
chart with corners, or simply a chart, for Q™ is a pair (V,1y ), where V is an open subset of Q"
and

1[1‘/2V*>R1



4 ALASTAIR DARBY, SHINTARO KUROKI, AND JONGBAEK SONG

is a homeomorphism from V' to an open subset Qv C R’r. Two charts with corners (V, v ), (W, ¢w)
are said to be compatible if the transition function vy otby! : Yw (VAW) — by (VW) is a strata-
preserving homeomorphism. We call a collection of compatible charts with corners {(V, ¥y )} which
covers Q™ an atlas. A maximal atlas is called the structure with corners of Q™. A topological
manifold with boundary together with a structure with corners is called a (topological) manifold
with corners.

Let p € Q™ be a point of an n-dimensional manifold with corners Q™. If an element p € V
is in a chart (V, 4y ), then we can assign a number, say d(p) € [n] U {0}, to p by the number of
zero-coordinates of ¢y (p) € R’. This number d(p) is called the depth of p. We call the closure of
a connected component of d=1(k) (0 < k < n) a codimension-k face. The codimension 1, (n — 1)
and n faces are called facets, edges and vertices, respectively. The set of all edges and vertices
is called the one-skeleton (or the graph) of Q™. By restricting the structure with corners on Q™
to faces, we may regard each codimension-k face as an (n — k)-dimensional (sub)manifold with
corners. If each face F of a manifold with corners Q™ is acyclic, i.c. H,(F) = {0}, then we call
Q" a face acyclic manifold with corners.

Definition 2.3 (Manifold with faces). An n-dimensional face acyclic manifold with corners @ is
said to be an n-dimensional manifold with faces (or a face acyclic nice manifold with corners) if
@ satisfies the following conditions:
(1) for every k € [n], there exists a codimension-k face;
(2) a connected component of ﬂle F; for distinct k facets is a codimension-k face whenever
ﬂle F; # (; conversely, for each codimension-k face H, there are exactly k distinct facets
Fy, ..., Fy such that H is a connected component of ﬂle F;.

Let @1, Q2 be manifolds with faces. If there is a homeomorphism f : Q7 — @2 which preserves
faces for two manifolds with faces Q1 and @, then we call Q1 and Q2 isomorphic (in the sense of
manifolds with faces). We can also define a weaker equivalence relation called a combinatorially
equivalence among manifolds with faces as follows. We may regard the set of faces of a manifold
with faces @) as a partially ordered set by the inclusions of faces, say S(Q). If there is a bijective
map between S(Q1) to S(Q2) which preserves the order, then we call two manifolds with faces (1
and Q2 combinatorially equivalent. It is easy to check that if Q1 and @2 are isomorphic, then @
and Q2 are combinatorially equivalent. However, the converse is not true, see Remark 3.3.

2.3. Torus orbifolds over manifolds with faces. In this paper, we introduce a constructive
definition of a torus orbifold X over a manifold with faces @ (also see [9, 19] for details).
Let @ be an n-dimensional manifold with faces. We write the set of facets of @ as

F(Q):={F,...,Fn}.
Let T be an n-dimensional torus. We identify the lattice t7 of the Lie algebra of T with Z". A
function
A F(Q) =ty
is called a characteristic function if it satisfies the following condition:
o {\(F;,),...,A(F;.)} is linearly independent whenever Fj, N---NF;, # 0, for 1 <k <n.

Let us define the following quotient space:
(2.1) X(Q,\) = (@xT)/~,
where the equivalence relation ~ is given by
(2.2) (z,t) ~ (y,s) if and only if z = y and t~'s € Tp(y),

where F(z) is the unique face of @ containing x in its relative interior and T, is the k-dimensional
torus generated by A(F;,), ..., A(F;,) € tz, where F(x) = (F;, N---NF};,)° is a codimension-k face
(the symbol I denotes a connected component of the set F'). To be more precise, Tp(,) is the
k-dimensional torus subgroup of T" defined by

Tp@) = RAFiy) x - x RX(F;,)) [ (ZA(Fy,) x -+ x ZA(Fy,))
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Note that if z € Q is a vertex then Tr(,) = T.

