Preface

The subject of the January-June 2020 Fields Thematic Program was Toric Topology
and Polyhedral Products. Toric topology at its core is the study of torus actions on
manifolds whose orbit space is a simple polytope and whose homotopy orbit space
has cohomology a Stanley-Reisner ring. It lies at the intersection of a wide array
of mathematical disciplines, including topology, convex geometry, combinatorics,
commutative algebra, and algebraic and symplectic geometry. A key construction
is a moment-angle complex, which is formed by gluing together Cartesian products
of discs and spheres in a manner determined by a simplicial complex. This has
a functorial generalization to Cartesian products of spaces with fixed subspaces,
again with the gluing determined by a simplicial complex. Remarkably, this unifies
several seemingly distinct constructions, for example, the Whitehead filtration in
homotopy theory, complements of complex coordinate subspace arrangements in
combinatorics, intersections of quadrics in complex-analytic geometry, and the Davis
and Salvetti complexes in geometric group theory that have been used to great effect
in studying right-angled Artin and Coxeter groups.

Toric topology arose relatively recently. Its genesis was a paper of Davis and
Januszkiewicz from 1991 that identified an elegant family of manifolds with torus
actions and described many of their geometric, topological and combinatorial prop-
erties. Over the next several years Buchstaber and Panov thoroughly investigated
and generalized these spaces, laying the groundwork for toric topology as its own
discipline. They also anticipated the functorial generalization to polyhedral prod-
ucts, later given full development in a seminal paper by Bahri, Bendersky, Cohen
and Gitler. Some of the great success stories in the area occurred at the intersection
of different disciplines, such as the insightful use of moment-angle complexes by
Bosio and Meersseman to study intersections of quadrics in complex-analytic ge-
ometry, and the use of moment-angle complexes by Grbi¢ and Theriault and later
Iriye and Kishimoto to identify the homotopy types of the complements of families
of complex coordinate subspace arrangements. Driving problems include describ-
ing the homology, cohomology and homotopy types of polyhedral products and
describing the subtle interplay between the algebraic and symplectic geometry and
the combinatorics of toric varieties and symplectic manifolds.
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The Fields Thematic Program was aimed at intensifying research into the driving
problems, attracting talented young researchers to the area, and exploring potential
interactions with other areas of mathematics. The program had two schools and four
workshops: the first school and two workshops were focused directly on studying toric
topology and polyhedral products while the second school and two workshops were
aimed at crossing boundaries by investigating the interplay between toric topology,
polyhedral products, geometric group theory and applied topology. The program was
also honoured to have two Distinguished Speakers, Victor Buchstaber and Ulrike
Tillmann, and two Clay Lecturers, Gunnar Carlsson and Shmuel Weinberger.

This volume consists of original articles that emerged from the discussions and
interactions of researchers involved with the program. It spans a wide array of topics,
reflecting the very wide reach of toric topology and polyhedral products.

The program organizers would like to thank the Fields Institute and its staff for
all their support. Special mention should go to the Fields Directors lan Hambleton,
who patiently answered our many questions during the application process, and
Kumar Murty, who encouraged us to not let the covid outbreak and lockdown in
2020 put a stop to what was a thriving program. We would also like to thank the
other workshop organizers: Peter Bubenik, Graham Denham, Matthias Franz, Jelena
Grbic¢, Ian Leary, Vidit Nanda and Piotr Przytyckyi, and the many speakers and
participants who made the program a decisive success.
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Connected sums of sphere products and
minimally non-Golod complexes

Steven Amelotte

Abstract We show that if the moment-angle complex Zx associated to a simplicial
complex K is homotopy equivalent to a connected sum of sphere products with two
spheres in each product, then K decomposes as the simplicial join of an n-simplex A"
and a minimally non-Golod complex. In particular, we prove that K is minimally
non-Golod for every moment-angle complex Zx homeomorphic to a connected sum
of two-fold products of spheres, answering a question of Grbi¢, Panov, Theriault and
Wu.

1 Introduction

A central construction in toric topology functorially assigns to each finite simpli-
cial complex K on m vertices a finite CW-complex Zg, called the moment-angle
complex, which comes equipped with a natural action of the m-torus T = (S')™.
Various homological invariants of Stanley—Reisner rings of basic importance in com-
binatorial commutative algebra are given geometric realizations by Zg and related
spaces. For example, the homotopy orbit space of Zk is the Davis—Januszkiewicz
space whose cohomology (with coefficients in a commutative ring k) is the Stanley—
Reisner ring k[K] itself, while the ordinary cohomology of Zx recovers its Koszul
homology (see [2], [8]):

H* (Zg:k) = Torli[vh___’vm](k[l(], k).
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2 Steven Amelotte

Combinatorial properties of simplicial complexes and, in particular, homological
properties of their Stanley—Reisner rings can therefore be studied by investigating the
homotopy types of moment-angle complexes. This point of view has recently been
useful in establishing the Golod property for k[K] for certain families of simplicial
complexes by applying homotopy theoretic methods to show that the corresponding
moment-angle complex Zg is homotopy equivalent to a wedge of spheres (see e.g.
[71, [12], [13], [12]). Here, K[ K] is Golod if all products and higher Massey products
vanish in Tor]’i[vl"__,vm](k[l{], k). (Golodness for a graded or local ring implies that
its Poincaré series is a rational function, and an equivalent definition can be given in
terms of a certain equality of formal power series; cf. [G92].) A simplicial complex
K is called Golod if K[K] is Golod for every field k.

Berglund and Jollenbeck observed in [3] that the Golod property is stable under
deletion of vertices and introduced the notion of a minimally non-Golod complex,
that is, a non-Golod simplicial complex which becomes Golod after deleting any of its
vertices. Using combinatorial arguments, they showed that the boundary complexes
of stacked polytopes are minimally non-Golod. Further examples have been given by
Limonchenko [15], who showed that the nerve complexes of even dimensional dual
neighbourly polytopes and certain generalized truncation polytopes are minimally
non-Golod. In each of these cases, the corresponding moment-angle complex Zx
is well known to be a smooth manifold diffeomorphic to a connected sum of sphere
products with two spheres in each product (see [4] and [9]). Moreover, in [7] it was
shown that if K is a flag complex, then K being minimally non-Golod is equivalent
to the condition that Zk is a connected sum of two-fold products of spheres. The
authors raised the question of whether, more generally, K is minimally non-Golod for
all simplicial complexes for which Zg has such a diffeomorphism type ([7, Question
3.5]). The purpose of the present paper is to answer this question affirmatively.

Theorem 1.1 If Zk is homeomorphic to a connected sum of sphere products with
two spheres in each product, then K is minimally non-Golod.

Remark 1.2 The statement of Theorem 1.1 is not true if the “homeomorphic” con-
dition is replaced by “homotopy equivalent". In Section 3 we give a counterexample
in the form of a cone over a minimally non-Golod complex K for which Zk is
homotopy equivalent to a connected sum of sphere products (see Example 3.3), and
we prove that iterated cones of this type are the only such counterexamples. We also
remark that the converse of Theorem 1.1 is not true. In [16], stellar subdivisions
of minimal triangulations of T2 and CP? are shown to be minimally non-Golod
complexes whose corresponding moment-angle complexes are not connected sums
of sphere products.

We give two proofs of Theorem 1.1. The first is a direct proof that makes crucial
use of the assumption that the moment-angle complex Zx has the structure of
a closed manifold. The second comes as a corollary of the slightly more general
Theorem 1.3 below. See Section 4 for an analogue for real moment-angle complexes.

For n > -1, let A" be the standard n-simplex, where Al = & is the empty
simplicial complex.
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Theorem 1.3 If Z is homotopy equivalent to a connected sum of sphere products
with two spheres in each product, then K = A" x L for some n > —1 where L is
Gorenstein® and minimally non-Golod.

Let K be a simplicial complex on the vertex set [m]. The star of a vertex v € K
is the subcomplex
starg(v) = {oc € K | {v} Uo € K}.

The core of K is then defined to be the full subcomplex

core(K) = K{pem | starg (0)£K }

of K on the restricted vertex set {v € [m] | starx(v) # K}. Note that any simplicial
complex can be written as a join

K = A" x core(K), (D

where A" is the simplex with (possibly empty) vertex set [m]\core(K) = {v € [m] |
starg (v) = K}. Since the moment-angle complex functor carries simplicial joins to
Cartesian products and Zpn = D2n+D) s contractible, it follows from (1) that the
homotopy type of a moment-angle complex Zx is determined by the core of K. In
the notation of Theorem 1.3, it will be shown that L = core(K) and hence that any
simplicial complex satisfying the hypothesis of Theorem 1.3 has a minimally non-
Golod core. The Gorenstein™ property implies that Zcore(k) is a closed orientable
manifold.

The author would like to thank the Fields Institute for Research in Mathematical
Sciences and the organizers of the Thematic Program on Polyhedral Products and
Toric Topology for providing both an excellent setting for research and an opportunity
to present this work. In particular, comments and questions from Taras Panov, Don
Stanley and Stephen Theriault led to improvements in this paper.

2 Preliminaries

Throughout this paper, K will denote a finite abstract simplicial complex on the
vertex set [m] = {1,...,m}. We always assume that @ € K and that K has no ghost
vertices, that is, {i} € K foralli=1,...,m.

Let (X, A) = {(Xi, A;)}[", be a sequence of pointed CW-pairs. For each simplex
o € K, define (X, A)” to be the subspace of [, X; given by

(X, A7 ={(x1,...,xm) € [1/%, Xi | x; € A fori ¢ o}.

The polyhedral product of (X, A) corresponding to K is then defined by

NE

X% = | Jx a7 c

oekK

X;. )
i=1
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In the case where (X;, A;) = (D% S!) foreachi = 1, ..., m, the polyhedral product
corresponding to K is called the moment-angle complex, denoted Zg . Similarly, the
real moment-angle complex Ry is defined by the polyhedral product (X, A)K with
(X;, Ay) = (Dl, SO) for each i = 1,...,m. Generalizing these two cases of special
interest, much of the work to date on the homotopy theory of polyhedral products
has focused on pairs of the form (CX;, X;), where CX; is the reduced cone on X;. For
a sequence of spaces X = {X;}" |, let CX = {CX;}",.

For I C [m], the full subcomplex of K on the vertex set I is defined by

KI={0'€K|O'QI}

We will simply write (X, A)X7 for the polyhedral product of {(X;, A;)}ic; corre-
sponding to K;. For any vertex i € [m], we denote by K — {i} the deletion complex
of i defined by

K—-{i}={ceK|i¢o}.

Note that K — {i} is the full subcomplex of K on the restricted vertex set [m]\{i}. We
will need the following basic but useful property of polyhedral products associated
to full subcomplexes.

Proposition 2.1 Let K be a simplicial complex on the vertex set [m] and let I C [m]
be a non-empty subset. Then (X, A)KT is a retract of (X, A)XK.

Proof Let I = {i,...,ix} € [m] where 1 < i < -+ < § < m and

k > 1. The simplicial inclusion K; — K induces a map of polyhedral prod-

ucts j;: (X, AKX — (X, A)K. It is straightforward to check that the projection
X — ﬂ;f:l X;, restricts to a map r: (X, A)¥ — (X, A)®/ such that

(XA 25 (XA (X, A
is the identity map. O

Let @K denote the image of (X, A)X under the natural quotient map

2. Xi — AL X;. After suspending, the retraction maps of Proposition 2.1
for all full subcomplexes of K can be added together using the co-H-space structure
on (X, A)X to obtain the following splitting due to Bahri, Bendersky, Cohen and
Gitler.

Theorem 2.2 ([1, Theorem 2.10]) Let K be a simplicial complex on the vertex set
[m] and let (X, A) = {(Xi, Ai)}", be a sequence of pointed CW-pairs. Then there is
a natural homotopy equivalence

——K,
X AF = \/ XA
I1<[m]

The authors of [1] go on to further identify the spaces appearing on the right hand
side of the wedge decomposition above in various cases of interest.
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Theorem 2.3 ([1])

Let K be a simplicial complex on the vertex set [m] and let X = {X;}", be a
sequence of pointed CW-complexes. Then there is a homotopy equivalence

2(CX XN = \/ 2K A X!
I¢K

where X = X; A+ A X, for I = {i1,...,ix}.

In the special case where X; = Slforalli =1,...,m, Theorem 2.3 gives the fol-
lowing suspension splitting for moment-angle complexes, which can be regarded as a
geometric realization of the description of Torl*([vl’.__, o J(k[K ], k) given by Hochster’s
formula.

Corollary 2.4 There is a homotopy equivalence

27k = \/ 21Ky ).

I1¢K

Next, we use the splittings above to prove a lemma which will be needed in the
proof of Theorem 1.3 to compare the homotopy types of moment-angle complexes
associated to a simplicial complex K and its deletion complexes K — {i}.

Lemma 2.5 Let K be a simplicial complex on the vertex set [m] and let X = {X; }J”i |
be a sequence of pointed CW-complexes which are non-contractible. Let i € [m].
Then the natural inclusion (CX, X)X~} — (CX, X)X is a homotopy equivalence
if and only if K = {i} = (K — {i}).

Proof 1If K = {i} = (K — {i}) is the cone over the deletion complex K — {i}, then
permuting coordinates defines a homeomorphism

(CX, X)X = cx; x (CX, X)K-11,

where the sequence of pairs of spaces (CX, X) on the right-hand side is understood
to be {(CX;, X;)}jem)\(i}- The natural inclusion (CX, X)X~} — (CX, X)X com-
posed with the homeomorphism above is the inclusion of the right-hand factor in
the product CX; X (CX, K)K_{i}, which is a homotopy equivalence since CX; is
contractible.

Conversely, suppose (CX, X)X~} — (CX, X)X is a homotopy equivalence. By
Theorem 2.3, there is a suspension splitting
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2(CX, XK = \/ 22K | A X

I1¢K
:(\/22|K1|/\)?1 Vv \/22|K]|/\}?I
I1¢K 1¢K
igl iel

1R

b}

(X, X% v ( \/ 22Kl A X!

I¢K
iel

and, up to homotopy, the suspended inclusion (CX, X)X~ {1} — 3(CX, X)X is
given by the inclusion of the first wedge summand. Since this is a homotopy equiv-
alence by assumption, it follows that 2|K;| A X! must be contractible for every
non-face I ¢ K containing the vertex i. As the CW-complexes Xi, ..., X;, are all
non-contractible, so are their smash products X! = Njer Xj» so this implies in
particular that £%|K;| is contractible for every non-face I ¢ K containing i.

To show that K = {i} = (K — {i}), it suffices to show that {i} U o € K whenever
o € K. First observe that {i, j} € K for all j € [m], since otherwise we would
have 2?|K(; ;| = £28° ~ §2 # «, contradicting the conclusion of the previous
paragraph. Next, assume inductively that {i} U o € K for every simplex o € K
with |o| = n. Let 7 = {ji,..., ju+1} € K. Then for each 1 < k < n + 1, we have
{1, - - .,f;;, <> jusr1} € K, which implies {i, ji, . . J;, .. jur1} € K. Now every
proper subset of {i, ji, ..., ju+1} is a simplex of K, so if {i, ji, ..., ju+1} € K, then

22|K{i,j1,...,jn+| }| — ZZOA”“ ~ Sn+2 # %,
which is a contradiction. Therefore {i} U 7 € K, which completes the induction. [J

By iterating Lemma 2.5, we obtain the following simple combinatorial character-
ization of when the inclusion of a full subcomplex induces a homotopy equivalence
of polyhedral products.

Proposition 2.6 Let K be a simplicial complex on the vertex set [m] and let X =
{X; }}": | be a sequence of pointed CW-complexes which are non-contractible. For

I C [m], let j;: (CX, X)X — (CX, X)X be the natural map induced by the
inclusion Ky C K. The following conditions are equivalent:

@) jr: (CX, X)K1 — (CX, X)X is a homotopy equivalence;

(b) core(K) € Kj;

(c) starg (v) = K forall v € [m]\I;

(d) linkg (v) = K = {v} forall v € [m|\I;

(e) K = A" U=l 4 k.

Proof The equivalence of conditions (b), (c), (d) and (e) follows immediately from

the definitions.
(e) = (a): This can be proved exactly as in the proof of Lemma 2.5.
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(a) = (e): Write [m]\I = {ji,...,jp} and note that the map j; factors as a
composite of inclusions

(CX, Xy emndrh — o — (CX, R0 — (CX, X0

where each map above has a left inverse by Proposition 2.1. Therefore if j; is a
homotopy equivalence, then so is each map in the composite, so by Lemma 2.5 we
obtain

K={ji} =(K—-{j1})
= {1} = {2} = (K = {jr. )2})

S iy x L # (K = Ut}
= AL Ky,

as desired. O

3 Proofs of Theorems 1.1 and 1.3

In this section we restate and prove the main results and discuss some consequences.
We begin with a lemma well known to homotopy theorists and include a short proof
for completeness.

Lemma 3.1 If a space Y is a homotopy retract of a simply-connected wedge of
spheres \/ o1 S™, then'Y has the homotopy type of a wedge of spheres.

Proof Suppose Y is a homotopy retract of \/, .7 S" where n, > 2 forall @ € 7.
Then there is a map r: \/,c7 S" — Y inducing a split epimorphism in integral
homology and the Hurewicz natural transformation gives a commutative diagram

ﬂ*(\/ae] Snn) —_— H*(\/aref Sna)

1Y) —— H.(Y).