It is easy to check that X := X (@, \) has the natural T-action induced from the T-action on
the second factor of @ x T', and its projection onto the orbit space X — X/T is induced from
the projection onto the first factor Q@ x T — @, i.e., X/T is equipped with the structure of a
manifold with faces by the induced homeomorphism X/T ~ Q. In this sense, we may identify
the orbit space of X with @, and we call the projection 7w : X — @ the orbit projection of X.
Note that if F(z) (for x € Q) is a codimension-k face then the inverse 7—!(x) is an (n — k)-
dimensional orbit which is homeomorphic to T'/Tp(,). More precisely, one can define an orbifold
structure on X (@, A) similarly as in [19, Section 2.1] (also see [6] for a more precise account).
Moreover, one can see that {7~ 1(v) | v € V(Q)} is the set of fixed points. Hence, we conclude
that X(Q,\) is a torus orbifold. Conversely, let (X,T) be a 2n-dimensional torus orbifold. We
assume that the orbit space X /T is isomorphic to some n-dimensional manifold with faces @ and
that the projection 7 : X — X/T ~ @ can be regarded as an orbit projection, i.e., 7~ 1(F};) is
a characteristic suborbifold X; for every facet F; € F(Q). Let S; be the circle subgroup of T'
fixing X;. Then, we can define the characteristic function A : F(Q) — tz by a choice of a nonzero
vector v; € tz such that S; = expRuv;. Note that there are infinitely many choices of such nonzero
vectors, i.e. if we take a primitive vector s; such that S; = expRs;, then for any r € Z \ {0} the
equality S; = expR(rs;) holds. In order to determine the nonzero vector, we need to choose a
“normal orientation” of X; in the following way. Due to [14, Lemma 12.1], for every z € X; there
is a special chart (U, V,,, H,., p,) around = which satisfies the following properties:

(1) the tangent space of T = p; !(x) in Vj, say V,, := T3V, ~ R?" again, splits into W, @ Wi,
where W, is tangent to p; (U, N X;) and Wé may be regarded as the normal vector
space of z € Xj;

(2) H, acts on W;

(3) there is a (connected) finite cover S; of S; and a lifting of the action of S; to the action of
§Z- on V, for any point z € Xj;

(4) the lifted action of S; preserves (acts on) the normal vector space Wik (C V) non-trivially;

(5) S; actson V, = W;, @ Wiﬂ; effectively.

We choose an orientation of Wit for every x € X;. We call this orientation a normal orientation
of X;. On the other hand, there are exactly two primitive vectors s; and —s; such that expRs; =
expR(—s;) = S;. Note that the choice of signs determines the orientation of S;. We take the
orientation of S; as the orientaion whose lifted §i—action preserves the orientation of the given
normal orientation of X;. Therefore, we can determine the primitive vector s; € t7 for X; without
the sign ambiguity. Moreover, the continuous map p, : V, — U, ~ V,/H, is an equivariant map
with respect to the finite covering §Z — S ~ gz/Hz, i.e., the r;(> 0)-times rotation map between
circles. Thus we may regard S; = expR(r;s;) and S; = expRs; (also see (3.2)). Consequently,
once we choose a normal orientation for each of the characteristic suborbifolds X; in the torus
orbifold X (we call a torus orbifold with normal orientations of each X; an omnioriented torus
orbifold), the characteristic function X : F(Q) — tz is uniquely determined without ambiguity of
scalar multiplications, i.e., \(F;) = v; := r;s;. We also have the following lemma:

Lemma 2.4. Given a torus orbifold (X,T) with X/T ~ @, let X\ be the characteristic func-
tion determined by the appropriate choice of omniorientation as above. Then, X is equivariant
homeomorphic to X(Q, \).

We call a(n) (omnioriented) torus orbifold X a torus orbifold over @Q if X is equivariantly
homeomorphic to X (Q, \) for some characteristic function .

Remark 2.5. Note that a choice of scalar multiplications of the A(F;)’s changes the orbifold struc-
ture on X; however, it does not change the equivariant homeomorphism type of X. Namely, if
ME) = mN(F;) (F; € F(Q)) for some r; € Z )\ {0}, then X(Q,\) ~ X(Q,)) (equivariantly
homeomorphic).

Example 2.6 (Spindle). We denote the cyclic k-group by Cj and consider the natural surjection
pi : C — C/Cy. We define a spindle S%(m,n), for m,n # 0, as follows. The underlying topological
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space of S?(m,n) is homeomorphic to the 2-dimensional sphere S?. Denote the northpole in S? as
N and the southpole as S. The orbifold structure of S?(m, n), for m,n > 0, is the maximal orbifold
atlas U = {(Uq, Vi, Hay Do)} which contains the following two orbifold charts: (1) (Us,C, Cr, pm)
for m > 0 around S whose open neighborhood Ug is defined by S%\ {N}; (2) (Un,C, Cy,py) for
n > 0 around N whose open neighborhood Uy is defined by S? \ {S}. The orbifold S?(m,m)
is also called a rugby ball and S%(m,1) or S?(1,n) is also called a tear drop. If m is negative,
then we consider the orbifold chart on Usg as (Us, C,C_,,p—), where C is C with the reversed
orientation, C'_,, acts on it by the multiplication and p_,, : C — C/C_,, is the natural surjection.
Similarly, we define the orbifold chart on Uy when n < 0.

Note that the standard T!-action on C induces (Ug, T'/C,,) ~ (Us,T') and (Uy,T'/C,) ~
(Un,TY) by p, and p,, respectively. Moreover, because the underlying space S? has an effective T-
action, S?(m,n) also has an effective T!-action. Then, there are two fixed point {N, S}. Therefore,
(S2(m,n), T) is a torus orbifold and its orbit space S?(m,n)/T* is the interval [—1,1] such that
{—1} (resp. {1}) corresponds to S (resp. N). Then, (Us,C,Cp,pm) (resp. (Us,C,C_p,p—m))
has the natural extension of the T'-action whose normal orientation is determined by the standard
orientation of C (resp. C) and p,, : C — Us ~ C/Cy, (vesp. p_,, : C = Us ~ C/C_,,) induces the
homomorphism 7% — T ~ T /C.,,, by the m-times rotation. Similarly we have the T -extension
on the orbifold chart on Uy. Hence, the characteristic function A, : {—1,1} — Z\ {0} is defined
by Am.n(—1) = m and Ay, (1) = n. This means that the pair ([—1,1], Ay,,,) defines the spindle
S2(m,n) (see Figure 1), i.e., S?(m,n) is a torus orbifold over the manifold with corners [—1,1].

Note that for any m,n € Z\ {0}, (S?(m,n),T!) is equivariantly homeomorphic to (52, T!) ~
(S2(1,1),TY). We also note that (S?(1,1),T"), (S*(1,-1),T"), (S*(-1,1),T"), (S*(—1,-1),T")
are torus manifolds with four omniorientations (they give four invariant stably complex structures
on S?), also see Remark 2.5.

m n
® ®

FIGURE 1. The characteristic pair of the spindle S?(m,n).

3. THE TOPOLOGY OF A TORUS ORBIFOLD OVER THE SUSPENSION OF A SIMPLEX

Let @ be a manifold with faces with two vertices, we call such @ a manifold with two vertices
for short. It is easy to check that there exists a characteristic function A on ). By definition, the
T-action on X (@, A) has exactly two fixed point. Conversely, if there are exactly two fixed points
on X (Q, ) then its orbit space has exactly two vertices.

Definition 3.1. A torus orbifold X is said to be a torus orbifold with two fized points if there is
a manifold with two vertices @) such that X is a torus orbifold over Q.

In this section, we introduce some topological properties of the special class of torus orbifolds
with two fixed points. By the definition of a manifold with faces, an n-dimensional manifold @
with two vertices, for n > 2, has the following properties:

(1) there exist exactly n facets, say F(Q) = {F1,...,Fn};
(2) if 0 < k < n, the intersection ﬂle F;, is connected, i.e., a codimensioin-k face of Q;
(3) conversely, for every codimensional k face H (k # 0,n), there exist exactly k distinct
facets Fy,, ..., F;, such that H = ﬂle Fi;
(4) Nj=1 Fj = {p, q} (the set of all vertices of Q).
If n =1, @ is nothing but the interval [—1, 1], i.e., there are only two facets {—1} and {1}.