The bottom horizontal arrow is an epimorphism since the top horizontal and right
vertical ones are. By hypothesis, H.(Y) is a graded free abelian group, so by choosing
Hurewicz pre-images of the elements of a basis for H.(Y) and taking their wedge
sum we obtain a map from a wedge of spheres into Y inducing an isomorphism in
homology. This map is therefore a homotopy equivalence by Whitehead’s Theorem
since it also follows from the hypothesis that ¥ has the homotopy type of a simply-
connected CW-complex. O

Theorem 1.1 If Zx is homeomorphic to a connected sum of sphere products with
two spheres in each product, then K is minimally non-Golod.
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Proof Suppose there is a homeomorphism
e
Zk = k#fl(S"" x ST

where ¢ is finite and 3 < nx < n—3foreach k = 1,..., ¢ since every moment-angle
complex is a finite 2-connected CW-complex. Note that H*(Zk ) has a non-trivial cup
product, so K is not Golod. Let i € [m] be a vertex of K and let j: Zg_;y — Zk
be the map induced by the inclusion K — {i} € K. It follows from the definition
of a polyhedral product (2) that any point (zy, ..., z,) € (D*)™ with |z;| < 1 lies
in Zk outside the image of j, and hence j is not surjective. Since Zk is a closed
manifold by assumption, the complement of a point in Zg deformation retracts onto
the (n — 1)-skeleton of Zg. Therefore, up to homotopy, j lifts through the (n — 1)-
skeleton of #izl (8™ x §"7k) which is \/i=1 (8™ v §"7") since the connected sum
of sphere products has the homotopy type of a wedge of spheres with a single top
cell attached by a sum of Whitehead products of the form wy : §7~1 — §7 v §77"% |

Combining the above observation with the fact that j admits a retraction
r: Zx — Zk-yiy by Proposition 2.1, we obtain a diagram

4

\/(sm v s

k=1

oy

k(i) ! Zk© (D)™

Zk-(iy—— (D*™!

where the bottom triangle and square commute and the top triangle commutes up to
homotopy. It follows that Zx_(; is a homotopy retract of \/,‘:ZI(S"k vV §%7") and
hence is homotopy equivalent to a wedge of spheres by Lemma 3.1. Consequently,
K — {i} is Golod, which implies K is minimally non-Golod as this holds for every
vertex i of K. O

Let K denote the collection of simplicial complexes whose corresponding
moment-angle complexes are homeomorphic to connected sums of sphere prod-
ucts with two spheres in each product. Then K includes the nerve complexes of all
simple polytopes obtained by vertex truncations of one or a product of two simplices
and all even dimensional dual neighbourly polytopes, as well as all simplicial com-
plexes obtained from these by applying the simplicial wedge construction or vertex
truncation operations in any order (see [9] and [7]).

Corollary 3.2 Let K € K. Then every proper full subcomplex K; of K has the
property that Zk, is homotopy equivalent to a wedge of spheres. In particular, the
Stanley—Reisner ring K[K;] is Golod over any ring K.
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It is not true that K is minimally non-Golod whenever Zk has the homotopy
type of a connected sum of two-fold products of spheres. We describe the smallest
possible counterexample below before turning to the proof of Theorem 1.3.

Example 3.3 Consider the simplicial complex K on 5 vertices with facets {1, 2, 5},
{2,3,5}, {3,4,5} and {1,4,5}. Observe that K is the cone over the boundary of a
square and can be written as the join K = Ky {5}. Itis easy to see that Zg, = §>xS>.
(More generally, if Kj, is the boundary of an m-gon with m > 4, then Zk,, is
homeomorphic to a connected sum of sphere products by [4].) It follows that Zx
has the homotopy type of a connected sum of sphere products since

Tk =Zk, X Zsy = S x S x D* = 8 x 82,

but K is not minimally non-Golod since its deletion complex K — {5} = Kj is not
Golod.

Theorem 1.3 If Zx is homotopy equivalent to a connected sum of sphere products
with two spheres in each product, then K = A? x L for some d > —1 where L is
Gorenstein® and minimally non-Golod.

Proof Suppose there is a homotopy equivalence
1
Zk = k#_tl(S”k x ST

forsome £ > 1and 3 < np < n-3foreach k = 1,...,¢. For each vertex i € [m],
consider the natural inclusion j: Zg_;; — Zk and the induced homomorphism

"1 Z = HY(Zk) — H"(Zk-{i))-

By Proposition 2.1, j* has a right inverse, so either j* is an isomorphism or else
H"(Zk-(iy) = 0. If j* is an isomorphism, then the Poincaré duality of H*(Zxk)
implies that j induces an isomorphism in cohomology in all dimensions and is
thus a homotopy equivalence. In this case, we obtain that K = {i} = (K — {i}) by
Lemma 2.5. It follows that the set of all vertices i € [m] for which the map j* above
is an isomorphism span a simplex A? in K and that K = A9 L, where L is the
full subcomplex of K on the set of vertices i € [m] for which j: Zx_;y — Zk
is not a homotopy equivalence. (Note that L = core(K) by Proposition 2.6, and that
—1 < d < m—>5since L is a simplicial complex on m —d — 1 vertices and Zy, ~ Zg
cannot have the homotopy type of a connected sum of two-fold products of spheres
if L has less than 4 vertices.)

For each vertex i of L, we have that H"(Z;_;) = 0. Since Zy_y;y is a retract
of Zp =~ Tk = #]i:](S”k X §"7"k), it follows that Z1—(i) has the homotopy type
of a simply-connected CW-complex of dimension less than n. Therefore the map
Zi1-yiy — Z liftsup to homotopy through the (n—1)-skeleton of Z; =~ #izl(S"k X
§777%). The same argument as in the proof of Theorem 1.1 now shows that Z; _y;;
is homotopy equivalent to a wedge of spheres and hence that L — {i} is Golod.
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Finally, it follows from the Poincaré duality of H*(Zg) = Tor%[v1 . n](Z[K 1,Z)
that K is a Gorenstein complex (see [4, Theorem 4.6.8]). Thus L = core(K) is a
Gorenstein® complex. O

Remark 3.4 A combinatorial-topological characterization due to Stanley [18] states
that a simplicial complex K is Gorenstein® if and only if K is a generalized homology
sphere. In [6], it was shown that a moment-angle complex Zk is a closed topological
manifold of dimension m+n if and only if K is a generalized homology (n—1)-sphere.
In particular, any moment-angle complex satisfying the hypothesis of Theorem 1.3
is in fact homeomorphic to a product of disks and a closed orientable manifold with
the homotopy type of a connected sum of sphere products.

4 An analogue for real moment-angle complexes

In this section we prove an analogue of Theorem 1.3 for real moment-angle com-
plexes. Recall that the real moment-angle complex corresponding to K is defined by
the polyhedral product Rx = (CX, X)X for the sequence X = {Xi}", with X; = S50
foreachi=1,...,m.

Example 4.1 Let K,,, be the boundary of an m-gon. If m > 4, then the corresponding
real moment-angle complex Rk, = #i:l(S !'x S1) is an orientable surface of genus
g = 1+ (m —4)2"73 by a result attributed to Coxeter (see [4, Proposition 4.1.8]).
In this case, each deletion complex K,, — {i} is a path graph which is Golod and
Rk,,-{i} is homotopy equivalent to a wedge of circles.

As the example above illustrates, real moment-angle complexes need not be
simply-connected. For this reason, we will need a stronger version of Lemma 3.1. A
proof that the statement of Lemma 3.1 still holds without the simply-connectedness
hypothesis, provided that the index set 7 is finite, is given in [17, Theorem 3.3].

A further modification to the proof of Theorem 1.3 is required to relate the
homotopy type of Rx to the homotopy type of Zx and hence to the Golodness
of K. For this, we refer to the work of Iriye and Kishimoto [12] on the fat wedge
filtration of Rk and its relation to the homotopy type of polyhedral products of the
form (CX, X)K.

Theorem 4.2 If Rx is homotopy equivalent to a connected sum of sphere products
with two spheres in each product, then K = A? x L for some d > —1 where L is
minimally non-Golod.

Proof Suppose Rg is homotopy equivalent to a connected sum of sphere products
#izl(S"k X 8"y with € > 1land 1 < np < nm—1foreach k = 1,...,¢. As
in the proof of Theorem 1.3, K = A? % L where L = core(K) has the property
that j: R;_(;; — R is not a homotopy equivalence for any vertex i of L by
Proposition 2.6. A priori, this does not immediately imply that j does not induce
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an isomorphism in cohomology since Ry and its retract Ry _(;} are not necessarily
simply-connected. However, the proof of the forward implication in Lemma 2.5
shows that if £j: R; _(;; — ZR_ is a homotopy equivalence, then L = {i} * (L —
{i}), contradicting that {i} € L = core(L). Thus Xj is not a homotopy equivalence,
which implies that Xj does not induce an isomorphism in cohomology since the
suspensions XR; _(;y and ZR;, are simply-connected. It follows from the Poincaré
duality of H*(Ry) = H*(#,_,(S"* x $"~")) that

j5 1 Z=H"(Rr) — H"(Ri-iy)

is not an isomorphism, and hence the retract R;_{; does not contain the top cell
of Ry.. Since Ry (;} is then a homotopy retract of \/5_, (S™* x §"~"), we conclude
that Ry _(;y is homotopy equivalent to a wedge of spheres by [17, Theorem 3.3].

In [12], the fat wedge filtration of a real moment-angle complex is shown to be
a cone decomposition. Since for each vertex i of L, Ry _y;y is homotopy equivalent
to a wedge of spheres, it follows that the attaching maps in this cone decomposition
for Ry_¢;y are null homotopic and by [12, Theorem 1.2], the decomposition of
¥(CX, X)L~} in Theorem 2.3 desuspends for any X. In particular, Zi-giy is a
suspension, which implies that L — {i} is Golod (see [12, Proposition 6.5]). [l

Corollary 4.3 If Rk is homeomorphic to a connected sum of sphere products with
two spheres in each product, then K is minimally non-Golod.

Proof Under the given assumption, K = A? % L for some minimally non-Golod
complex L by Theorem 4.2. Therefore, Rg = Rpa XRp = D+l xR, . But since Rg
is a manifold without boundary by assumption, the disk D?*! must have dimension
0,s0d = -1 and K = L is minimally non-Golod. O
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Toric manifolds over 3-polytopes

Anton Ayzenberg

Abstract In this note we gather and review several facts about existence of toric
spaces over 3-dimensional simple polytopes. First, over every combinatorial simple
3-polytope there exists a quasitoric manifold. Second, there exist combinatorial
3-polytopes, that do not correspond to any smooth projective toric variety. We
give the proof of the second claim which does not refer to complicated algebro-
geometrical technique. If follows from these results that any fullerene supports
quasitoric manifolds but does not support smooth projective toric varieties.

1 Introduction

For a 3-dimensional simple polytope P one can construct a 6-dimensional manifold
with the action of the compact torus 73, whose orbit space is P. The topology of
this manifold tells a lot about the combinatorics of the polytope. There exist sev-
eral constructions of such manifolds arising in different areas of mathematics: toric
varieties in algebraic geometry and singularity theory, symplectic toric manifolds
in symplectic geometry, quasitoric manifolds in algebraic topology. Each construc-
tion requires certain properties from the polytope, and these properties affect the
geometrical structure of the resulting manifold. For example, the construction of a
quasitoric manifold as an identification space [17] requires only the combinatorial
type of a polytope, and the resulting manifold is just a topological manifold. How-
ever, if we fix the affine realization of a polytope, the resulting quasitoric manifold
attains smooth structure, see [2]. The construction of a symplectic toric manifold
requires a polytope to be Delzant [3]. There also exist certain conditions on the
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polytope, which imply the existence of almost complex, or algebraical structure on
the corresponding manifold.

There are several natural questions. What does the existence of certain geomet-
rical structure on a toric space say about the combinatorics of the polytope? The
constructions of toric topology and toric geometry allow to construct a lot of exam-
ples of 6-dimensional manifolds. But how large is the set of examples having certain
geometrical structure? In this paper we gather and review some known results.

There is a well-known correspondence between toric varieties and rational fans.
Projective toric varieties correspond to normal fans of convex polytopes and smooth
projective toric varieties correspond to unimodular polytopal fans (i.e. normal fans of
Delzant polytopes). Quasitoric manifolds are the algebro-topological generalization
of smooth projective toric varieties. A smooth compact manifold M of real dimension
2n with the action of half-dimensional compact torus 7" is called quasitoric if

1. the action is locally standard (i.e. locally modeled by the standard action of 7"
on C" by coordinate-wise rotations);

2. the orbit space is diffeomorphic to some simple polytope P as a manifold with
corners.

In this case we say that M is a quasitoric manifold over P. Recall that n-dimensional
convex polytope is called simple if each of its vertices lies in exactly n facets
(equivalently: each vertex lies in exactly n edges). Among all convex polytopes only
simple polytopes are manifolds with corners.

Every smooth projective toric variety X is a quasitoric manifold: we can restrict
the action of an algebraic torus (C*)" on X to its compact subtorus 7" C (C*)"; and
the orbit space of this action can be identified with the image of the moment map,
which is a simple polytope. However there exist many quasitoric manifolds which are
not toric varieties. The simplest example is CP?#CP?: this is a quasitoric manifold
which is not even a complex algebraic variety [4, Sect.7.6]. On the other hand there
also exist smooth non-projective toric varieties which are not quasitoric [5].

In this paper we discuss two basic theorems:

Theorem 1.1 ([17])

There exists a quasitoric manifold over any 3-dimensional simple polytope.

Theorem 1.2 ([6])

If there exists a smooth projective toric variety over a simple 3-dimensional
polytope P, then P has at least one triangular or quadrangular face.

The recent interest to these results arose in connection with fullerenes. Mathe-
matically, a fullerene is a simple 3-dimensional polytope having only pentagonal
and hexagonal faces. Buchstaber [7] suggested to study fullerenes from the perspec-
tive of toric topology. The celebrated paper [8] provides links between geometry
and combinatorics of 3-dimensional polytopes, the cohomological rigidity of the
related 6-dimensional quasitoric manifolds, and their real 3-dimensional hyperbolic
counterparts.
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Theorems 1.1 and 1.2 above show that (1) there exist quasitoric manifolds over
fullerenes; (2) there are no smooth projective toric varieties over fullerenes. There-
fore, due to their rigid geometrical nature, smooth projective toric varieties are not
suited for the study of fullerenes.

We make a remark that Theorems 1.1 and 1.2 are based on completely different
methods. Theorem 1.1 essentially relies on the Four colors theorem: there are no
known proofs which avoid this result. This argument is well-known it toric topology:
it is included in the paper for completeness. Theorem 1.2 was formulated and proved
by Delaunay in [6], and its proof is based on the work of Reid [9] concerning Mori’s
minimality theory for toric varieties. We restate the proof in more combinatorial
topological terms, without referring to this algebro-geometrical theory, to make the
difference between toric and quasitoric cases more transparent.

Notice that the analogue of Theorem 1.2 holds in any dimension > 3. We even
get a stronger statement.

Corollary 1.3 If there exists a smooth projective toric variety over a simple n-
dimensional polytope P, n > 3, then any 3-dimensional face of P has at least one
triangular or quadrangular face.

If P is Delzant, so any of its faces is Delzant as well, so this is a direct corollary
of Theorem 1.2.

2 Quasitoric manifolds

Let M be a quasitoric manifold of dimension 2n. Its orbit space under the action of
T™ is a simple polytope P. Let 77, . . ., F, be the facets of the polytope P. Any point
x in the interior of a facet #; represents an (n— 1)-dimensional orbit of the action. The
stabilizer of this orbit is a 1-dimensional toric subgroup G; € T". We may assume
that G; = exp(di1, . .., din), Where (A; 1, ..., din) € Z" is a primitive integral vector
determined uniquely up to sign. One-dimensional stabilizer subgroups define the so
called characteristic function. Let [m] = {1, ..., m} be the index set of facets of P.
Consider the function A: [m] — Z", 1: i — (A;1,..., A ). Actually, the value is
determined uniquely up to sign, however we make a choice of this sign arbitrarily
(this corresponds to the choice of orientation of each stabilizer G;). Since the action
of the torus is locally standard, characteristic function satisfies the condition:

if facets 74, . . ., intersect in a vertex, then {A(iy), ..., A(i,)} is a basis of Z".
ey
Therefore, for any quasitoric manifold, there is an associated characteristic pair
(P, A), where P is the simple polytope representing the orbit space, and A is the

characteristic function.

in

Construction 2.1 The construction above can be reverted [17]. Given any simple
polytope P with facets 71, . . ., ¥, and a function A: [m] — Z" satisfying condition
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(1), we can construct a quasitoric manifold M(p ) as follows. For each i € [m] let
G; = exp(A(i)) € T" be the corresponding circle subgroup. Take any point x € P; it
lies in the interior of some face F € P. We have F' = F;, N --- N F;,. Let G denote
the toric subgroup G;, X --- X G;, € T". Consider the identification space

Mpay =P xT")/~

where (x,7) ~ (x’,t") whenever the points x, x” coincide and #'t~' € G,. One can
check that M(p ) is a topological manifold, and there is a locally standard action of
T, which rotates the second coordinate. Naturally, the orbit space of this action is
P itself. The canonical smooth structure on M(p ;) was constructed in [2], so that
Mp, 2 becomes a quasitoric manifold.

To prove Theorem 1.1 one needs to show that every simple 3-polytope admits a
function A, satisfying condition (1). This is done by the Four colors theorem.

Proof (Proof of Theorem 1.1) Let c: {F,...,Fm} — {a,b,c,d} be the coloring
of facets of P by four colors such that adjacent facets have distinct colors. Let
e1, es, e3 be the basis of the lattice 73, Replace colors by the vectors as follows:
are,b e, c ez, d— e + e+ e3. This gives a characteristic function,
since every three vectors among (e, €3, €3, €] + €3 + e3) form a basis of the lattice.[]

3 Toric varieties

Let V = R" be an oriented real vector space with the fixed lattice Z" =~ N c V.
Recall that a fan in R" is a collection of convex cones with apex at the origin such
that the intersection of each two cones of the collection is a face of both and belongs
to the collection. The fan is called complete if the union of all cones is the whole
space V. The fan is called rational if all cones are generated by rational vectors. The
cone is called simplicial (resp. unimodular) if it is generated by linearly independent
vectors of V (resp. part of a basis of the lattice N). The fan is called simplicial (resp.
unimodular) if all its cones are simplicial. Every unimodular fan is simplicial.

Let P be a convex polytope in the dual space V*. With any such polytope one
associates the normal fan: for each face F' c P take the cone spanned by outward
normal vectors to the facets of P containing F, and take the collection of these cones.
Normal fan is complete. Normal fan of a simple polytope is simplicial. Normal fans
of polytopes are called polytopal fans. Note that there exist non-polytopal complete
fans [10].

Definition 3.1 A polytope P is called Delzant if its normal fan is unimodular.

It follows that every Delzant polytope is simple.