The typical example of an n-dimensional manifold with two vertices is the suspension TA™~!

of the (n — 1)-dimensional simplex A"~ . Here, YA"~! is defined by

A x [=1,1]/ ~,
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where [—1,1] is the interval and the equivalence relation ~ is defined by collapsing A"~ x {—1}
(resp. A" ! x {1}) to the vertex p (resp. q). Note that a codimension-k face H of SA"~! for
k=0,...,n—1,is determined by the suspension ©F of some codimension-k face F in A"~! and
codimension-n faces are the two vertices p, ¢ in YA" 1. It is easy to check the following property:

Proposition 3.2. Let Q be an n-dimensional manifold with two vertices. Then Q is combinato-
rially equivalent to SA™ L,

Remark 3.3. We define the topology on A™~! by the induced topology from R7%, i.e., A"~1 =
{(z1,...,2,) € RT | 31 2; = 1}. By the connected sum with a homology sphere and LA™,
we can construct an n-dimensional manifold with two vertices which is not isomorphic to SA"~!
(also see [8]).

Remark 3.4. We also note that A" ™! can also be thought of as taking A™ and collapsing a facet.

If n > 2, the characteristic function A : F(XA""!) — t; = Z" is often illustrated by the
following (n X n)-square matrix in GL(n; Q) N M, (Z):

A1 A1
(3.1) A=AEF) [ [ME)) = &+ -
)\nl o )\nn

where \(F;), i = 1,...,n, is a nonzero vector in Z". Therefore, X (X A"~ )) (i.e. if we fix the
topology of the manifold with two vertices) is completely determined by the above matrix A. We

denote the torus orbifold over LA 1 (for n > 2) determined by the matrix A as X (A). The goal
of this section is to describe the equivariant topological type of a torus orbifold X (A).

3.1. The equivariant topological type of X(A). Let 7 : X(A) — A" ! be the orbit projec-
tion of the T"-action on X (A) and X; be the (2n — 2)-dimensional torus suborbifold defined by
7 Y(F;), for i = 1,...,n, i.e. the characteristic suborbifold associated to F;. Since the character-
istic function A; := A(F;) is a vector in tz, one can define the circle subgroup expR\; C T™, say
S;. Then X; = X (A)% is the fixed point set of the restricted S;-action.

Note that the integer square matrix A defined as in (3.1) induces the isomorphism A : R” — R™;
therefore, this induces the isomorphism R"™/Z™ — R™/A(Z™), which we also call A. Hence, we can
define the following surjective homomorphism:

(3.2) T" = R"/Z" —= R"/A(Z") = t/A(tz) = [, S —>=T" = t/tz

where T™ is the standard n-dimensional torus in C™ and the surjective homomorphism ¢ is induced
from the product of the injective homomorphisms ¢; : S; — T". Put

. n

T = H Si,

i=1

then via the isomorphism A we may regard T" as the standard torus T". By this identification,
the standard T"-action on the unit 2n-dimensional sphere S$?"(&7_,C)\; & R) may be regarded as
the standard T"-action on §?" := §2"(C" @ R), where the symbol 52" (V(p) @ R) for a complex n-
dimensional T"-representation space V' (p) represents the unit sphere (with respect to the standard
metric) in C" x R ~ V(p) @R with the torus action induced from the representation p : T — T™.
This is known as one of the torus manifolds with two fixed points, and its characteristic submanifold
M; cS*™, i=1,...,n, is defined as

(3.3) M; ={(z1,...,2n,7) €S CC" PR | 2; = 0}.

Therefore, its normal orientaion can be canonically determined by the orientation of the ith
complex space. Denote

G(A) :=kerto A CT".
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We also denote the complex one-dimensional representation ¢; o A by
i =tiopioA: T = T" = G; < T"

It is well-known that the following group is a product of cyclic groups, i.e., a finite abelian group
(see Remark 3.11):

G(A) = [ ker pi 2 tz/A(tz).
i=1

Then, we can consider the following action induced from the standard action (S, T"):
(S*"/G(A),T"/G(N)) = (S*" /G(A), T™).

It is easy to check that there are exactly two fixed points in this action and that the characteristic
suborbifolds X; C S?"/G(A), i = 1,...,n, are given by

Xi = M;/G(A),

where the M;’s are defined in (3.3). Since only the ith factor of T" fixes M;, X; is fixed by
wi(T") = S; = expRA; C T™. Here, we define the normal orientation of X; as the normal
orientation of M;. This shows that the characteristic function of (S?"/G(A),T™) coincides with
that of (X(A),7T™). Hence by using Lemma 2.4, we have the following theorem:

Theorem 3.5. Assumen > 2. Let X(A) be a torus orbifold over @ = A"~ with a characteristic
function A. Then, (X(A),T™) is equivariantly homeomorphic to (S**/G(A),T"/G(A)).