Toric varieties are classified by rational fans. Compact toric varieties correspond to
complete fans. Smooth toric varieties correspond to unimodular fans. Projective toric
varieties correspond to polytopal fans. Therefore, smooth projective toric varieties
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correspond to normal fans of Delzant polytopes (i.e. polytopal unimodular fans).
Theorem 1.2 can be restated as follows.

Proposition 3.2 ([6])

Let P be a 3-dimensional Delzant polytope. Then P has at least one triangular
or quadrangular face.

Let P be an n-dimensional Delzant polytope with facets 7,..., %, and let
A(i) € Z" be the primitive outward normal vector to ¥;. The unimodularity property
of the normal fan of P implies that the function A: [m] — Z" satisfies condition
(1). Therefore each Delzant polytope determines the characteristic pair (P, 1) in a
natural way. Smooth projective toric variety corresponding to the normal fan of P is
equivariantly diffeomorphic to the quasitoric manifold determined by the pair (P, 1),
see [17]. Due to this observation smooth projective toric varieties are particular cases
of quasitoric manifolds (from topological point of view).

Let us introduce a notation to be used in the following. Let A denote a complete
unimodular fan in V = R" and m be the number of rays in A. Let X be the smooth
compact toric variety corresponding to this fan. The underlying simplicial sphere K
of the fan A has m vertices and dim K = n— 1. Let A: [m] — N be the characteristic
function, that is A(i) € N is the primitive generator of i-th ray of the fan A.

Cohomology.

Theorem 3.3 (Danilov-Jurkiewicz)
H*(Xp;Z) = Z[K]/®, where

Z[K] = Z[U], .. .,l)m]/(l)i1 AR | {il,. . .,l'S} ¢ K), |l)|l' =2

is the Stanley—Reisner ring of the sphere K, and ideal © is generated by linear forms
Ziefm) (s AD))vi, for each linear functional pu: N — Z.

A similar theorem was proved by Davis and Januszkiewicz for quasitoric man-
ifolds: in this case K is a simplicial sphere dual to a polytope, and A is a general
characteristic function. Similar theorems hold for coefficients in R (or any other
field).

Let '/XA: H?'(Xx;Z) — Z denote the pairing with the fundamental class of a
toric variety Xa. Consider a subset I = {ij,...,i,} C [m]. We have

/ 1,ifleK @)
Dy =
X n 0, otherwise.

Indeed, the class v; € HZ(XA;Z) is Poincare dual to the preimage of the facet F;
under the momentum map. Therefore, the class v; ---v;, € HZ"(XA;Z) vanishes
whenever the corresponding facets have empty intersection, and is Poincare dual to
the class of a point in Hy(Xx; Z) taken with plus sign (the latter is due to the existence
of complex structure on Xju).

In the following we also need the description of tangent Chern classes of Xx.
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Theorem 3.4 ([11]) Under the isomorphism of Theorem 3.3, the j-th Chern class of
the tangent bundle of the manifold Xy is the elementary symmetric polynomial in the
variables v;:

cj(Xp) = oj(vr, ..., 0m) = Z 1_[ v; € sz(XA;Z).

IeK,|I|=j i€l

A completely similar theorem was proved in [2] for a quasitoric manifold after
introducing the canonical stably complex structure on it.

Effective cone.

The notion of effective cone is one of the essential points in the proof of Theorem
1.2. This notion is defined in algebraic geometry for arbitrary projective varieties,
however we restrict to the smooth case, where it has a clear geometrical meaning.
This subsection is needed only for the completeness of the exposition: for toric
varieties all necessary notions will be defined in combinatorial-geometrical manner
below.

Let X be an arbitrary smooth Kéhler manifold. Each compact complex curve
C C X determines a homology class [C] € Hp(X;R), which is called effective. The
set of all nonnegative linear combinations of effective classes in Hy(X; R) is called
the effective cone of the manifold X:

NE(Y) = {3 #lCi] € Ha(X:B) | i > 0}

Proposition 3.5 NE(X) is a strictly convex cone in Hy(X;R).

Proof We need to prove that all nonzero effective classes lie in some open half-space
of Hy(X;R). Consider the class of a Kihler form w € H*(X;R). For each complex
curve C we have

@lch = [ wle = vol(©) > 0.
c
This means that all effective classes lie in the half-space
{@ € H,(X;R) | {w, a) > 0},

which implies the statement. O

Proposition 3.6 ([9]) Let X be a smooth projective toric variety. Then its effective
cone NE(X) is polyhedral and is generated by the fundamental classes of torus-
invariant 2-spheres (preimages of edges of the polytope under the projection to the
orbit space).

The generators of the effective cone are called extremal cycles. Note that in general
not all edges of the polytope define extremal cycles: some of them may lie in the
cone generated by others.

Effective cone in toric case: combinatorial-geometrical approach.

Here we introduce all the necessary notions from the previous paragraph in
combinatorial manner. Algebraic details can be found in [12, Sections 6.3 and 6.4].
Let X be the smooth projective variety corresponding to a polytopal fan A.



Toric manifolds over 3-polytopes 19

The simplices of K of codimension 1 as well as the corresponding cones of A
will be called the walls. For each wall J = {iy,...,i,—1} € K consider the class
Uy =0 Vi, € H2"‘2(X; R). Note that vy # 0, as follows, for example, from (2).
Consider the cone in H>"~2(X,; R) generated by the classes v, for all walls J € K:

NE(Xa) = { ) rsos € H*2(XaiR) |1 > 0}

Proposition 3.7 For each smooth projective toric variety the effective cone NE(Xy)
is a strictly convex polyhedral cone in H""*(X,; R).

Proof Let VA € R[cy, ..., c;y] be the volume polynomial of the fan A. By definition,
1 n
VA(cl,...,cm)=—‘ (cror + ...+ cmum)".
n. Xa

It is known (see [13]), that the values of this polynomial are the volumes of simple
polytopes with the normal fan A. More precisely, let P = {x € V* | {x,4(i)) < ¢;}
be a simple convex polytope with the normal fan A (since X, is projective, at least
one such polytope exists). The numbers ¢; are called the support parameters of P.
Then we have Vol(P) = Va(cy,. .., Cm). To avoid the mess, we denote the formal
variables of the volume polynomial by ¢;, while concrete real numbers substituted
in this polynomial — by ¢;.

Let 0; = (')ic,- be the differential operators, acting on R[cy,...,c;,]. Let D =
R[d1, . .., O] be the commutative algebra of differential operators with constant
coefficients, and AnnVy = {D € D | DVjy = 0} be the annihilating ideal of the
polynomial V. According to [14, 15], we have

D/AnnVy = H*(Xa; R), O0; & ;.

Moreover, the integration map fXA : H"(XA;R) — R coincides with the natural map
(D/AnnVy),, — R, D — DV,. To prove the proposition, it suffices to show that the
classes

{aj = 6i| o 'ain,l € (D/AHHVA)n_l | J = {il’ .. '»in—l} € K}

lie in one open half-space.

Let P be a convex polytope with the normal fan A and support parameters c;.
Consider the element 0. = ¥ ;¢ Ci0; € (D/AnnV,);. Recall a simple fact: for
each homogeneous polynomial ¥ € R[cy, . . ., ¢, ] of degree k there holds %Bf‘l’ =
Y(cy, . .., Cm) (this is an instance of Euler’s theorem on homogeneous functions).

Lemma 3.8 Let J € K be a wall. Then 0,05V > 0. O

Proof Note that 95V, is a linear polynomial in variables c;. Therefore, the number
0,05V coincides with the value of the polynomial d;V, at the point ¢ = (cy, . . ., )
by the preceding remark. It is known that the value of the polynomial d;V, at the
point ¢ coincides, up to a positive factor, with the length of the edge F; c P dual
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to the wall J € K (this was noted by Timorin in [15], and in [16] we proved that
the factor is the volume of the parallelepiped spanned by A(iy), ..., A(i,—1)). Thus
6C8 JVA > 0. O

According to lemma, all classes d; € D/AnnV, lie in the half-space {D |
D3, Vp > 0} which implies the statement. O

Definition 3.9 Let J = {i1,...,i,_1} € K be a wall such that v; € H* %(Xs;R)
is a generating element of the effective cone NE(Xa). Then J is called an extremal
simplex and vy is called an extremal class.

The condition of being extremal can be written as follows. Suppose an extremal
class vy is expressed as a sum v| + v, where v, vo € NE(Xa). Then both v; and v,
are proportional to vy .

Remark 3.10 This definition agrees with the general theory. The vector spaces
H?""2(X;R) and Hy(X,;R) can be identified by Poincare duality, and under this
identification the class v; = v; ---v;, , corresponds to the fundamental class of
torus-invariant 2-sphere obtained as a transversal intersection of characteristic sub-
manifolds X; ,...,X;, , (preimages of facets 7, ..., %, , under the projection to
the orbit space).

4 Unimodular geometry of fans

An arbitrary wall J = {i},...,i,—1} € K is contained in exactly two maximal
simplices: I = {iy,...,iy—1,i} and I’ = {iy,...,iy—1,i’}. Both sets of vectors

{d(ll)s ey /l(in—l)3 /l(l)}’ {/1(11)9 ceey /l(in—l)a /l(l/)}
are the bases of the lattice. Write A(i’) in the first basis:
/l(l") = al/l(il) +...+ an_l/l(in_l) - /l(i).

(Unimodularity condition of the set A(1”") guarantees that the coefficient at A(7) is 1.
The fact that the cones at 7 and I’ lie on the opposite sides of the wall J guarantees
that the coefficient at A(i) is exactly —1.) In what follows, we assume that the vertices
i1,...,in—1 are ordered such that {A(iy),. .., A(i,—1), A(i)} is a positive basis of the
lattice, while, respectively, {A(i}), . . ., A(iy—1), A(i")} is a negative basis.

Definition 4.1 The number
curv(J)=2-a;—...—ay_1 €Z
is called the unimodular curvature of the wall J.

The underlying simplicial complex K of a fan A may be realized in V = R" as
a star-shaped sphere as follows: let us send the vertex i to the point A(i) € V and
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continue the map on each simplex by linearity. We denote the image of this map by
st(K); it is a piecewise linear sphere in V winding around the origin one time.

We say that st(K) is concave (resp. convex, resp. flat) at the wall J if the affine
hyperplane through the points A(iy), . . ., A(in-1), A(i) separates A(i") from the origin
(resp. does not separate, resp. contains A(i")).

Lemma 4.2 A unimodular curvature and parameters ay, . ..,a,—1 defined above
satisfy the following properties.

1. ay = det(A(iy), . .., Ais—1), A("), Aiss1), - - -, Ain—1), AQ)).

2. The star-shaped sphere st(K) is convex (resp. flat, resp. concave) at a wall J if
and only if curv(J) > 0 (resp. curv(J) = 0, resp. curv(J) < 0).

3. There exists a wall of positive curvature in a complete simplicial fan.

4. /XA vyvi, = —as, curv(J) = -/XA v (Xt epm) Vr)-

Proof (1) Take an exterior product of the relation

n-1

D) + A6 = Y ardli) 3)

t=1

with the exterior form A(i{)A--- A ﬂz? YA+ AA(in-1) AA(Q). The result is the desired
relation. Relation (3) is known toric geometry as a wall relation, see [12, Formula
6.4.4]. It traces back to Reid [9].

(2) The convexity of the star-shaped sphere st(K) at a wall J depends on spatial
relationship between the affine line through the points A(i), A(i") and the codimension
2 affine subspace through the points A(i}), ..., A(iy—1), that is on the sign of the
determinant

det(A(i)) = A", - . ., Aine1) = AG"), AE) = AG")) =
=det(A(iy), . . ., Ain—1), A(Q)) — det(A@iy), . . ., Ain—1), A(i"))—
n—1

n-1
- Z det(A(iy), .. ., AG)s - .. Alip_1), AG@) = 1 = (—1) — Z ay = curv(J).
s=1 S s=1

(3) If the curvature of any wall is non-positive, then the star-shaped sphere st(K)
could not wind around the origin.

(4) Let us write the class v;, as a linear combination of v, j ¢ J, using linear
relations in the cohomology ring. Consider the linear functional u on the space V,
such that (u, A(i)) = 0 and

, if t # s,
, ift = s.

(o AG)) = {‘f

Applying u to relation (3), we get (u, A(i")) = as. It follows that there is a linear

relation v;, + asvir + Xjeqi,.in_,iiry Cjvj in the cohomology ring. Let us multiply
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this relation by v;. Since J forms a simplex only with vertices i, i’, Stanley—Reisner
relations imply

/ v, = / —asvyvp = —dg / VL) = —ds
XA XA XA

according to (2). The formula for the curvature easily follows:

n-1 n-1
. = ;4 0+ - :2— = J .
/XA (Uj Zte[m] v,) /XA vyU; '/XA vyU; ;'/)(A Vi, Zas curv(J)

s=1

One corollary of Lemma 4.2(4) is worth mentioning (this also gives an alternative
proof of pt.3 in the above Lemma in dimension 3).

Proposition 4.3 (Unimodular Gauss—-Bonnet theorem) Let A be a unimodular
simplicial fan of dimension 3. Then the sum of curvatures of all its walls equals 24.

Proof 1t follows from the previous lemma, that

Z curv(J) = [ ( Z vy )( Z ) = /X c2(Xa)e1(Xa) = c1,2(Xa).

JeK, |7|=2 Xs jeK,[J|I=2  te[m]

It is known that for stably complex manifolds of real dimension 6 the Chern number
¢1,2(Xa) coincides with 24Td(X, ). The Todd genus of a smooth compact toric variety
equals 1, and the statement follows. O

Now we prove Theorem 1.2. Let A be the normal fan of a Delzant polytope P.
The walls of this fan are simply the edges of the 2-dimensional triangulated sphere
K.

Proof (Proof of Theorem 1.2) According to Lemma 4.2(3), there exists a wall J €
K of positive curvature. On the other hand, Lemma 4.2(4) implies that the curvature
of the wall J coincides with the value of the linear functional H4(XA;R) — R,
U fXA (- c1(Xa)) on the effective class vj. Since a linear functional takes positive
value on some element of the effective cone, this functional should take positive
value on some generator of this cone. Therefore, there exists an extremal wall
J ={i1,ir} € K of positive curvature.

Let aj,a; be the parameters of the wall J, defined earlier. Since curv(J) =
2—aj —ap > 0and the numbers ay, a, are integers, we have either a; < 0,orap < 0.
Assume a; < 0. Consider two cases:

(1) a; < 0. Let us prove that in this case i, is contained in exactly three maximal
cones. As before, let I = {i,i1,ir}, I’ = {i’,i1,i} be the maximal simplices contain-
ing the wall J. Suppose that apart from the vertices i1, i, i’ the vertex i, is connected
to the vertices ki, ..., kp, p > 1 (we assume that the neighbors of the vertex i, are
cyclically ordered as iy, i’, k1, . . ., kp, i, see Fig.1).

According to Lemma 4.2(1), a; = det(A(i"), A(i2), 4(/)) < 0. This means, that
the sum of dihedral angles of the cones C(I) = cone(A(iy), A(i2), A(i)) and C(I’) =
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Fig. 1: The vicinity of the ray R>0A(i2) in the first and the second cases. The ray R>(A(i2) points
to the reader.

cone(A(i1), A(i2), A(i")) at the edge R>0A(i2) exceeds one straight angle (see left part
of Fig.1). There exists a 2 - plane I1 which contains the ray R>(A(i») and separates
A(iy) from the vectors

{A@0), AG"), Alky), - ..., Alkp)}- “)

Let u be the linear functional on R3, annihilating the plane IT and taking value 1 on
the vector A(i;). By construction, u takes negative values on all vectors from the list
(4). Using u, we obtain a linear relation

U, = Z Cior + Z D,
te{i,i’,ki,....kp } tg{irin,i,i' k1, ukp }

in H*(Xa;Z), where all coefficients C; are positive. Multiplying this relation by v;,,
we get
vy = Uiy Uiy = Z G,
tef{i,i’,ky,...kp }

(the part of expression, having coefficients D, vanishes due to Stanley—Reisner
relations). Therefore, the class vy is expressed as a positive linear combination of the
classes v,v;,, t € {i,i’, ky, .. .,kp}. Since v; was chosen to be extremal, each of the
classes v,v;, is proportional to the class vy. Since all these classes are nonzero, they
are all proportional to each other. This leads to contradiction. Indeed, according to
relation (2), we have (vyv;,)v, # O since {i’,iz, k1} € K, but (v;,v;,)vr, = O since
{ii, i, k1} ¢ K.

(2) a1 = 0. We prove that in this case the vertex i, is contained in four maximal
cones. The proof is similar to the previous case. Assume the contrary: let the vertex
i> have the neighbors i, i1,i’, k1, ..., kp, p > 2, written in the cyclic order.

According to Lemma 4.2(1), the condition a; = 0O implies that the vectors
A(ip), A(i), A(i") belong to a single 2-plane, say II. Let u be the linear functional
annihilating IT and taking value 1 on the vector A(i;). Consequently, u takes strictly
negative values on the vectors A(k1), ..., A(kp). By the same arguments as before,
the class vy = v;v;, is written as a positive linear combination of the classes v;v;,,
t € {ki,...,kp}. The extremality of the wall J implies that all these classes (there
are at least two of them by assumption) are proportional to the class v;. Again,
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this leads to contradiction: v, v;,v; = 0 since {ky, iz i} ¢ K, but v; v;,v; # 0 since
{il, i, i} eK.

We proved that there are no more than four maximal cones containing A(ip).
There can not be three maximal cones by obvious geometrical reasons: the vectors
A(i), A(i), A(i") belong to a 2-plane and therefore do not span a maximal cone.

It was shown that in the 2-sphere K there exists a vertex having either 3 or 4
neighbors. This means that in the dual 3-polytope P there exists either a triangular
or quadrangular face. (|

Remark 4.4 The existence of a strictly convex effective cone, and as a corollary,
extremal classes, is the fact, which marks out projective smooth toric varieties
among all quasitoric manifolds. For general quasitoric manifolds we may still define
the cohomology classes v; € H>""2(X;R) corresponding to the walls, however their
nonnegative linear combinations may span the whole space H>"~2(X; R) rather than
a strictly convex cone. This is why it is impossible to find “extremal” classes with
nice properties.
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Symmetric products and a Cartan-type formula
for polyhedral products

A. Bahri, M. Bendersky, F. R. Cohen and S. Gitler

Abstract We give a geometric method for determining the cohomology groups
of a polyhedral product Z(K; (X, A)), under suitable freeness conditions or with
coefficients taken in a field k. This is done by considering first the special case
where the pair (X;, A;) = (B; V Ci, B; V E;) for all i, and E; — C; is a null
homotopic inclusion. We derive a decomposition for these polyhedral products which
resembles a Cartan formula. The theory of symmetric products is used then to
generalize the result to arbitrary polyhedral products Z(K; (X, A)). This leads to
a direct computation of the Hilbert-Poincaré series for Z(K; (X, A)) and to other
applications.

1 Introduction

Our purpose is to recall some standard properties of infinite symmetric products,
known also as the Dold-Thom construction [11], and to develop some related maps
which are defined for polyhedral products. The main feature is that topological maps
on the level of infinite symmetric products applied to polyhedral products can be
defined directly from homological information.

Polyhedral products Z(K; (X, A)), [1], are defined for a simplicial complex K on
the vertex set [m] = {1,2,...,m}, and a family of pointed CW pairs

X.A) ={(X, A):i=12....m}
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They are natural subspaces of the Cartesian product X; X X, X - -+ X Xj;,, in such a
way that if K = A1, the (m — 1)-simplex, then

Z(K,(X,é)) =X| XXp XX Xy

More specifically, we consider K to be a category where the objects are the simplices
of K and the morphisms d, » are the inclusions o C 7. A polyhedral product is given
as the colimit of a diagram D(x 4) : K — CW.,, where at each o € K, we set

X ifieo

m
Dxp)(0) = 11 Wi, where  W; = {A,— ifi € [m] - 0. M

Here, the colimit is a union given by
Z(K; (X, A) = | Dix, (),
oekK

but the full colimit structure is used heavily in the development of the elementary
theory. Notice that when o~ C 7 then D(x 4)(0") € D(x, 4)(7). In the case that K itself
is a simplex,

Z(K; (X, 4) = ﬁ Xi.
i=1

Polyhedral products were formulated first for the case (X;, A;) = (D% S') by
V. Buchstaber and T. Panov in [7]; they called their spaces moment-angle complexes.

In a way entirely similar to that above, a related space Z(K; (X, A)), called the
polyhedral smash product, is defined by replacing the Cartesian product everywhere
above by the smash product. That is,

—_ m — —_
Dxa(c)= AW, and Z(K;(X.A) = |J Dix (o)
i=1 oekK

with "
Z(K; (X, ) € )\ X
i=1
The polyhedral smash product is related to the polyhedral product by the stable
decomposition discussed in [1] and [2]. We denote by (X, A); the restricted family
of CW-pairs {(X i A j)} jes, and by K, the full subcomplex on J C [m].

Theorem 1.1 [2, Theorem 2.10] Let K be an abstract simplicial complex on vertices
[m]. Given a family {(X;, A j)}]’.": | of pointed pairs of CW-complexes, there is a natural
pointed homotopy equivalence

H:Z(Z(K; (X, A)) — z(lv[ JZ(KJ;@,A)J))- )
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In many of the most important cases, the spaces Z (Ks;(X,A);)) can be identified
explicitly, [2]. Aside from the various unstable and stable splitting theorems, [1, 14,
13, 15, 16], there is an extensive history of computations of the cohomology groups
and rings of various families of polyhedral products, [5, Sections 5, 8 and 11], see
also [17, 12, 6, 19, 20, 4, 8, 9].

Some very early calculations of the cohomology of certain moment-angle com-
plexes, (the case (X;, A;) = (D% S') for all i = 1,2,...,m), appeared in the work
of Santiago Lopez de Medrano [17], though at that time the spaces he studied were
not recognized to have the structure of a moment-angle complex. The cohomology
algebras of all moment-angle complexes was computed first by M. Franz [12] and
by I. Baskakov, V. Buchstaber and T. Panov in [6].

The cohomology of the polyhedral product Z(K; (X, A)), for (X, A), satisfying
certain freeness conditions, (coefficients in a field k for example), was computed
using a spectral sequence by the authors in [4]. A computation using different
methods by Q. Zheng can be found in [19, 20].

The special family of CW pairs (U, V) = (B V C, B V E) satisfying the condition
that for all i, (U;,V;) = (B; V C;, B; V E;), where E; — C; is a null homotopic
inclusion, is called wedge decomposable. As announced in [5, Section 12], one
goal of the current paper is to show that for wedge decomposable pairs (U, V), the
algebraic decomposition given by the spectral sequence calculation [4, Theorem 5.4]
is a consequence of an underlying geometric splitting. Moreover, the results of this
observation extend to general based CW-pairs of finite type.

This paper is partly a revised version of the authors’ unpublished preprint from
2014, which in turn originated from an earlier preprint from 2010. In addition, the
results of this paper have been extended to describe the product structure in the
cohomology and these will appear separately.

We begin in Section 2 by deriving for wedge decomposable pairs (U, V) an explicit
decomposition of the polyhedral product into a wedge of much simpler spaces,
(Theorem 1.1 and Corollary 2.4). In particular, this allows us to identify explicit
additive generators for H*(Z(K;(U,V)). The proof in Section 4 is an induction
based on a filtration of the polyhedral product which is introduced in Section 3.

These decompositions give a direct framework for deducing, (Theorem 7.1), an
analogous homological Cartan formula for the additive structure of the homology of
Z(K; (X, A)) for any family of pairs of finite, pointed, path-connected CW-complexes
(X, A), This is done by applying properties of the infinite symmetric product SP(-)
and the polyhedral product. Namely, given pointed pairs of finite, path-connected
CW-complexes, (X, A), there exist pointed pairs of path-connected CW-complexes

(U.V)=BVCBVE)
together with a homotopy equivalence
SP(Z(K:(U. V) — SP(Z(K:(X. A))

Applications of the additive results comprise Sections 9 and 10.
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2 The polyhedral product of wedge decomposable pairs

We begin with a definition.

Definition 2.1 The special family of CW pairs (U, V) = (B V C, BV E) satisfying
Ui, Vi) = (B; v Cy, B; V E;) for all i, where E; — C; is a null homotopic inclusion,
is called wedge decomposable.

The fact that the smash product distributes over wedges of spaces, leads to the
characterization of the smash polyhedral product in a way which resembles a Cartan
formula.

Theorem 2.2 (Cartan Formula) Let (U, V) = (B V C, BV E) be a wedge decompos-
able pair, then there is a homotopy equivalence

ZUK.0) =\ (Z(K5(CE0) A ZAKin1: B Do)

which is natural with respect to maps of decomposable pairs. Of course,

Z(Kimj-1: B, B)pmy-1) = N\ B;
Jj €lm]-1

with the convention that

Z(Kw;(B,B)g), Z(Kw:(C,E)g) and Z(Kr;(2,2)) = S°.

We can decompose Z (K;(U,V)) further by applying (a generalization of ) the Wedge
Lemma. We recall first the definition of a link. For o a simplex in a simplicial
complex K, Ik, (K) the link of o in K, is defined to be the simplicial complex for
which

7 € lky(K) ifandonlyif 7U0 € K.

Theorem 2.3 [1, Theorem 2.12], [21, Lemma 1.8] Let K be a simplicial complex
on [m] and (C, E) a family of CW pairs satisfying E; — C; is null homotopic for all
i then
ZK(CE) = Y AT)<ol DY"L(o)
o€ -

where |A(%)<,T| & |lky(K)|, the realization of the link of o in the simplicial complex
K and
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Ci; ifijeo

m
plml - : ; -
Dgg(")‘jﬁl Wi, with W { E; ifij € [m] - 0. 3)

Applying this to the decomposition of Theorem 1.1, we get

Corollary 2.4 There is a homotopy equivalence

Z(K: @) — (V. koKDl * DL (@) A Z(Kimy-15 (B By 1))

I<[m] oeKy
where BIQE(O') is as in (3) with I replacing [m].

Combined with Theorem 1.1, this gives a complete description of the topological
spaces Z (K (U, V)) for wedge decomposable pairs (U, V)).

The case E; ~ = simplifies further by [2, Theorem 2.15] to give the next corollary.

Corollary 2.5 For wedge decomposable pairs of the form (B V _C, B), corresponding
to E; = xforalli =1,2,...,m, there are homotopy equivalences

Z(Kp3(C.E)) = Z(Kp: (C#)yp) = C,

and so Theorem 1.1 gives Z(K, (BV C,Q)) o~ \/ (EI A E([m]_l)). O

I1<[m]

Notice here that the Poincaré series for the space Z (K;(B.V_C, B)) follows easily
from Corollary 2.5.

Remark 2.6 In comparing these observations with [4, Theorem 5.4], notice that the
links appear in the terms Z(Kl; (C,E);). Also, while Theorem 1.1 and Corollary 2.4
give a geometric underpinning for the cohomology calculation in [4, Theorem 5.4]
for wedge decomposable pairs, the geometric splitting does not require that E, B or
C have torsion-free cohomology

3 A filtration

We begin by reviewing the filtration on polyhedral products used for the spectral
sequence calculation in [4], following [4, Section 2], where more details can be found.
The length-lexicographical ordering on the faces of the (m — 1)-simplex A[m — 1] is
induced by an ordering on the vertices. This is the left lexicographical ordering on
strings of varying lengths with shorter strings taking precedence. The ordering gives
a filtration on A[m — 1] by

F(A[m - 1)) = | os.

S<t

In turn, this gives a total ordering on the simplices of a simplicial K on m vertices
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)= <01 <0m<...<03y<...<0% 4

via the natural inclusion
K c Alm-1].

This is filtration preserving in the sense that F; K = K N F;A[m — 1].
Example 3.1 Consider [m] = [3] and
K = {4, {v1}, {0}, {vs}, {{o1}, {3} }, {{va}, {v3} }}

with the realization consisting of two edges with a common vertex. Here the length-
lexicographical ordering on the two-simplex A[2] is

¢$ <v; <y <v3 <V <V1U3 < VU3 < VIVRD3
and so the induced ordering on K is
¢ < v <y <3 <VIV3 < VY3

Remark 3.2 Notice that if # < m, then F;K will contain ghost vertices, that is,
vertices which are in [m] but are not considered simplices, They do however label
Cartesian product factors in the polyhedral product.

As described in [4, Section 2], this induces a natural @tration on the polyhedral
product Z(K; (X, A)) and the smash polyhedral product Z(K; (X, A)) as follows:

FZ(K;(X,A)) = kU Dix.a(ox) and  FZ(K; (X, A) = | Dy a(o%).

k<t

Notice also that the filtration satisfies

FZ(K; (X, A) = Z(FK;(X, A)). (5)

4 The proof of Theorem 1.1

Let the family of CW pairs (U, V) be wedge decomposable as in Definition 2.1.

We begin by checking that Theorem 1.1 holds for FOZ(K ; (U, V). In this case FoK
consists of the empty simplex, (the boundary of a point), and m — 1 ghost vertices.
So,

Z(F()K;(Q,Z)) = VAV, AV, = (BlVEl)/\(32VE2)/\~-'/\(BmVEm).
(6)

Next, fix I = (i1,i2,...,i) C [m] and set [m] = I = (ji, j2, - - . jm-k)- Then



Symmetric products and a Cartan-type formula for polyhedral products 33
Z(FoKp; (C, E){) NZ(Kjm)-15 (B, B)m)-1) = (Ei, AEy A+ -+ E; )A(Bj, ABj,A- -+ Bj, ).

is the /-th wedge term in the expansion of the right hand side of (6). This confirms
Theorem 1.1 for ¢ = 1.

We suppose next the induction hypothesis that

FoZ(K; (U, V) =/ Z(FI—IKI;(Q’E)I)/\Z(K[m]—l;(g’g)[m]—l)’
I1<[m]

with a view to verifying it for F;. The definition of the filtration gives

F,Z(K;(U,V)) = Dy,v(oy) U Fm1 Z(K; (U, V) @)
~ Dy (o)) U , \[/ ]Z(Ft—lKIZ (C.E)1) A Z(Kim-13 (B B)m)-1)-

The space BQ,Z (0v) is the smash product

®)

m
A B;vY;, with Y,

Jj=1

After a shuffle of wedge factors, the space EQ,Z (o) becomes

V' Dgp(00) A Z(Kimy-15 (B, BYmy-1) V

I1<[m], o€l

\ Z(KI;(Q, E)r) A Z(K[m]—l; (B, B)jm-1) (9)
I1<[m), o, ¢l

where the space 52 g(07) is defined by (3).

Remark 4.1 Notice here the relevant fact that the number of subsets I < [m] is the
same as the number of wedge summands in the expansion of (8), namely 2.

The right-hand wedge summand in (9) is a subset of

\/ Z(F-1K;1:(C. E)r) A Z(Kimy-15 (B. B)m)-1)

I1<[m]

and so,

v[ ]2 (K13(C, E)r) A Z(Kimy-1 (B, B)mi-1)
m
¢l

1

S A

UV ]2 (F-1K1:(C. E)r) A Z(Kpmi-1: (B. B)m|-1)

I<[m

=\ Z(F-1K1;(C E)1) A Z(Kimj—1 (B, B)m)-1)-

I1<[m]
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Finally, for each I < [m] with o € I, we have

D¢ p(0) U Z(Fiei K13 (G E)i) = Z(FiKp3 (CE)r). (10)
This concludes the inductive step to give

FZ(K:(U,Y)) = Iv[ ]Z(FIKI;(Q,E)I) A Z(Kpm-1:(B. B)pm-1). (1)

It is straightforward to explicitly check the steps above in the case of Fy and Fj. This
completes the proof. O

5 Symmetric products

We begin with a definition.

Definition 5.1 Let (X, *) denote a pointed topological space. The m-fold symmetric
product for (X, %) is the orbit space

SP™(X)=X"/Zn

where the symmetric group on m-letters X, acts on the left by permutation of
coordinates. There are natural maps

e: SP"(X) —  SP™I(X) a2
[x1, %2, .« Xm] > [0, 20,000, 2o %]
which allow for the definition of the infinite symmetric product as a colimit

SP(X) = colim SP™(X).
1<m

The colimit becomes a filtered unital commutative monoid under concatenation,
with * as the unit. Furthermore, there is a natural inclusion

Ex: X — SP(X)

13
p — [pr] (13)
One version of the classical Dold-Thom theorem is as follows.

Theorem 5.2 [11] Given a pointed, path-connected pair of finite CW-complexes
(X, A, %) (Where A is a closed subcomplex of X), then the following hold.

1. SP(X) is homotopy equivalent to a product of Eilenberg-Mac Lane spaces

[T K(Hy(X).q)

1<g <0
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2. The natural map
SP(X) — SP(X/A)

is a quasi-fibration with quasi-fibre SP(A).
A natural map,
6: SPT (X)) ASPL(Xo) A -+ ASPY" (X)) —> SPUX{ AXa A= A X,

for g = q1q> - - - qm, is constructed next by setting

~ A
O([[x11, x12, - - o X1gy | [%21, %22+ ooy X2go |+ oo [Xomts X2 - s X, ] 7)
A
N — w0
1<j: <q;
1<t<m

where here, square brackets [ ] are used to denote equivalence classes in the sym-
metric product, and [ ]* for the smash products. Next we introduce an extension of
6 which we shall use throughout to deduce the main results.

Theorem 5.3 The construction of the map 0 extends in a natural way to give
0: SP(X)) ASP(X2) A+ ASP(Xpm) — SP(Xi AXa A+ A Xom)
a map of colimits.

Proof 1t suffices to check that the diagram below commutes

SPA(X) A« ASPI(XE) A -+ A SPIm(X,,) —25 SPAX; AXo A+ A Xom)

l A l

SPU(X)) A+ ASPIH (X ) A -+ A SPIm(X,) 2 SPY(Xy AXo A=+ A Xi)

where here, g = q1q2 -+ gm>» 9" = q192 - - - qx-1(qx + 1)qk+1 - - - ¢ and the map e is
as in (12). Consider then,

A
e o O([[x11 X12, - - oy Xigy b [X21, X224 - Xago b v o oy [Xomts Xims -+ s Ximg 1] 7)
A
T ——I
1<jr<q;
1<t<m
A
= l_[ [-xlj]axzjz""»xmjm] ’ [*]/\,-~-7[*]A ]
1<jr <q: —_—
1<t<m q’'—q

On the other hand,
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A

00 e([[x11 X12: - - -y Xigy ) [X21, X224 s Xago b+ ooy [Xomts Xims -+ s Xy 1] 7)
A
= 0([[xi1, %12, - .o X1 - 20 %22, - Xag %o [t Xms - - s Xmg,n 1] )

=[ [T [ oxmi ] T [Mjpxzjz’---’xmjm’*]A]

1<jr <q: 1<j: <q:
I<t<m 1<t<m, t+k
A
= [ 1_[ [xlj],xzjzv"'sxmjm] s Ky, ¥ ]
1<j; <q; S——
1<t<m q9'-q

A simple example illustrates the proof of Theorem 5.3 form =2, g = 2 and ¢’ = 4.

SPL(X)) A SPA(Xs) —23 SPX(X, A Xp)

lexl l (15)

SP?(X1) A SP*(X5) i> SPY(X; A X5)

Here,

(e 0 0)([Lxnn]. [xar, x221] ")

e[[xi1, x211", [x11, x22]" |

[, 020 1%, Lo, 22 1 17,

whereas,

(@0 (ex D) ([[x11], [le,xzz]]/\) = 0({[x11, ], [X217x22]]A)
[

[, X117, [x11, X220 [, x2117, [, %02 ]

The diagram commutes because both [*, x21]" and [*, x22]" equal [%]".