Remark 3.6. If G(A) is the identity group, then (S?7/G(A),T"/G(A))) is the torus manifold
(SQn7 Tn)

If n = 1, then G(A) is the cyclic group C,,. Therefore, (S?/G(A), T*/G(A))) is the rugby ball
with Tl-action (S*(m,m),T'). It is well-known that the spindle S?(m,n) for |m| # |n| is a bad
orbifold, i.e., it can not be obtained by the global quotient of S2. This shows that Theorem 3.5
does not hold for n = 1.

Theorem 3.5 leads us to the following corollary which can be obtained by applying Lemma 2.2
to the case of a torus orbifold over Q:

Corollary 3.7. Let U, = X(RY, )\|R1) be the open invariant neighborhood around a fixed point
x of a torus orbifold X(Q,\), i.e., the \ restricts to a facet around x, say )\|R1. Let A be the

(n x n)-matriz as in (3.1) which defines the characteristic function Ag». Then, the following
holds:

(U, T") = (C"/G(A), T /G(M)),

where ~ represents an equivariant homemorphism. Furthermore, there is the following special
orbifold chart around x:

(Us, Vo, Hy, i) = (Uz, €, G(A), o : C" = C"/G(A) = Uy).
Note that G(A) acts on S?" 71 = {(21,...,2,,0) € S?"(C" @ R)}. Denote its orbit space by
L(A) := S /G(A),
which is called an orbifold lens space in [5]. We note that this orbifold L(A) has a natural T™-action.

Remark 3.8. When G(A) is isomorphic to a cyclic group C,, and acts freely on S?"~1, then L(A)
is a lens space. Kawasaki [15] considers the case when a cyclic group C,, acts almost freely on
S$?7=1 and calls the quotient space S?"~1/C,, the twisted lens space which is an orbifold in general
(in [2, 4], a twisted lens space is also called a weighted lens space).

We also have the following:

Corollary 3.9. The torus orbifold (X (A),T™) is equivariantly homeomorphic to (XL(A),T™),
where the T™-action on the suspension XL(A) is the natural extension of the T™-action on L(A).

Moreover, we have the following lemma:
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Lemma 3.10. Assume n > 2. Let N be the smallest subgroup of G(A) which contains all those
elements of G(A) that fix points in S*"~1. Then H3(X(A)) = G(A)/N.

Proof. Because n > 2, $?"~! is simply connected. Moreover, G(A) acts on S?"~! effectively.
Therefore, by [3], we have that 71(S?""!/G(A)) = G(A)/N = Hy(L(A)). This shows that
Hy(L(A)) is torsion if G(A)/N is not the identity group; namely, G(A) # N. By using the
universal coefficient theorem, we have Hy(L(A)) = H?(L(A)). Therefore, it follows from the
Mayer-Vietoris exact sequence that H2(L(A)) = H3(XL(A)) = H3(X(A)). O

In particular, if (S2"~1)GN) £ () then H3(X(A)) = 0. Moreover, H°¥ (X (A)) = 0 if G(A) =
{e}. Namely, if det A = 1, then H°%(X(A)) = 0.

Remark 3.11. By using the Smith normal form, there are P, Q € GL(n;Z) such that the sequence
(3.2) can be written as follows:

(3.4) T = R"/Z" — 2 > R"/A(Z") = T - T = t/t

o

Pl Ql ml

R"/P(Z") —2 = R /(M Z @ - @ 1y L) — T /(Cy, X -+ % Cy. )

o

where
1
N =QAP ! =
Tn

for some positive integers r1,...,r, such r1|ra| - |r,, and C, = Z/rZ is the cyclic subgroup in
T'. Here, we can compute 74, i = 1,...,n, as

o mi(A)

7 mifl (A) ’

where mo(A) := 1 and m;(A) is the ith determinant divisor, i.e., the greatest common divisor of
all ¢ X 4 minors of A.

Remark 3.12. As X (A) is simply connected, H'(X(A)) = 0.

Suppose that the product of cyclic groups G = C,, x -+ x C,.. acts on S?"~1 C C" coordi-
natewise. Let IV be the smallest subgroup in G which contains all those elements of G which have
fixed points. Then, N = G. Therefore, by Lemma 3.10, H3(S?"/G) = 0.

4. THE EQUIVARIANT COHOMOLOGY OF X (A) witH H°%(X(A)) =0

In this section, we compute the equivariant cohomology of X (A) with H°% (X (A)) = 0 by using
the formula in [6].

4.1. Orbifold torus graph of (@, \) and its equivariant graph cohomology. Let (@, \) be
a pair of a manifold with faces and its characteristic function. We shall define an orbifold torus
graph ((n,n)-type GKM-graph with rational axial function) I'(Q, ) := (T, @) of (Q, ) as follows.
Let T' = (V(T'), E(I")) be the one-skeleton of ). By the definition of a manifold with faces, this
becomes an n-valent graph. Moreover, we see that each edge e is a connected component of the
intersection of exactly (n — 1) facets, say Fy,,..., F,_,; and we also denote one of the normal
facets of e by Fy,, i.e., F,, N e contains the initial vertex i(e) with the appropriate orientation.
Now, we define a function

a:EI) =t
by the following system of equations:

(a(e), \(Fi,)) = - = {a(e), A\(Fy, ,)) = 0;
ey {<a<e>,A<Fkn>> ~1,
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where (, ) denotes the natural paring between a vector space tg and its dual space t§. Note that
AMF;) € tz C tg. We call such a labeled graph (I, &) an orbifold torus graph of (Q, A) and often
denote it by T'(@, \).

Remark 4.1. In [6], we define an abstract orbifold torus graph like [17] without (Q, A).

Example 4.2. The spindle S?(m, n) is defined by ([~1, 1], \n. ) in Example 2.6. Set the generator
of t by z, i.e., t; = Zz and t;; = Q. In this case, [—1,1] itself, say e, is the edge in this manifold
with corners and the two vertices i(e) = {—1} and ¢(e) = {1} are the only facets. It follows from
the definition of I'([—1, 1], A,,,,) that we have the following axial function (see Figure 2):

1 1
ale) = —z, afe) = —u.
m n
(1/m) x (1/n)x
® > < ®

-1 1

FIGURE 2. The orbifold torus graph of ([—1,1], Am.n)-

Example 4.3. Assume n > 2. Suppose that Q = YA"! and consider the torus orbifold X (A)

over Q. Let A be the transpose of the cofactor matrix of A, i.e., AA = (det A)I,,. We may put

M1

(4.2) A=|:
fin

where p; € t is the one-dimensional representation of T™ defined by ¢; 0 A as in Section 3.1. Then,

by equation (4.1), the vector u; € t) satisfies the following equation:

1
4. i) = T Mi
(4.3) alei) = gk

where e; is the edge of YA"~! which is not contained in the facet F; (see Figure 3).

1,5)

=3/2x+1/2 €1/2y
1,3)
FIGURE 3. The case when n = 2. The left figure is (A, \) and the right one is

its orbifold torus graph, where u; = bz —y and ps = —3x +y for some generators
z,y in t5.

For an orbifold torus graph (T, ), we define the following rings.

Definition 4.4 (Graph equivariant cohomology). The following ring is said to be the (integral)
graph equivariant cohomology ring:

(4.4) Hp(T,a) = {f : V(I') = Sym(tz) | f(i(e)) = f(t(e)) mod rea(e)},

where 7 is the minimal positive integer such that r.a(e) € Sym(t;) = H*(BT;Z) and i(e)
(resp. t(e)) is the initial (resp. terminal) vertex of a directed edge e.
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Here, H}.(T', o) may be regarded as an H*(BT};Z)-subalgebra of @ve\/(r) H*(BT;Z) by identi-
fying Sym(t}) with H*(BT;Z) = Z[z1, ..., 2,]. Then, r.a(e) € H*(BT;Z) and there is a natural
grading in H5(T', o) induced by the grading of H*(BT};Z).

Denote by € the reversed oriented edge of e, i.e., i(e) = t(€) and t(e) = i(€). Note that all
edges satisfy r.a(e) = trza(e) (see [6]). We may define the cohomology of (T', o) over rational
coefficients as follows:

(4.5) Hp(T,0;Q) = {f : V(I') = Sym(tp) | f(i(e)) = f(t(e)) mod afe)} .

Similarly, this has the natural Sym(t;) = H*(BT; Q)-algerbra structure. This coincides with the
definition of the cohomology ring of a GKM graph (of a symplectic orbifold) in [13, Section 1.7].
One can see that H} (T, @) is a subring of H}(T, o; Q). We call Hx(T', a; Q) the rational graph
equivariant cohomology.