6 Connections between symmetric products and polyhedral
products

Consider a simplicial complex K on [m] and a family of pointed CW pairs (X, A).
We adopt the notation

* * i i m
(SP*(X). SP*(4)) = {(SP¥(X;), SPT(A))},. (16)
and construct a structure map

¢: Z(K; (SP(X), SP(A))) — SP(Z(K; (X, A))). (17)

by considering first the composite map
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Z(K; (SP*(X), SP*(A))) —— SPU(X;) A SPE(Xa) A - - - A SPI™(X,,,)

L SPAX A Xa A A X)) (18)

Lemma 6.1 A map { exists in the diagram below making the diagram commute

Z(K: (SP*(X), SP*(A))) —O2“ 5 SPIX; A Xy A+ -+ A Xr)
TTe-llf SP(1) (19)
]

SP1(Z(K; (X, A)))

where t: Z(K; (X,A)) = X A Xy A--- A Xy, is the inclusion. Moreover, the map
{ extends to a map at level of infinite symmetric products

22 Z(K; (SP(X), SP(A))) — SP(Z(K; (X, A))). (20)

Proof We use the indexing from (16), and begin by defining

£: Disprx)spean(@) — SP(Dix, ()

for o € K, where

_ m _(sPau(x,)ifieo
D(SP*(X),SP*(A))(O—) - l'/:\] Yl’ where Yl = {Spqi (Al) ifie [m] -0, (21)

and "
~ ~ [Xiifieo
Dx, 4)(0) = 141 W;, where W,; = {Ai if i € [m] - o, 22)
by
([t %12, - oo Xagy ][220, X22, -+ s X2go s+« oy [Xomts X - .,xmqm]]A)
= [ 1_[ [xljl,ijz,...,xmjm]/\] (23)
1<jr <q;
1<t<m

The key point which makes the target of { equal to SP4 (5( x,4)(0)) is the observation
that if a point [x,1, X2, . . ., Xrg,]" is in A?" then

A
[X1j0s X2js - os Xrjs oo s X | € XU A AXp g NAF A Xyt Ao A X

Next, we need to check that the diagram following commutes.
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— é’ —
D(sp+x),5P(a)(0) ————> SP(D(x,4)(0"))

lz lquw) (24)

— é’ —
D(sp+(x).sP+(a)(T) ————> SP(D(x,4)(7))

¢
whenever & —— 7 in K, but this is immediate from the definitions (22) and (21).
Taking colimits with respect to the diagram of K, we get the dashed arrow of (19),

i Z(K: (SPH(X), SP*(A))) — SP?(Z(K; (X, A))) (25)

It remains to check the commutativity of diagram (19). Let

A
[[x11 X102, -« s Xigy b (021 X224 - s Xago b - v oy [Xomts Xins -+ < Ximg 1]

€ Dsp+x),spa)(0),

we have,
-~ AN
(0 0 O([[x11: X12, - - s X1gy | [X21, %22, + s X2go |y - s (Xt Xm2s - - s Xmg, ]| )
- A
= O([[x11, %12, -+ s X1g, | [x21 X22, s X2go b v ooy [ty Xm2s + + oy Xmg, 1| )
A
= [ l—I [xljl,xgjz,...,xmjm] ]
1<j: <q:
I<t<m
Also,
A
(SP2(0) o &) ([[x11, X12, - - o X1gy | [%21, %02, <« o, X2g ]y <+ [ Xty Xim2s « < <, Ximgin 1] )
AN
= SPq(L)([ [ [xlj,,xzjz,...,xmjm] ])
1<jr<q:
1<t<m
_ A
= | T [t %2 o Xomj |
1<jr<q:
I<t<m

Finally, we need to check that the map ¢ extends to a map of the colimits defining
the infinite symmetric products, as in (20). To this end, we fix k € [m] and modify
(16) by setting

(SP™(X),SP™ (A)) = {(SP%(X;), SP9(A))}" (26)

i=1

where
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’ qi if i#zk
ge+1if i=k

and ¢’ = q{q; " - - q,,- It suffices now to check the commutativity of the diagram

Z(K: (SP*(X). SP*(4))) —— SPY(Z(K:(X. A)))

lZ(K; e) le (27)

Z(K: (SP™(X). SP™(4))) —— SP (Z(K: (X, 4)

In the notation of (23), we have
A
(e o O)([[x11: X12: -+ s X1gy b [X21, X224 - Xago b+ ooy [Xomts Xy -+ v X 1] )

IR

1<jr <q:
1<t<m
A
= 1 [xljl,xzjz,...,xmjm] N
1<j: <q: S——
1<t<m q'-q
On the other hand,

A
(é, o e)([[-xlls x12’ ] xlql], [le, -x22’ R x2q2], L] [xmlv xm2’ cee xmqm]] )

A
= (([[xn,xu, cen Xig b X X0, o Xog 5] o [Xmts X2, - .’xmqm]] )
A A
= [ ]_[ [xljlax2j25~..7xmjm:| ]_[ [X]jl,XQj2,...,xmjm,*] ]
1< <ar 1<jr<q:
1<t<m L<t<m, t#k
A
:[ H [lel,X2j2,...,xmjm] L, kL L,k ]
lSiqut N
1<t<m q'-q

The next construction is standard.
Lemma 6.2 A map of the form ¢: X —s SPX(Y), which induces a map
¢: X —> SP(Y)

admits a canonical multiplicative extension . SP(X) — SP(Y). This extension is
the identity map if X =Y and the map ¢ is the inclusion Ex.

Proof The map y is defined by the map ¢ as a composite

spix) 219, spa(spry)) L spak(y) (28)
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where the map 7 is given by:

(11 y12 - o vied D2 y22s oo vl <o s Vgt X2 - - - Yarl]

> V11 Y125 o Y1ks Y21 X225+« o5 V2o =+« > Ygls Yg2s - « -5 Yk
s0, writing ¢(x;) = [@(x;)1, #(Xi)2s - . ., p(xi)x] € SP*(Y), we have

l//([X], X2y e v e xq]) = U([‘f’(xl)a ¢(X2), RN ¢(xq)])
= [p(xD)1, d(x1)2, - -, X1k, B(X2)1, P(Xx2)2, . . -,
PC2)ks - s DX, P(Xg)2s - - - P(xg k]

The map y fits into a commutative diagram as follows.

SPI(X) —2— SPIk(y)

le l (29)

SPa*I(X) —2—y SPaDk(y),

More specifically, let [x1, x2, ..., x4] € SP9(X), then

(e o) ([x1, x2 . . ., X4])
= e(n([p(x1), p(x2)s . . ., p(xg)]))
= [¢(X1)1, ¢(X1)2,...,¢()C1)k, cee ’¢(xq)1» ¢(xq)2,...,¢(xq)k, *,...,*]

——
k

On the other hand,

(¥ o e)([x1, x2, . . .,xq])
([ 1))
=n([p(x1), ¢(x2), . . ., B(xg), d(%)])
= [p(x1), p(x2), ..., d(xg), *, ..., % ]

~——
k

= [pCeD), d(x)2 Sk oo B (X )2s s B ok ]

~——
k

The second statement of the lemma follows from the definition of the map Ex.
Notice further that, for the map Ex of (13), we see that

(W o Ex): X —> SP(Y) (30)

coincides with ¢: X — SP(Y). (|
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Applying Lemma 6.2 to the map ¢ of (20), we get its multiplicative extension
y: SP(Z(K: (SP(X). SP(A))) — SP(Z(K:(X. A))). (31)
More properties of the map ¢ are given next.

Lemma 6.3 Let K be a simlicial complex on [m] and (X, A) a family of finite pointed
CW pairs.

1. The maps (Ex,, Ea,): (Xi, A;) — (SP(X;), SP(A;) induce a morphism of
polyhedral smash products

ES 40 Z(K; (X, A) — Z(K; (SP(X), SP(A))).

2. There is a commutative diagram

K
E(XYA)

Z(K; (X, A)) = s Z(K; (SP(X), SP(A)))

|

SP(Z(K:(X. A)))

EZkix.0)

3. There is a strictly commutative multiplicative diagram

sp(zk: o) —PE8) (s spexy spa)
)
SP(Z(K:(X. A)))
where
sP(ES )

SP(Z(K;(X, A)) s SP(Z(K;(SP(X), SP(A))

is multiplicative.

Proof Part 1 is a consequence of the functoriality of the polyhedral smash product
and part 2 follows from the definition of £ (23). Next, applying (30) from Lemma
6.2, we see that the map ¢, ((31)), of part 3, restricted to Z(K; (SP(X), SP(A))),
coincides with the map ¢. The diagram of part 3 follows by applying Lemma 6.2 to

the maps E& A and ¢ in the diagram of part 2. O

This lemma admits further extensions for subspaces of polyhedral smash products.



42 A. Bahri, M. Bendersky, F. R. Cohen and S. Gitler

Lemma 6.4 Let K be as in Lemma 6.3, and (X, A) and (U, V) be families of pairs
of pointed, finite connected CW complexes. Assume further that there are maps of
pointed pairs

gi: (U Vi) — (SP(X;), SP(A))).
Then

1. There are induced maps
g: UM — SP(X)) ASP(Xp) A -+ A SP(X,,)

and .
Dw,v)(w) —=— D(sp(x),sp(a)(w)

for w € K.

2. For o C 1 € K, there is a strictly commutative diagram, obtained by restriction,
as follows:

Dw.v)(0) —*=+ SP(Dx,a)/(0)

l{? lsm) 32)

Dw.w)(®) —= SP(Dx.(7)

where i: T < o denotes the inclusion of faces and, for w € K, the map A, is
the composite

— g8, -~ Z —
D vy(w) —— Dspx),spa)(w) — SP(Dx,a)(w)) (33)

and { is constructed in Lemma 6.1.

Proof The map g arises from the m-fold smash product of maps g; in a natural way.
The commutativity of the diagram (32) is obtained by splitting it into two diagrams
corresponding to the factorization of the map A4,, as (33). The commutativity of the
first diagram, corresponding to 8, is straightforward and the second, corresponding
to the map ¢, is (24). O

7 An extension from wedge decomposable pairs to the general
case

The purpose of this section is to begin the task of extending Theorem 1.1, the Cartan
formula for wedge decomposable pairs, to a homological Cartan formula for arbitrary
pointed path-connected pairs of finite CW-complexes (X, A).

Theorem 7.1 (Homological Cartan formula) Let K be an abstract simplicial com-
plex with m vertices. Assume that (X, A) are pointed, path-connected pairs of finite
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CW-complexes for all i. There exist spaces Bj,C;, Ej, 1 < j < m, which are finite
wedges of spheres and mod-n Moore spaces together with a homotopy equivalence

SP(Z(K;(BV C, BV E))) — SP(Z(K; (X, A))).

Thus H*(Z(K; (X, A))) is isomorphic to H*(Z(K; (BV.C, BV E))) over the integers.
This allows for a description of H.(Z(K; (X, A))) in terms of the decompositions of
Theorem 1.1 and Corollary 2.4.

Remark 7.2 In a forthcoming paper, the authors use this and Corollary 2.4 to de-
scribe products in the cohomology of a polyhedral product.

Preliminary results required for the proof of Theorem 7.1 will occupy the remain-
der of this section. We begin with a definition.

Definition 7.3 The pairs (U,V) and (X, A) are said to have strongly isomorphic
homology provided

1. there are isomorphisms of singular homology groups

and
Bi: H(V;) = H.(A)),

2. there is a commutative diagram

_ A, _
H(V)) —— Hi(U))
ﬁjl l"j
— Ljx —
Hi(A) —— Hi(X;),
where 4; : V; C Uj, and ¢; : A; C X; are the natural inclusions, and

3. there is an induced morphism of exact sequences for which all vertical arrows
are isomorphisms:

_ A, -
0 —— ker(d;,) — Hi(V;) — H;(U;) — coker(1;,) — 0

T T

0 — ker(t;,) — Hi(A;) I H;(X;) — coker(i;,) —— 0

where @; is induced by «;.

4. The maps of pairs (a;, 8;): (H.(U;), H.(V})) — (H.(X;), H.(A;)) which satisty
conditions 1 — 3 are said to induce a strong homology isomorphism.
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Remark 7.4 The feature of the pairs (U, V) and (X, A) having strongly isomorphic
homology groups implies, via the Kiinneth Theorem, that the spaces D(y,v)(c) and
5(& )(0) have isomorphic homology groups.

Lemma 7.5 Given pointed, path-connected pairs of finite CW-complexes (X, A), and
(U, V) with strongly isomorphic homology groups, and let o € K be any face of the
simplicial complex K, then there is an isomorphism of singular homology groups

A,(Dx, 4(0)) — H.(Dy.v(0)).

The rest of the section is devoted to showing that isomorphisms can be chosen to
be suitably compatible to pass to isomorphisms on homology for the full polyhedral
product.

Lemma 7.6 Given pointed, path-connected pairs of finite CW-complexes (X, A),
there exist wedges of spheres, and mod-p” Moore spaces (BN C, BV E) together
with isomorphisms of singular homology groups

Q;: H*(Bj \ Cj) - H*(Xj)

and
,le H*(Bj \% Ej) - H*(Aj),

which give strong homology isomorphisms, and the pairs (BN C, BV E) satisfy
condition of wedge decomposability in Definition 2.1 that the inclusion E; — Cj is
null-homotopic.

Proof The proof of this lemma follows from the fact that X;, and A; are finite,
path-connected CW-complexes, and so all homology groups as well as kernels and
cokernels are finite direct sums of cyclic abelian groups. Thus B;, C;, E; may be
chosen to be wedges of spheres, and mod-p” Moore spaces. Some details are given
for completeness.

Consider a pair of pointed path-connected CW-complexes (X, A) together with
the induced map in homology H.A — H.X. Then for any fixed j > 1, both H;A and
H;X are finite direct sums of abelian groups. Any such finitely generated abelian
group is a direct sum of cyclic abelian groups either of the form Z or Z/p"Z for
some choice of n. In the case Z, then H,-(Sj) = Z. In the case of Z/p"Z, then the
mod-p” Moore space given by P/*1(Z/p"Z) satisfies H;(P/*\(Z/p"Z)) = Z/p"Z.
At this level, it is direct to realize maps on homology. The hypotheses of strongly
isomorphic homology gives the naturality required. (]

Our next goal is to establish a standard property of the infinite symmetric product.
Lemma 7.7 Let U and X be finite, pointed, path connected CW-complexes and
a: H (U) — H.(X)

a homomorphism in singular homology. Then there is a multiplicative map
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¢: SP(U) — SP(X)

which satisfies m.(g) = «, and is a homotopy equivalence if the map « is an isomor-
phism.

Proof Recall that the reduced singular homology of SP(X) for any pointed, path-
connected CW complex X is isomorphic to

@ a.5"x)

1<m<eo
where S’?’(m)(X ) denotes the m-fold symmetric smash product given by

P (X) = (XAX A AX)/Em.

This result appears in the thesis of R. J. Milgram, implicitly in [11] and in
[10, Corollary 4.8]. Also, N. Steenrod proved, in unpublished notes, that there is
a homotopy equivalence

sp(spe0) - sp(\/ 5P"(x).

1<m<c

Since X and U are finite, path-connected, pointed CW complexes with isomorphic
singular homology groups, there is a homotopy equivalence

¢n : SP(X"(U)) — SP(E"(X))
for every natural number n. Next, consider the composite
T(U) —— SP(E(U)) —2 SP(Z"(X))
and denote the canonical multiplicative extension, (lemma 6.2), of ¢, o E by
Yn : SP(X"(U)) — SPE"(X)).
Remark 0.1 This map might not be homotopic to the map ¢,,. (]

The next step in the proof of Theorem 7.1 is alemma which allows a direct translation
of algebraic properties concerning homology groups to geometric maps on the
level of symmetric products of polyhedral products. It follows from the Dold-Thom
theorem that the map ¢, satisfies the formula

U(u) = a(u) + A, where A, € @ H.(SP"(Z"(X)).

2<m

Here the class A, projects to zero in H.(X"X) = H*(EE;l (£"X)) on identifying the
reduced homology of a space £"*(X) with that of X. Thus the canonical multiplicative
extension ¥, : SP(X"(U)) — SP(X"(X)) induces a surjection on homology.
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It follows that i,, induces a homology isomorphism since the homology groups
of source and target are finitely generated abelian groups in each degree which are
abstractly isomorphic where the map is a surjection. (|

Lemma 7.8 Suppose that (U,V) and (X, A) are pointed, connected, pairs of finite
CW-complexes, with strongly isomorphic homology groups, then the map of pairs

g1 (SP(U), SP(V)) — (SP(X), SP(A))

arising from lemma 7.7, induces strongly isomorphic homology groups. That is, the
induced map on homology gives a commutative diagram

_ A, _
H;(SP(V;)) — Hi(SP(Uj))
3 |
Hy(SP(A))) —— Hi(SP(X)))
together with a second commutative diagram for which all vertical arrows are iso-

morphisms:

ker(1,) —— Hi(SP(V})) ——— A(SP(U;)) ——> coker(A.)

gl gl lg lg'*

ker(t.) —— Hi(SP(A))) —— Hi(SP(X;)) —— coker(t.)
where g. is induced by g..

The proof of this lemma follows from the fact that X;, A;, U;, and V; are finite con-
nected CW-complexes, and so all homology groups as well as kernels and cokernels
are finite direct sums of cyclic abelian groups.

Finally, we shall need a version of the Projection Lemma due to D. Quillen.

Lemma 7.9 (2], Projection Lemma 1.6] Let D and & denote finite diagrams of
finite CW complexes over the same finite category € for which all inclusions in the
intersection poset are closed cofibrations. Furthermore assume that

U=UD(, and X:UEQ

acC aeC

and that there is a map
u: SP(U) — SP(X)

which restricts to homotopy equivalences on
ﬂlSP(D,,) : SP(DZI) — SP(E(Z)

for all @ € €. Then u is a homotopy equivalence.
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8 The proof of Theorem 7.1 completed

The proof of Theorem 7.1 uses Theorem 1.1 and the interplay between the Dold-
Thom construction and polyhedral products given in section 6.

Let K be an abstract simplicial complex with m vertices. Assume that (X, A) are
pointed, path-connected pairs of finite CW-complexes for all i. Then by Lemma 7.6
we have wedges of spheres, and mod-p” Moore spaces (B V C, B V E) together with
isomorphisms of singular homology groups

«;j: H(B;j v Cj) = H.(X;) and B;j: H.(B;V Ej) = H.(Aj),

which give strong homology isomorphisms and the pairs (B V C, BV E) satisfy
condition of wedge decomposability in Definition 2.1 that the inclusion E; — Cj is
null-homotopic.

Next, Lemma 7.8 gives a map of pointed pairs

g: (SP(BV C),SP(BV E)) —> (SP(X), SP(A))

which induces a strong isomorphism in homology. Applying the functor 5(_,_)(0')
to this map, we get a map

D(0;8): Dispave), spBvE)(0) — D(spx),spay(o)

and, for each 7 C o, a commutative diagram

~ D(rig) =
Dspve), spave)(T) —— D(spx),spa)(T)

l# d

~ D(oig) =
Dspve), spave)(0) — Dispx),spa)y(o)

where each horizontal arrow is a homotopy equivalence.
Further there are induced morphisms of commutative diagrams via the structure
map ¢ of Lemma 6.1.

Dispsve), spve)(@) —— Dispx).spay(o)

| |

SP(Dsve, pvr)(@)) —— SP(Dx, 4)(0)

Here, the horizontal arrows are homotopy equivalences by the Dold-Thom theorem
and Lemma 7.5. Thus there is a map

SP( U Dpvc, pvey (o)) — SP( UK5<§, a0)

oek
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which is a homotopy equivalence by Lemma 7.9. Theorem 7.1 folllows from this. []

9 The Hilbert-Poincaré series for Z(K; (X, A))

We begin by reviewing some of the elementary properties of Hilbert-Poincaré series.
Assume now that homology is taken with coefficients in a field k£ and all spaces are
pointed, path connected with the homotopy type of CW-complexes. The Hilbert-
Poincaré series

P(X,1) = " (dimy Hy(X; K))e"

n

and the reduced Hilbert-Poincaré series
P(X,1)= -1+ P(X,1)
satisfy the following properties.

1. P(X,t)P(Y,t) = P(X XY),t), and
2. P(X,0)P(Y,t) = P(X A Y,1).
For a pair (X, A) satisfying the conditions of Theorem 7.1, we have
P(Z(K; (X, A)).1) = P(Z(K: (U, V). 1) (34)
where the pair (U, V) = BV C, (B V E)) is the pair determined by (X, A) and given

by Lemma 7.6. Next, Theorem 1.1 gives

Pk = 3 [PEKsCDN)- T P 69)
I<[m] JE[m]-1

We apply now Corollary 2.4 to refine this further and obtain the next theorem.

Theorem 9.1 The reduced Hilbert-Poincaré series for Z(K ; (U, V), and hence for
Z(K; (X, A)) is given as follows,

PZK: W o) = > | D [Pk (KDL0P(DE gl )] [l P(B;.1)]
J€lm]-

I1<[m] o€k m|-1

where here we use the convention that t - P(|@|,t) = 1, and ﬁ(ﬁ
read off from (3).

IQ’E(O'), 1) can be

Finally, Theorem 1.1 gives now the Hilbert-Poincaré series for Z(L; (U, V)) and
for Z(L; (X, A), by applying (9.1) foreach K = Lj, J C [m].
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10 Applications

We begin by illustrating the computation of a Poincaré series.
Example 10.1 Consider the composite
f:CP?>— CcP® - cpP3/CcP. (36)

and denote the mapping cylinder of (36) by M. We consider H* (Z (K; (M, CP%)))
and H*(Z(K; (My, CP%))), for any simplicial complex K on vertices [m] and describe
the Poincaré series for the special case

K = {{vr}.. {v2}, {03}, {v1, 02}, {v1, 3} }. (37)

For (X, A) = (My, CP?), we have

U, V) = (S4 v SS, st v SZ). 38)
so that

B=5* C=5%and E = §*
Theorem 7.1 gives now

H*(Z(K;(M;,CP%)) = H (Z(K;(B V C, BV E))).

Applying Theorem 1.1, we get

Z(K;(BVC,BVE) = \ Z(Kr;(S% $2)) A Z(Kim-1; (5% §%)
I1<[m]
\/ Z(KI;(S6, SZ)) A(S4)/\|[m]—1||

- 1<[m]

where the last term represents the (|[m] — I')|-fold smash product. Finally, Corollary
2.4 determines completely R

Z(Kz; (S8, $%))
by enumerating all the links |/ ks (K7)|-

Next, we describe the Poincaré series for K as in (37). According to (38) the
cohomology of (My, CP?) satisfies

H*(My) = Z{bs,cs} and H*(CP?)) = Z{es, bs} (39)

where the dimensions of the classes are given by the subscripts. We denote the classes
{e2, ba, c6} supported on the vertex i by {ej, b}, c¢} and illustrate computation using
Theorem 9.1 by determining the summand corresponding to

[={23} and o=0. (40)
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(i) In this case, we have

D{p(o)= E; AEs=S*AS* and H(D( (o)) = k{e3 ® e3}

and so we get ﬁ(ﬁlg’E(O'), 1 =1

(ii) Next, since [m] — I = {1}, we have

[1 P(B;,1) = P(Bi,t) = P(b},t) =1t*.
et}

(iii) Turning to the links, we have

koKDl = 1{{2}, (3}}] = §°

so that ¢ - P(|lkg(Kp), t]) = t.

Finally, for the case at hand (40), Theorem 9.1 contributes 2 to the Poincaré series
for H *(Z(K ;(X, A))). Continuing in this way, we arrive at the (reduced) Poincaré
series

P(H"(Z(K; (Mg, CP), 1) = £ + 111 4+ 3112 4 5114 4. 241€,
Theorem 1.1 applies particularly well in cases where spaces have unstable attaching
maps.

Example 10.2 The homotopy equivalence S! A Y =~ X(Y) implies homotopy equiv-
alences R R
"(Z(K; (X, A)) — Z(K; (29(X), 29(4))) 4D

where as usual, m is the number of vertices of K. Recall now that SO(3) = RP? and
consider the pair
(X, A) = (SO(3), RP?),

for which there is a well known homotopy equivalence of pairs, [18, Section 1],
(Z2(S0(3)), *(RP?)) — (X*(RP?) v X*(S?), X?(RP?)), (42)

which makes the pair (SO(3), RPZ) stably wedge decomposable. Next, combining
(41) and (42), we get a homotopy equivalence

22 (Z(K; (SO(3), RP?))) — Z(K; (Z2(RP?) v £%(S?), £2(RP?)). (43)

Finally, Theorem 7.1 allows us to conclude that Z (K;(S0(3), RPz))), and hence the
polyhedral product Z(K; (SO(3), RP?)), is stably a wedge of smash products of §°
and RP.

Similar splitting results exist for the polyhedral product whenever the spaces X
and A split after finitely many suspensions. In particular, the fact that Q>S> splits
stably into a wedge of Brown—Gitler spectra implies that the polyhedral product
Z(K; Q%83 *)) splits stably into a wedge of smash products of Brown-Gitler spectra.



Symmetric products and a Cartan-type formula for polyhedral products 51

References

L.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

A. Bahri, M. Bendersky, F. R. Cohen, and S. Gitler, Decompositions of the polyhedral product
functor with applications to moment-angle complexes and related spaces, PNAS, July, 2009,
106,12241-12244.

. A. Bahri, M. Bendersky, F. R. Cohen and S. Gitler, The polyhedral product functor: a method

of computation for moment-angle complexes, arrangements and related spaces. Advances in
Mathematics, 225 (2010), 1634-1668.

. A. Bahri, M. Bendersky, F. Cohen and S. Gitler, Cup products in generalized moment-angle

complexes. Mathematical Proceedings of the Cambridge Philosophical Society, 153, (2012),
457-469.

. A.Babhri, M. Bendersky, F. R. Cohen and S. Gitler, A spectral sequence for polyhedral products.

Advances in Mathematics, 308, (2017), 767-814

. A. Bahri, M. Bendersky and F.R. Cohen, Polyhedral products and features of their homotopy

theory. Handbook of Homotopy Theory, Haynes Miller (ed.) Chapman and Hall/CRC, 2019.

. I. Baskakov, V. Buchstaber and T. Panov, Cellular cochain complexes and torus actions,

Uspeckhi. Mat. Nauk, 59, (2004), no. 3, 159-160 (russian); Russian Math. Surveys 89, (2004),
no. 3, 562-563 (English translation).

. V. Buchstaber and T. Panov, Actions of tori, combinatorial topology and homological algebra,

Russian Math. Surveys, 55 (2000), 825-921

. L. Cai, On products in a real moment-angle manifold, J. Math. Soc. Japan, 69(2), (2017),

503-528.

. L. Cai and S. Choi, Integral cohomology groups of real toric manifolds and small covers.

Online at: https://arxiv.org/pdf/1604.06988.pdf

F. R. Cohen, J. P. May and L. R. Taylor, Splitting of certain spaces C X, Math. Proc. Camb.
Phil. Soc., 84, 465-496

A. Dold and R. Thom, Quasifaserungen und unendliche symmetrische Produkte, Annals of
Mathematics. Second Series, 67, 239-281, doi:10.2307/1970005

M. Franz, On the integral cohomology of smooth toric varieties.

Online at: https://arxiv.org/format/math/0308253

J. Grbi¢ and S. Theriault, The homotopy type of the complement of a coordinate subspace
arrangement, Topology 46, (2007), 357-396.

J. Grbi¢ and S. Theriault, The homotopy type of the polyhedral product for shifted complexes,
Advances in Mathematics, 245, (2013) 690-715. DOI: 10.1016/j.aim.2013.05.002

K. Iriye and D. Kishimoto, Decompositions of polyhedral products for shifted complexes,
Advances in Mathematics, 245 (2013), 716-736.

K. Iriye and D. Kishimoto, Fat wedge filtrations and decomposition of polyhedral products,
To appear in Kyoto J. Math. (DOI:10.1215/21562261-2017-0038)

S. Lépez de Medrano, Topology of the intersection of quadrics in R™, Algebraic Topology,
Arcata California, Lecture Notes in Mathematics, 1370 Springer-Verlag, (1989), 280-292.

J. Mukai, Some homotopy groups of the double suspension of the real projective space RP°,
10™ Brazilian Topology Meeting, (S3o Carlos, 1996). Mat. Contemp. 13 (1997), 235-249.

Q. Zheng, The homology coalgebra and cohomology algebra of generalized moment-angle
complexes, Journal of Pure and Applied Algebra, (2012).

Q. Zheng, The cohomology algebra of polyhedral product spaces, Journal of Pure and Applied
Algebra, 220, (2016), 3752-3776

G. M. Ziegler and R. T. Zivaljevi¢, Homotopy types of subspace arrangements via diagrams
of spaces, Math. Ann. 295, 527-548 (1993). Online at: https://doi.org/10.1007/BF01444901






Multiparameter persistent homology via
generalized Morse theory

Peter Bubenik and Michael J. Catanzaro

Abstract We define a class of multiparameter persistence modules that arise from
a one-parameter family of functions on a topological space and prove that these
persistence modules are stable. We show that this construction can produce inde-
composable persistence modules with arbitrarily large dimension. In the case of
smooth functions on a compact manifold, we apply cobordism theory and Cerf the-
ory to study the resulting persistence modules. We give examples in which we obtain
a complete description of the persistence module as a direct sum of indecomposable
summands and provide a corresponding visualization.

1 Introduction

Persistent homology is an important tool in topological data analysis, whose goal is
to use ideas from topology to understand the ‘shape of data’ [12, 7].

An important example of persistent homology starts with a smooth, compact
manifold M and a Morse function f : M — R. Classical Morse theory concerns
itself with the study of M via the critical points of f by analyzing the sublevel
sets F(a) = f~!(co, a] and how their topology changes as a varies. The subspaces
{F(a)}4er and their inclusion maps may be used to define a functor F : R — Top,
where R is the category given by the linear order on R and Top is the category
of topological spaces and continuous maps. Composing with singular homology in
some degree j and coeflicients in a field k we obtain a functor H;F : R — Vecty
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with codomain the category of k-vector spaces and k-linear maps. Such a functor is
called a persistence module.

Let B; denote the j-th Betti number of M and let M; denote the number of
critical points of index of j of f. Let M(t) = ¥; M;#/ and B(t) = X; B;t/. Morse
observed that M(t) — 8(t) = (1 +¢)D(¢) for some polynomial D(¢) with non-negative
coefficients [28]. That is, the excess of critical points of the Morse function come in
pairs that differ in index by one. A strengthening of this observation is a central result
in persistent homology. The persistence module H; F' decomposes into a direct sum
of indecomposable summands given by one-dimensional vector spaces supported
on an interval. The end points of these intervals are exactly the critical values of the
paired critical points in Morse’s theorem. This pairing of critical values, called the
persistence diagram, is central to persistent homology.

While this setting has been very successful, in many applications the data are
best described not by a single function f : M — R but by a one-parameter family
of functions f; : M — R, where ¢ € I = [0, 1]. For example, one may handle noise
in the data with a procedure dependent on a parameter 7. The resulting homological
data may be encoded in a multiparameter persistence module. However, in general
this module does not decompose into one-dimensional summands, and there is no
complete invariant analogous to the persistence diagram [8].

We approach multiparameter persistent homology using two distinct generaliza-
tions of Morse theory. The first is a parametrized approach to Morse theory, known
as Cerf theory. Cerf theory was initiated by J. Cerf in his celebrated proof of the
Pseudo-Isotopy Theorem [9]. One outcome of his work was a useful stratification
on the space of all smooth functions on a smooth compact manifold, stratified by
singularity type. The existence of this stratification implies that generic, 1-parameter
families of smooth functions are almost always Morse, except for finitely many
parameter values at which the function may have cubic, or ‘birth-death’ type, singu-
larities. Cerf developed a convenient framework for understanding how singularities
merge, split, and pass one another in families. This understanding is paramount for
our analysis.

The second variant is Morse theory adapted to the case of manifolds with bound-
ary. This was developed around the same time as Cerf theory but by several authors
independently [14, 2, 19]. Many statements in classical Morse theory can be adapted
to manifolds with boundary, so long as the gradient or gradient-like flow used is
tangent to the boundary. Critical points occurring on the interior behave as one ex-
pects, but on the boundary they come in two distinct flavors, either stable or unstable,
depending on the local flow. Altogether, Morse theory for manifolds with boundary
is a powerful extension of its classical analog. We have only touched the surface of
using this subject in multiparameter persistence.
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Our contributions

Given a topological space X and a one-parameter family of (not necessarily con-
tinuous) functions f : I x X — R, we define a fibered version of f by letting
f:IxX — IxRbe given by f(t, x) = (¢, f(¢, x)). The collection of subspaces

F(a,b,c) = f'([a,b] X (oo, c]) c I X X, 1)

for0 < a < b <1 and ¢ € R, are our main objects of study. For [a, b] C [a’, b’] and
¢ < ¢’ there is an inclusion of F(a, b, ¢) into F(a’, b’, ¢’). These topological spaces
and continuous maps describe a functor F : Int; X R — Top, where Inty X R is the
category given by the product of the partial order on the closed intervals in I and
the linear order on R. Composing with singular homology in some degree j with
coefficients in a field k, we obtain a functor H;F : Int; x R — Vecty. This functor
is a multiparameter persistence module.

We prove that this functor is stable with respect to the interleaving distance for
perturbations of the one-parameter family of smooth functions (Theorem 3.2).

We consider several examples of such one-parameter families of functions and
give complete descriptions of their multiparameter persistence modules (Sections
4.1,4.3,4.4, and 6). In particular, we give decompositions of these modules into their
indecomposable summands and provide corresponding visualizations (Figures 5, 7,
and 10). We also show that indecomposable persistent modules arising from one-
parameter families of functions may have arbitrarily large dimension (Section 4.2).

Now consider the case where X is a smooth compact manifold and f is smooth.
Let Fy(a, b,c) = f~1([a, b] x {c}). We prove (Theorem 5.2) that for generic a, b, and
¢, (F(a, b, c), Fo(a, b, c)) forms a cobordism between the manifolds with boundary
(F(a,a,c), Fo(a,a,c))and (F(b, b, ¢), Fy(b, b, ¢). Furthermore, it is naturally equipped
with a Morse function

Ta,p) : Fla,b,c) — [a, b],

given by projection onto the interval [, b]. This Morse function has no critical points
on F(a, b, c) \ Fy(a, b, c) and the positive and negative critical points on Fy(a, b, )
(Definition 5.1) correspond to boundary stable and boundary unstable critical points,
respectively.

We remark that if we restrict our collection of subspaces in (1) to those with @ = 0
then we obtain a multiparameter persistence module indexed by I x R ¢ R?, with
the usual product partial order. However, this two-parameter persistence module is
a weaker invariant than our three-parameter persistence module. For example, if
X is the one-point space then our persistence module is a complete invariant of
1-parameter families of functions, but the weaker invariant is not.

We also remark that in applications computing the full set of critical values (the
Cerf diagram — Section 2.4) should not be considered to be a prerequisite. In the
classical situation of sublevel set persistent homology of a single smooth function
(e.g. a sum of a large number of Gaussians), instead of computing the set of critical
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values, one computes the sublevel set persistent homology of a piecewise linear
approximation.

Related work

Much of the recent work on multiparameter persistent homology focuses on either
its algebraic structure, for example [15, 4, 26, 5], or its computational challenges, for
example [24, 10, 22, 29]. Other authors have begun to take a more geometric approach
similar to our own, such as [25, 13]. There are two recent geometric approaches that
are related but still distinct. In [6], the authors use handlebody theory to understand
bi-filtrations arising from preimages of 2-Morse functions f : M — R2. In a simliar
vein, the authors of [21] use singularities of maps M — R? to understand preimages
in M.

Motivation

While our framework is theoretical, we are motivated by applications. We highlight
two examples: kernel density estimation and kernel regression.

Kernel Density Estimation

Suppose {x1, X, ..., X,} € R? are samples drawn independently from an unknown
density function f. An empirical estimator of the density is obtained by the average
of bump functions centered at each x;. The bump functions are translations of a
bump function, K, centered at the origin called a kernel. That is,

b= L Sk (52,

where the parameter « is called the bandwidth. A standard choice is the Gaussian
1

kernel, K(x) = anar exp(— l|x||?/2). Other examples include the Epanechnikov and
triangular kernels, which appear (up to rescaling) as the functions g(¢) and g(¢),
respectively, of Section 4.1.

Properties of the kernel density estimator f, such as the number of modes (i.e.
local maxima), depend on the bandwidth «. In order to obtain a global understanding
of these properties for various of @ and how they interact, we consider the one-
parameter family of functions § = —f : R x I — R, where 3(t,x) = —f,(x)
and [ is some bounded interval of parameter values. We obtain a collection of
spaces, G, given by (1) and its associated multiparameter persistence modules,

H;G : Int; xR — Vectg. We may use HyG for a functorial analysis of the estimation
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of the modes of f. In particular, the dimension of HyG(«, a, —c) equals number of
connected components of the superlevel set £, !([c, o)). Furthermore, the linear maps
HyG(a,a,—c) — HyG(a, b, —c) «— HyG(b, b, —c) allow one to study the persistence
of these connected components.