The next theorem is a consequence of applying the main result of [6] restricted to the case of
torus orbifolds with two fixed points.

Theorem 4.5. Assume X := X(Q, \) satisfies H°(X) = 0. Then, there is an isomorphism
Hp(X) = Hr (T, o),

where (T, ) is the orbifold torus graph of (Q,\) and H3(X) := H*(ET x1 X;Z) is the equivariant
cohomology of X.

Remark 4.6. The above theorem also holds for more general GKM orbifolds with vanishing odd
degree cohomology (see [6]).

4.2. Weighted face ring. Given an n-valent orbifold torus graph (T', @) of (@, \) and an (n—k)-
dimensional face F' in @, there is an (n — k)-valent subgraph I'r which is the one-skeleton of F'.
We also call this subgraph an (n — k)-dimensional face of (I', o). Each face F' defines a rational
Thom class Tp € H¥ (T, a; Q) as follows:

I1 ie)=0 ale) ifveV(IFr);

(4.6) Tp(v) = {  efBTm
0 otherwise.

Note that deg7r = 2k for the codimension-k face F'.
We formally define

Note that deg 7y = deg T = 0.

Example 4.7. The following two figures (Figure 4 and Figure 5) are the examples of rational
Thom classes of the orbifold torus graph in Figure 3.

F

o\

-3/2x+1/2y \\ // -3/2x+1/2y

~ -
~ —

FIGURE 4. The rational Thom classes of the facet F' in Figure 3, i.e., 7p(p) =
(@) = ~3o+ by

Let Fou(Q) be the set of all faces in @ and and 24 = Z[rp | F € Fuu(Q)] be the integer
(graded) polynomial ring generated by the rational Thom classes. Set the graded subring of 24
as

Zox={f€Zy |YweV(T), f(v)e H(BTZ)}.
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// \\
p s v (q
® ®
(5/2x-1/2) (-3)2x+1/2y) Lo

~ —

FIGURE 5. The rational Thom classes of the vertex p in Figure 3, ie., 7,(p) =
(32 — 39) (=52 + 3y) and 7,(q) = 0.

Then, it is easy to see that the elements in 2y of the form
(4.7 TETF — TEVF Z e
GEENF

are 0 for all vertices v € V(Q), where the summation runs through all connected components in
E N F. Here the symbol F V F represents the minimal face which contains both F and F'; note
that if £ N F # () then the face £V F can be uniquely determined (also see [17]). Therefore, we
can define the ideal Z of %5 » generated by all elements defined by (4.7). Set
Z[Q,)\] = DJXQJ\/I.
We call this ring the weighted face ring of (Q, \).
The following theorem is one of the main theorems in [6]:

Theorem 4.8. Let (I',a) be the orbifold torus graph induced from (Q,\). Then the following
graded rings are isomorphic:

H (D, 0) = Z[Q, .
Therefore, together with Theorem 4.5, we have the following corollary:

Corollary 4.9. If the torus orbifold X (Q,\) satisfies H°(X(Q,\)) = 0, then its equivariant
cohomology satisfies

H(X(Q,A) = Z[Q, A].

4.3. The equivariant cohomology of X (A) when H°¥(X(A)) = 0. Now we may compute
the equivariant cohomology of X(A) when H°(X(A)) = 0. Due to Section 4.1, the graph
' = (V(T),E()) of XA""! is given by
V(L) =A{p, ¢}, E@)={er,....en 1,00}
where i(e;) = p and t(e;) = ¢ for i = 1,...,n, and the axial function o : E(I') — H?(BT;Q) is
given by the equation (4.3), i.e.,
1

ale;) = ale) = Jet A M

In this subsection, we assume that

G(A) = {e}.

Then, because X (A) is a genuine manifold, i.e., S*, we have H°%(X(A)) = 0. Since |G(A)| =
|det A| = 1, we have that

foreachi=1,...,n. Asdet A = £1, we also have det A = +1, where A is defined in (4.2). Hence,
i is a (primitive) vector in t5. Therefore, the rational Thom class 7; := Tp, corresponding to a
facet Fi, i =1,...,n, is an element in Zg . Indeed,

7i(p) = 7i(q) = +p; € H*(BT;Z).
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Set 7, and 7, as the Thom classes of the vertices, i.e.,

Tp(p) = H(iUi) € HQn(BT§ Z)» Tp(Q) = 0;
7olq) = [ [ (o) € H*"(BT3Z), - 74(p) = 0.