Kernel regression

Closely related to kernel density estimation, is kernel regression. Suppose we are
givendata {(x1, y1), . . ., (xn, yn)} € RYXR sampled from the graph of some unknown
function f : RY — R. Consider the Nadaraya-Watson estimator

?:1 Ka/(x - xi)yi
?:1 Ka(x - xi) ’

f:x(x) =

In the same way as for kernel density estimation, we obtain a one-parameter family
of functions and associated persistence modules.

Outline

The paper is organized as follows. In Section 2, we recall definitions from geometric
topology and Cerf theory. We define our primary objects of study including our
multiparameter persistence modules in Section 3. In Section 4, we provide several
examples of one-parameter families of functions on manifolds, visualizations of the
relevant cobordisms, and analyze the multiparameter persistence modules. Finally in
Section 5, we prove our main theoretical result that F(a, b, ¢) is generically equipped
with a Morse function and analyze its critical points.

2 Background

We start with providing some background from geometric topology.

2.1 Manifolds with corners

There are several different, inequivalent notions of manifolds with corners and
smooth maps between them in the differential topology literature. The following
is a brief summary of [20]. Let H,:‘ = {(x1,x2,..., %) | X1, x2,..., % = 0}. In
particular, H}' = R" and H}' = [0, c0) X R"".

Definition 2.1 ([20, Definition 2.1]) Let M be a second countable Hausdorff space.
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e An n-dimensional chart on M without boundary is a pair (U, ), where U is an
open subset of R” and ¢ : U — M is a homeomorphism onto a nonempty open
set Y (U).

* An n-dimensional chart on M with boundary for n > 1 is a pair (U, ), where
U is an open subset in R" or H{', and ¢ : U — M is a homeomorphism onto a
nonempty open set ¥ (U).

* An n-dimensional chart of M with corners for n > 1 is a pair (U, ), where U is
an open subset of H;! for 0 < k < n,and ¢ : U — M is a homeomorphism onto
a nonempty open subset ¥ (U).

Definition 2.2 For X c R* and Y c R™, amap f : X — Y is smooth if it can be
extended to a smooth map between open neighborhoods of X and Y. If m = n and
£~ is also smooth, then f is a diffeomorphism.

Definition 2.3 An n-dimensional atlas for M without boundary, with boundary, or
with corners is a collection of n-dimensional charts without boundary, with boundary,
or with corners {(U}, ;)| j € J} on M such that M = U;y;(M) and are compatible
in the following sense: i; o lﬁlzl : zﬁ;l(zﬁj(Uj) Ny (Ug)) — lp]._l(zﬁj(Uj) Ny (Uy)) is
a diffeomorphism. An atlas is maximal if it is not a proper subset of any other atlas.

Definition 2.4 An n-dimensional manifold without boundary, with boundary, or
with corners is a second countable Hausdorff space M together with a maximal
n-dimensional atlas of charts without boundary, with boundary, or with corners.

Example 2.5 The space Q of Figure 2 provides an example of a manifold with
corners. There are six corner points (with neighborhoods homeomorphic to H22) at
the intersections of Vp, V}, and Y. The spaces Vy, V1, and Y are examples of manifolds
with boundary. Their interiors, as well as the interior of €, are examples of manifolds
without boundary.

2.2 Generalized Morse functions

Morse theory provides powerful methods for understanding manifolds through the
lens of smooth functions. Classical Morse theory concerns the study of smooth,
compact manifolds without boundary and allows for a transformation from smooth,
continuous data (manifolds) to discrete data (critical points and values). An adap-
tation to Morse theory for manifolds with boundary extends this to the setting of
cobordisms. Another generalization we will consider, known as Cerf theory, gener-
alizes this to the study of one-parameter families of functions. The remainder of this
subsection is a summary and restatement of ideas from [11, §1] and [27].

Let M and Q be smooth, compact manifolds of dimension n and g, respectively,
and let f : M — Q be a smooth map. A point p € M is a critical point or singular
point, if rank d, f = 0 or

rank d, f < min(n, q) .
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The set of all critical points of f is denoted X(f).
Assume n > g. A point p € Z(f) is a fold singularity of index j (see Figure 1a)
if for some choice of local coordinates near p, the map f is given by

¢RI RIS RITIXR

J n—q+1
(t,x) — t,—le-z+ Z xi2 , 2)
i=1 i=j+1
where r € R4 and x = (x, xo, . . oy Xn—g+1) € R*49*1 Let 219(f) be the set of all

fold singularities.
For g > 1, a point p € X(f) is a cusp singularity of index j + 1/2 (see Figure 1b)
if for some choice of local coordinates near p, the map f is given by

Y RITTXRXR"™ - R xR

J n—q
(t,z,x) — t,x3+3t1z—2xi2+ lez , 3)
i=1 i=j+1
where t = (t1,15,...,15-1) € RI71, z € R, and x = (x1, X2, ..., Xp—q) € R"9. Set

2!1(£) to be the set of all cusp singularities. Finally let Z'(f) = Z19(f) U Z'1(f).

Remark 2.6 Consider the case ¢ = 1 and Q C R, so that all terms of Eq. (2)
involving ¢ vanish. In this case the fold singularities of f : M — Q coincide with
non-degenerate critical points as in usual Morse theory. If such an f has only fold
singularities, then f is known as a Morse function.

Remark 2.7 Both fold and cusp singularities are locally fibered over R?~! in the
sense that the following commute

Ra-1 xRr-a+l %y Ra-l1 xR RO xR xR —Yy Ra-1 xR
\ \Lﬂ- \ lﬂ
T T
R7! Ra-1

where r is the projection onto R?~!. A single fibered function can be interpreted as a
family of functions ¢, : R""9*! — Rory, : RxR" 9 — R, indexed over t € RY~!,
In this language, the folds are constant families (see Figure 1a). The cusps consist of
families of functions with two non-degenerate critical points of index j and j + 1 for
t; < 0, no critical points for #; > 0, and a cubic or ‘birth-death’ singularity of index
j + 1/2 for t; = 0 (see Figure 1b).
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Fig. 1: Local models for (a) a fold singularity and (b) a cusp singularity. The middle
slice of the cusp singularity has a cubic singularity. This is often referred to as a
‘birth-death’ singularity, since the two critical points to the left can be viewed as
being “born” (moving right to left) or as “dying” (moving left to right).

2.3 Cobordisms

In this section, we recall some basic notions from Morse theory for manifolds with
boundary from the well-written summary of [1]. The reader may also consult some
of the original sources, such as [19, 2, 14]. We will assume that all manifolds (with
or without boundaries or corners) are smooth.

Let Vp and V| denote two compact n-manifolds with boundaries dVy and 0V},
respectively. Let Q be a compact (n + 1)-manifold with corners, 0Q =Y U Vy U Vi,
where Vo NV, = @, and Y NV = dVp, Y NV} = 9V). In this case, we say (0, Y)
is a cobordism between (Vp, dVy) and (Vi, dV;). See Figure 2. Such a cobordism
is a left-product cobordism if Q is diffeomorphic to Vy X [0, 1], or a right-product
cobordism if Q is diffeomorphic to V; x [0, 1].

Fixing a Riemannian metric on Q allows us to consider the gradient VF of a
smooth function F : Q — [a, b]. A critical point z of F is Morse if the Hessian of F
at z is non-degenerate. The function F is a Morse function on the cobordism (€, Y) if
F~Y(a) =V, F~'(b) = V}, there are no critical points on Vy U Vi, F only has Morse
critical points, and VF is everywhere tangent to Y.

The unstable manifold WY of a critical point z is the set of all points which flow
out from z under VF:

Wi = (x| lim ®(x) = 2},

where @, is the flow generated by VF. With the same notation, the stable manifold
W; of a critical point z is given by

W ={x]| tli_)rgo O, (x) =z}.

The stable and unstable manifolds are locally embedded disks [18].
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\T

Vo
Q

Fig. 2: A manifold with corners Q provides a cobordism between two manifolds with
boundary Vy and V). The boundary dVj consists of two points and dV; consists of
four points. The manifold with boundary Y can be viewed as a cobordism between
dVp and 0V;. Furthermore, Q is a left-product cobordism.

Unlike usual Morse theory, the critical points for a Morse function on a manifold
with boundary come in a variety of types. If z is a critical point and z € Y, then z
is called a boundary critical point. Otherwise, z is called an interior critical point.
We are primarily interested in boundary critical points, of which there are again two
types, determined by the gradient flow. A boundary critical point is boundary stable
if T,W! C T,Y; otherwise it is boundary unstable.

As usual, the index of a boundary critical point z is defined as the dimension of
the stable manifold W If z is boundary stable, then the index of z is the usual index
of Fly plus one. On the other hand, if z is boundary unstable, then the index of z
coincides with the usual notion of index of the restriction F|y. See Example 2.11.

Remark 2.8 Note that there are no boundary unstable critical points of index n + 1,
or boundary stable critical points of index O.

Remark 2.9 We consider the flow generated by VF, as is frequently used in most
mathematics literature. In other areas such as dynamical systems and physics, the
flow generated by —VF is commonly used. The two versions are equivalent, since
the stable and unstable manifolds swap after replacing the flow generated by VF
with that generated by —VF.

Proposition 2.10 ([1, Lem 2.10, Thm 2.27, Prop 2.38])
Let (Q,Y) be a cobordism between (Vy, 0Vy) and (Vy, dVy).

o [f(Q,Y) admits a Morse function whose critical points are all boundary stable,
then (Q,Y) is a left-product cobordism.
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o [f(Q,Y) admits a Morse function whose critical points are all boundary unstable,
then (Q,Y) is a right-product cobordism.

o [f(Q,Y) admits a Morse function with no critical points, then (Q,Y) is both a left-
and right-product cobordism.

Example 2.11 In Fig. 2, projection of Q onto the horizontal axis yields a Morse
function F : Q — [0, 1], in which F~1(0) = V, F~'(1) = V;. This function has no
interior critical points and a single boundary critical point. The boundary critical
point is boundary stable, and located at the vertex of the parabola of Y in Q. This is
an index 1 critical point. Proposition 2.10 implies Q is a left-product cobordism, as
is evident from Figure 2.

If we post-compose F with the involution # — 1 — ¢, then we again have a Morse
function with no interior critical points. This composition has the same boundary
critical point as before but now it is boundary unstable. The index of this critical
point is 1.

2.4 Cerf theory

Let X be a smooth, compact n-manifold and let I = [0, 1] denote the unit interval. A
one-parameter family of functions on X is a family of smooth functions f; : X — R,
where ¢t € I, and the family varies smoothly with respect to ¢. This is equivalent to
specifying a single smooth function f : I x X — R. In either case, this data gives
rise to a map fibered over the interval

fiIxX —IxR, f(tz) = f(t2),

in the sense that the following diagram commutes

IxX —L5 IxR
x “)
P
I

where 717 is projection onto the 7 factor.
Our primary tool for understanding such families of functions is the Cerf diagram.

Definition 2.12 The Cerf diagram (or Kirby diagram) of a family of functions f :
I x X — Ris given by

LJ (t, fi(x) c I xR.

tel, xeX(f})

We label each nondegenerate critical value of f; with its corresponding index.

The Cerf diagram encodes the critical value information of a family of functions
as the time parameter # varies [9, 16, 23]. A simple Cerf diagram is shown in Figure 3.
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Each (non-end) point on the curves corresponds to a nondegenerate critical value of
[+ and the points where two such curves terminate is a cubic singularity of f;.

Fig. 3: A Cerf diagram for a certain generic family of smooth functions. Each
nondegenerate critical value is labeled by the index of its critical point. See also [17,
Section A.3, Figures E, F, G.].

We will assume that the family f is generic, meaning that for all but finitely
many 7, the fiber f; has finitely many nondegenerate critical points each of which
has a distinct critical value. Furthermore, we will assume that all remaining fibers
have either finitely many nondegenerate critical points exactly two of which have a
common critical value or a single cubic singularity and finitely many nondegenerate
critical points all of which have distinct critical values.

2.5 Wrinkled maps

We recall the notion of a wrinkle from [11]. Let
w:RTTT xR xR - RI7T xR!

be given by
J n-q
w(t, x,z) = t,z3+3(|t|2—1)z—zxi2+ Z xl-2 >

where |¢]? = Ziq_ll tl.z. The set of critical points of w is
Tw)={x=0,22+|t* =1} cRI'xR" xR,

and can be identified with a (¢ — 1) sphere S9~! ¢ R?~! x {0} x R. This sphere has
equator
{x=0,z=0,|t| =1} c ='(w),
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which we identify with S9=2. This equator consists of cusp singularities of index
j + 1/2, its upper hemisphere ' (w) N {z > 0} consists of fold singularities of index
j, and the lower hemisphere X! (w) N {z < 0} consists of fold singularities of index
j+1.

Definition 2.13 ([11])

For an open subset U ¢ M,amap f : U — Q is called a wrinkle of index s + 1/2
if it is equivalent to the restriction of w to an open neighborhood V > D, where D
is the g-dimensional disc {z + |y|? < 1, x = 0} bounded by Z!(w).

A map f : M — Q is called wrinkled if there exist disjoint open subsets
Ui, Us,...,U; € M such that

» foreachi, f|y, is a wrinkle, and
* if U = U\ U;, then flp\y is a submersion.

Definition 2.14 Amap f : M — Q is called wrinkled with folds if there exist disjoint
open subsets Uy, Uy, . .., Uy € M such that

» foreachi, f|y, is a wrinkle, and
e ifU = Ull U;, then f|pp\p has only fold singularities.

The singular locus of a wrinkled map decomposes into a union of wrinkles
S; = Z1(flu,) € U;. As before, each S; has a (¢ — 2)-dimensional equator of cusps
which divides S; into 2 hemispheres of folds of adjacent indices. The singular locus
of a wrinkled map with folds decomposes into a union of wrinkles and folds.

3 Persistence modules for 1-parameter families of functions

In this section we define multiparameter persistence modules for 1-parameter families
of functions. The unit interval [0, 1] is denoted by /.

3.1 Indexing categories

Let Inty denote the category whose objects are closed intervals [a, b] C I, and whose
morphisms [a, b] — [c, d] are inclusions [a, b] C [c,d]. Let A> = {(a,b)|0 < a <
b < 1}. The category Int; is isomorphic to the category A, whose objects are points
(a, b) € A* and has a unique morphism (a, b)) — (c,d) if and only if c < a < b < d.
Finally, let R denote the category corresponding to the poset of real numbers (R, <).
Then we have the isomorphic product categories Inty x R and A? x R.

Note that there may not exist a map between two objects of A% X R, in contrast to
the (ordinary) sublevel-set persistence of Morse functions. There does exist, however,
a zig-zag of maps between any two objects due to the fact that Int; = A? is a join-
semilattice. In particular, [a, b] C [min(a, a’), max(b, b")] D [a’, b]; for example, see
the two arrows in the third triangular slice in Figure 5.
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For n > 1, let (R", <) be the set R” together with the product partial order.
That is (x1,...,x,) < (¥1,...,yn) if and only if x; < y; forall 1 < k < n. Then
the poset A? includes in the poset (R?, <) under the mapping (a, b) — (—a, b). It
follows that the product poset A> x R includes in the poset (R?, <) under the mapping
(a, b, ¢) — (=a, b, ¢). Thus we have an inclusion of categories A> x R < R3? where
R? denotes the category corresponding to the poset (R?, <). For aposet P and p € P,
let U, = {q € P| p < g}, called the up-set of p. Then our persistence modules may
also be considered to be R*-graded modules over the monoid ring K[Up], where Uy
is the up-set of 0 € R? (see [4, 26]).

3.2 Diagrams of spaces

Let Top denote the category of topological spaces and continuous maps. Let X be a
topological space and let f : I x X — R be a (not necessarily continuous in either
variable) real-valued function on 7 X X, which corresponds to a one-parameter family
of real-valued functions on X, given by f;(x) = f(t, x). Let f : I x X — I xR be the
function given by f(t,z) = (¢, f(t, z)). Then we have a diagram of spaces of X given
by F : Int; x R — Top or equivalently F : A> x R — Top given by F([a, b],c) =
£~ ([a, b] X (=0, c]) or F(a, b,c) = f~([a, b] X (=0, ¢]), and morphisms given by
inclusions of the corresponding inverse images. For any subcategory C of Inty X R,
we can restrict a diagrams of space F' to C, forming a sub-diagram of spaces indexed
on C; we omit C if it is clear from context. If the subcategory is finite, we say the
diagram of spaces if finite.

Remark 3.1 The target category of a diagram of spaces of X can be restricted to
Sub(7 x X), the category whose objects are subspaces of /X X and whose morphisms
are given by inclusion.

3.3 Multiparameter persistence modules

Let Vecty denote the category of vector spaces over a field k and k-linear maps.

Given a one-parameter family f of real-valued functions on a topological space
X as in Section 3.2, we have the corresponding diagram of topological spaces F.
For j > 0, let H; = H;(—; k) denote the singular homology functor in degree j with
coefficients in the field k. The multiparameter persistence module corresponding to
f is given by the functor H i F : Inty X R — Vecty or equivalently H; F : AZxR —
Vecty.
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3.4 Betti and Euler characteristic functions

For applied mathematicians, it is sometimes preferable to ignore persistence entirely
(i.e. the morphisms in the persistence module) and only compute the pointwise
Betti numbers, or cruder still, the pointwise Euler characteristic. While much of
the mathematical structure is lost, being able to complete computations on vastly
larger data sets may be more important. In this section we show how these coarser
invariants fit within our framework.

Whenever they are well defined, we have the following. For j > 0, the j-th Betti
Sunction B; : A? xR — Z is given by

Bj(a, b,c) = rank(H;F(a, b, c)).

The Euler characteristic function y : A> x R — Z is given by

x(a,b,c) = Z(—l)jﬁj(a, b,c).
J

In cases where F is given by a cellular complex, the Euler characteristic equals the
alternating sum of the number of cells in each dimension.