I
—

7

We first prove the following theorem:

Theorem 4.10. Let Q(= LA™ 1) be a manifold with two vertices and X a characteristic function
on @ such that |det A| = 1. Then,

ZQN Z LT, ..\ Tn, Tp, Tgl/(T1 T — (Tp + T4), TpTy)-

Proof. Due to the combinatorial structure of a manifold with two vertices @ (see Section 3),
for every codimension-k face H (0 < k < n), there is a subset I C [n] such that |I| = k and
H = ﬂie] F;. In this case, we write H = F7 and denote its rational Thom class by 7;. In
particular, we denote the rational Thom class of a facet F; by 7;, for convenience.

Note that in Z[Q, A] the following relation holds for i # j:

TiTj = T0T{ij} = T{ij}-
Moreover, for h € [n]\ {i,j}, we have

ThT{i,j} = T{i,j,h} = TiTjTh-

T = HTZ"

icl

Similarly we have that

for all non-empty proper subsets I C [n]. This shows that we can reduce the generators in Z[Q, A]
to 71,...,7, and 7, 7,. Namely, the ring homomorphism

C LT, Ty T, Tyl = Z[Q, N = Zo A/ T,

induced from the injection p : Z[r1, ..., Tn, Tp, Tq| = Z4,», is a surjective ring homomorphism. In
this case, one can easily see that kerp 2ImpNZ = (r1,--- , 7, — (7p + 74)) which establishes the
statement. O

Remark 4.11. Because Z[Q, \] does not depend on the topology of @, this theorem also holds for
any manifold with two vertices @ (which may not be SA™~1).

Consequently, we have the following corollary:
Corollary 4.12. If H°(X(A)) = 0 then
Hp(X(A) ZZ[m, -+, Tn, Tpy Tg/{T1 T — (Tp +74), TpTy)
where degt; =2, i=1,...,n, and deg 1, = deg 7, = 2n.

Remark 4.13. If G(A) = {e} then X(A) = S$?", i.e., the torus manifold. Therefore, we can also
obtain the above fact by using the main theorem of [17].

4.4. The equivariant cohomology of S?(m,n). In this final subsection, we apply Corollary 4.9
to the case when |det A| > 1.

Recall the spindle S?(m,n). This is homeomorphic to S2, therefore, H°4¢(S2(m,n)) = 0. The
orbifold torus graph of S?(m,n) is the one defined in Figure 2.

In this case, the rational Thom classes for the two vertices p and ¢ are defined as follows:

1 1
Tp(p) = %x’ () =0 and 74(p) =0, 74(q) = E% respectively.

Therefore, we have that

ffm,n = ﬁp([_171],>\mm) = Z[mTpaana f(Tvaq)Tqu | f(TpaTq) € Z[Tp»TqH'
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(Note that the generators are duplicated.) Hence, with the method similar to the one demonstrated
in Section 4.1, it is easy to show the following theorem:

Theorem 4.14. The T'-equivariant cohomology of the spindle S%(m,n) is isomorphic to the
following ring:

H}(SQ(m,n)) = Zan/L = Zimt,, n1gl/(mnTyTy),

where deg 7, = deg 7, = 2.

It is well-known that the T!-action on S?(m,n) is equivariantly homeomorphic to the standard
T!-action on S?. Therefore, for any m, n(# 0), their equivariant cohomologies are isomorphic. We
finally remark the following proposition; the proposition may be regarded as the generalization of
this fact for S%(m,m) = S2/C,,.

Proposition 4.15. If A is the diagonal matriz (see A’ in Remark 3.11) then the torus orbifold
X (A) is equivariantly homeomorphic to the torus manifold obtained by A = I, i.e., the standard
2n-dimensional sphere S** with T™-action.

Proof. If A is the diagonal matrix A’ in Remark 3.11 then X (A) is the orbifold $?*/C,., x---x C,. |
where C,., x - -- x C,., acts on the complex coordinates in S?" C C" @R standardly. Then, because
the scalar products on the characteristic functions does not change the topological type of the
underlying topological space, this is equivariantly homeomorphic to the torus manifold obtained
by A = I,,. This establishes the statement. (]
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