3.5 Stability

We prove that our multiparameter persistence modules are stable with respect to
perturbations of the underlying one-parameter family of functions.

Let X be a topological space and consider two one-parameter families of (not
necessarily continuous) functions, f,g cIxX >R Let F,G : A2xR — Top
be the corresponding diagrams of spaces defined in Section 3.2 and for j > 0, let
H;F,H;G : A? x R — Vectg be the corresponding multiparameter persistence
modules defined in Section 3.3. Let doo(f, &) = SUP(; x)erxx | fi(x) = &/(x)].

We define a superlinear family of translations [3, Section 3.5] on A% x R given
by Q.(a, b, c) = (a, b,c + ¢€) for € > 0. The corresponding interleaving distance [3,
Definition 3.20], dj, is given by the infimum of all £ for which two diagrams or
persistence modules indexed by A% x R are Q,-interleaved [3, Definitions 3.4 and
3.5].

Theorem 3.2 d;(H;F, H;G) < dw(f, 3).

Proof Lete = sup y)erxx| fi(x)=&:(x)|. It follows from the definitions that F and G
are Q-interleaved. By [3, Theorem 3.23], H; F and H;G are also Q.-interleaved.[]
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4 Examples I: basic examples

In this Section, we illustrate our results with several examples. Recall that a one-
parameter family of functions on X is a function f : I x X — R consisting of
functions f; : X — R, indexed by ¢ € I. This gives rise to a map fibered over the
interval I,

FIXX > IxXR, f(t,2)=(t f(t2). 5

We will replace smooth functions by piecewise linear approximations to make the
associated multiparameter persistence module easier to describe — for an example,
see Figure 4. This replacement does not affect the qualitative structure of the module
but does change the support of its indecomposable summands.

4.1 Persistence modules of graphs of functions

We begin by considering a one point space X = {*}. A one-parameter family of
functions f; : X — R is equivalent to a function g : I — R, where g(¢) = f;(*).
Hence, the image of the corresponding fibered function f : I X X — I X R s just the
graph of g. Furthermore, since # is a critical point of £; for all ¢, the Cerf diagram of
f coincides with the graph of g.

For example, let g(r) = 4¢(1 — 1), plotted in Figure 4. For convenience we will
instead consider the piecewise linear function g(¢) = 2 min(¢, 1 — ¢). This function
is no longer smooth in ¢, but its simplicity will make it easier to give a complete
analysis (see the comment following Eq. (5)).

We have a diagram of topological spaces F : A>x R — Top given by F(a, b, c) =
f~'([a, b] x (=0, c]), where f : I x X — I x R is given by (t, *) — (1, §(t)). The
space F(a, b, c) is empty if ¢ < 2min(a, 1 — b). That is, % <a<b<l- % The
space F(a, b, c) is contractible if ¢ > 1 or if 2min(a, 1 — b) < ¢ < 2max(a, 1 — b).
Equivalently, a < §and b < 1 -5, 0r § < aand 1 — 5§ < b. In the remaining
case, 2max(a, | —b) < ¢ < 1, we find F(a, b, ¢) ~ S, two disjoint points. That is,
0<c<l,0ga<fandl-5<b<1.

The persistence module HyF : A” x R — Vecty satisfies

1 ifc>1

2 if2max(a,1-b)<c<1

1 if2min(a, 1 - b) < ¢ <2max(a, 1 - b)
0 if ¢ < 2min(a,1 - D),

dim HyF = (6)

while the persistence modules H; I are the trivial K-vector space for all j > 0. See
Figure 5 for a visualization of Sy.

The diagram of spaces F has the sub-diagram given in Figure 4, which has a
corresponding indecomposable persistence module, also in Figure 4. This submodule
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Fig. 4: Left: the graph of g(r) = 4¢(1 —¢) for ¢ € [0, 1]. Middle left: the graph of
g(t) =2min(z, 1 — ) for ¢ € [0, 1]. This is also the image of the map f : I X {*} —
I X R given by f(t,%) = (t,g(t)). Middle right: a subdiagram of the diagram of
spaces F : A2x R — Top given by F(a,b,c) = f~'([a, b] X (=o0, c]). Right: the
corresponding subdiagram of the persistence module HoF : A% x R — Vecty.

Fig. 5: The multiparameter persistence module H,F : A2 x R — Vecty defined by
H.F(a,b,c) = H.(f '([a, b] X (=, c])) where f : I x {*} — I x R is given by
f(t, %) = (t, g(1)) from Figure 4. For j < 0, H;(F) = 0. We have ) = 2 in the open
square pyramid givenby 0 < ¢ < 1,0 < a < §and 1 - § < b < 1. Furthermore,
Bo = 1 in the semi-infinite triangular cylinder givenby 0 < @ < b < 1 and ¢ > 1. For
0 < ¢ < 1, we also have By = 1 in the region givenby 0 <a < Sanda < b <1-5%
and the region § < a < band 1 - § < b < 1. Everywhere else, §p = 0. That is, for
c<O0and0<a<h<landforO<c<land§ <a<b<1-37. Theright
hand diagram in Figure 4 is embedded in HyF as indicated. It follows that HyF is
indecomposable.

of HyF is also visualized in Figure 5. It follows that HyF is an indecomposable
persistence module.
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4.2 Indecomposable persistence modules with arbitrary maximum
dimension

The example in the previous section can be generalized to produce an indecom-
posable persistence module arising from a one-parameter family of functions, with
arbitrarily large maximum dimension.

Forn > 0, let g, : I — R be the piecewise linear function obtained by linear
interpolation between the values g,,(ﬁ') =0for0 <i < nand g,,(%) =1
for 1 < i < n (the example of Section 4.1 is the case n = 1). Then we have
the corresponding diagram of topological spaces F : A2 x R — Top given by
F(a,b,c) = f~Y([a, b] x (=00, c]), where f : I X {*} — I xR is given by (t, *)
(t, 3(1)). Now F has a finite subdiagram £ given by F(%, ﬁ %) where 0 <i < j <n.

Applying Hy we obtain the persistence module Hy F', which contains the following
persistence module HyF":

kn+1
./ \.
AR R
k3 k3 k3
A KA K N
k2 k2 k2 k2

AR R A N
k k k k

Each linear map k™ — k™*! pointing up and to the right is given by the inclusion
k™ — k™ @ k = k™*!. and each linear map k™ — k™*! pointing up and to the
left left is given by the inclusion k™ — k @ k™ = k"*!. This persistence module is
decomposable into (n + 1) one-dimensional summands, whose support is given by
the up-set of one of the (n + 1) minimal elements.

Now append the terminal element F(0, 1, 1) to the diagram £ to obtain the diagram
F, which is also a subdiagram of F. Then we have the persistence module HOF ,

k
A
kn+l
2N
AR AR
k3 k3 k3
A U G N N
k? k2 K2 k2
AR RO A N
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where the linear map k"*! — k is given by summing the coordinates. This persis-
tence module is indecomposable since the upset of every minimal element contains
the terminal element HyF(0,1,1) = k

4.3 A class of indecomposable persistence modules

Let g : I — R be any (not necessarily continuous) bounded real-valued function
on the unit interval. Let f : I x {x} — I X R be given by f(z, *) = (¢, g(¢)) and let
F : A2 x R — Top be given by F(a, b,c) = f~([a, b] x (=, c]).

Theorem 4.1 Let f;(x) = g(t) be any uniformly bounded one-parameter family of
Sfunctions on a one point space {*}. Then the corresponding persistence module H; F
is indecomposable for every j > 0.

Proof For all (a,b, c)) € A> X R, F(a, b, ¢) deformation retracts to a subset of 7, so
H;(F) = 0 for k > 1. Recall (Section 3.1) that for p € A> xR, U), denotes the up-set
of p.

Assume that HyF = M @ N is a nontrivial decomposition of HyF'. Then there are
nonzero maps p : HoF — M, q : H)F — N,i: M — HyF,and j : N — HyF such
thatip + jq = 1g,r. Choose B € Rsuch that g(t) < Bforallt € I.LetT = (0, 1, B).
Then (HoF)r = k. It follows that either iy or jr is the zero map. Assume without
loss of generality that iz = 0.

By definition, we have that for all # € 1,

t, if c > g(t
Pl - (60 1Tezg0
0 if ¢ < g(2).
So, in particular HyF (¢, t, g(t)) = k. Furthermore, we have a surjection of persistence
modules

@
@ k[Uq,1,g(] = HoF .

tel
Since ¢ is surjective and p is nonzero, it follows that p o ¢ is nonzero. Therefore
there exists an a = (to, fy, g(fo)) such that k[U,] 24 Mis nonzero, which forces
(p@)a : k[Ugzla — M, to also be nonzero. Since k[U,], = k and (HoF), = k, it
follows that p, : (HyF), — M, is injective. Therefore, g, = 0.
Since ip + jq = 1u,r, (HoF)a<r = itMy<rPa + jrNa<rqa = 0, which is a
contradiction. O

4.4 The cylinder

Increasing the dimension of the manifold in our examples, consider X = S'. Let
fi : S — R be the constant family of height functions on the circle; f;(6) = sin 6.
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The corresponding function fibered over the interval f : I x ' — I x R has domain
the cylinder, and is given by f(z,6) = (¢, sin8). See Figure 6a. The corresponding
Cerf diagram is shown in Figure 6b. It consists of two horizontal lines, corresponding
to the fold singularities of £ given by the global minimum and global maximum of
the height function.

By definition, F(a,b,c) = f~'([a,b] X (=co,¢]) = [a,b] x {0 | sinf < c}.
Therefore F(a, b, ¢) is empty if ¢ < 0, F(a, b, ¢) is contractible if 0 < ¢ < 1, and
F(a, b, ¢) is homotopy equivalent to S' if ¢ > 1. Thus we find

1 ifc>0
0 ife<O,

1 ife>1

dim HyF = .
0 ife<1.

and dimHF = {

w

(a) (b)

Fig. 6: Left: The cylinder I x S'. Right: the Cerf diagram of the constant one-
parameter family of height functions on the circle.

This multiparameter persistence module can also be visualized as shown in Fig-
ure 7. The blue region is the support of HyoF and the red region is the support of
H\ F. These two regions are unbounded, analogous to sub-level set persistence of
the standard height function on S'. Since each of HyF and H|F are indecompos-
able and at most one-dimensional, this visualization also shows the structure of the
multiparameter persistence module H..F.

5 Analyzing diagrams of spaces

Let X be a smooth, compact manifold. For generic 1-parameter families of smooth
functions f : I X X — R, the nondegenerate critical points of the fibers f; occur in
families themselves, as can be seen in the arcs of the Cerf diagrams of Section 4.
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Fig. 7: The multiparameter persistence module of the constant 1-parameter family
of height functions on the circle. The Betti functions are constant for0 < a < b < 1.
Bo=0forc < —-1land By = 1forc > —1 (blue). By =0forc < 1 and By =1
for ¢ > 1 (red). For HyF, all linear maps within the blue region are the identity
map. Similarly, for H; F, all linear maps with the red region are the identity map.
That is, both HyF and H; F are one-dimensional persistence modules supported on
semi-infinite triangular prisms in which all non-trivial maps are identity maps.

Definition 5.1 We say that such a critical point is positive if the curve in the Cerf dia-
gram containing its value has positive slope (is locally strictly increasing). Similarly,
say that such a critical point is negative if the curve in the Cerf diagram containing
its value has negative slope (is locally decreasing). There can be points that are
neither positive nor negative, e.g., the maximum or minimum of the singular locus
of a wrinkle.

Recall that f : I x X — I x R is given by f(t, x) = (¢, f(t, x)) = (¢, f;(x)) and F :
A% xR — Top is given by F(a, b,c) = f~([a, b] X (=0, c]). For (a, b, ¢) € A> xR,
let Fo(a, b, c) = f~'([a. b] x {c}).

Theorem 5.2 Suppose f : I x X — R is a generic 1-parameter family of func-
tions on a smooth, compact manifold X. Let 0 < a < b < 1 and ¢ € R
Then (F(a,b,c), Fo(a,b,c)) is a cobordism between (F(a,a,c), Fo(a,a,c)) and
(F(b, b, c), Fo(b, b, c)). Assume that there are no critical points in Fy(a,a,c) and
Fo(b, b, ). Then the projection onto [a, b]

Tab] - Fla,b,c) — [a, b] @)

is a Morse function on the cobordism (F(a, b, c), Fo(a, b, c)). Furthermore, m4 p|
has no interior critical points. In addition, positive and negative critical points
in Fy(a, b, c) are boundary stable and boundary unstable critical points of njq p),
respectively.

Proof The projection [, p) : [a, b] X X — [a, b] is a submersion and hence has no
critical points. Therefore, all critical points of the restriction [, p) : F(a, b,c) —
[a, b] c I must lie on the boundary Y = Fy(a, b, ¢).
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Consider a nondegenerate critical point z of f; with z € Y. Near this point there
exists a coordinate system for which it is a fold singularity of f given by Eq. (2). In this
coordinate system, [, p1(t, x) = ¢, 50 drjqp) = [10 --- 0]. For simplicity, assume
that (z, f(z))is at the origin. Then the level set {0} X {x? +- - -+xf—x}2.+1 —mx2 | =
0} has tangent space contained in {0} x R"~! and hence lies ker dn(q,p). Therefore,
z is a critical point of (4 p).

Suppose z is a negative critical point of f; and z € Y. There exists a path
a : R — I x X whose image consists of points (¢, x) where x is a critical point of
f; so that a(0) = z, f(a(-1)) > c and f(a(t)) < c for t > 0 (i.e., a parametrization
of the preimage of an arc in the Cerf diagram containing the image of z). Thus, «
restricted to [0, co) provides a path in F(a, b, c) so that f(a(t)) ¢ Y for t > 0, and
therefore, T, W}’ ¢ T.Y. Hence, z is a boundary unstable critical point for [, 3.

On the other hand, suppose z is a positive critical point of f; and z € Y. Near
Z, there exists a coordinate system on / X X of the form prescribed by Eq. (2). In
this coordinate system, we find 7 p)(#, x) = ¢ and thus dnrj, ) =[10 --- 0]. Since
z is a positive critical point, If we take a sufficiently small such neighborhood U,
then the f function values will increase along the flow lines of Vr[a,b). Precisely,
if £ : Rx1xX — IxX denotes the flow generated by V[, ), then we have
f(&(e, t,x)) = f(t,x)for e > 0and (1, x) € U. This inequality holds in the restriction
to U N F(a, b, ¢). Hence, points on Y N U = Fy(a, b, ¢) N U must flow to other points
on Y under £. In particular, U N W; C Y and hence T,W; C T,Y. ]

Remark 5.3 Theorem 5.2 does not address the case when Fy(a, b, c) contains nonde-
generate critical points that are neither positive nor negative or the case that Fy(a, b, ¢)
contains cusp singularities.

The remainder of this section and the next section are dedicated to showing how
the theory developed thus far and in particular, Theorem 5.2, can be applied to
examples.

Example 5.4 Consider the function g(z) = 2 min(¢, 1 —¢) in Section 4.1. Let X = {*}
and define f : I x X — R to be given by f(t, *) = g(¢) and define f : IxX — I xR
to be given by f (¢, *) = (¢, g(t)). For f, we have the associated diagram of topological
spaces F : A> x R — Top.

By definition, * is a critical point of g, forallz € I.Let 0 < a < b < 1 and
let ¢ € R. In the case a < % and 2a < ¢ < g(b), then Fy(a, b, c) has a positive
critical point and Proposition 5.2 implies this intersection coincides with a boundary
stable critical point of rp, ). Proposition 2.10 implies F(a, b, ¢) is a left-product
cobordism. Note that F(b, b, ¢) is empty. Similarly, if b > % and 2(1 = b) < ¢ < g(a)
then we have a single boundary unstable critical point for 7(, ;) and F(a, b, c) is a
right-product cobordism. In the case that a < % < band2a,2(1 -b) <c <1, we
have that F(a, b, ¢) is a cobordism between the singletons F(a, a, c) and F(b, b, c).
This is not a product cobordism, however, since the projection 7y, 5] has both a
boundary stable and a boundary unstable critical point. Note that F' (%, %, c¢) is empty.
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6 Examples II: the wrinkled cylinder

We modify the constant height function on the cylinder of Section 4.4 by introducing
a wrinkle (Section 2.5), as shown in Figure 8. The wrinkle creates two additional
critical points for all times strictly between ¢ = p and ¢t = g. As before, the two
horizontal lines of the Cerf diagram correspond to fold singularities of f, which
are the global minimum and global maximum. The functions f, and f; have cubic
singularities, corresponding to birth and death singularities, respectively, of f at
t = pand t = g (see Remark 2.7). The birth singularity at ¢ = p gives rise to a pair
of critical points of index 0 and 1, and these two critical points merge together at
t = g. For all times ¢ distinct from ¢ and d, the function f, is a Morse function, with
either two or four critical points.

The associated diagram of spaces F : A x R — Top takes some care to analyze.
The input parameters a, b, and ¢ define a semi-infinite strip [a, b] X (—c0, ¢] which can
be overlaid on the Cerf diagram (Figure 9. Call the component of the singular locus
containing cubic singularities the wrinkle envelope. If the top edge ([a, b] X {c}) of
the semi-infinite strip ([a, b] X (—oo, ¢]) lies in the interior of the wrinkle envelope
then F(a, b, c) is homotopy equivalent to S° (Figure 9 left). If the top edge of the
semi-infinite strip intersects the wrinkle envelope once and ¢ < m, then F(a, b, c)
is homotopy equivalent to S° (Figure 9 middle). If the top edge of the semi-infinite
strip intersects the wrinkle envelope twice and ¢ > m then F(a, b, ¢) is homotopy
equivalent to S' (Figure 9 right). In all other cases F(a, b, ¢) is homotopy equivalent
to the corresponding space for the cylinder (Section 4.4).

This topological analysis can be made precise using the language of Theorem 5.2.
Consider the three examples shown in Figure 9. In the leftmost display of Figure 9, the
Cerf diagram does not intersect [, b] X {c} and according to Theorem 5.2, the projec-
tion 74 p| : F(a, b, c) — [a, b] has no critical points. By Proposition 2.10, F(a, b, ¢)
is a product cobordism diffeomorphic to both F(a, a, ¢) X [a, b] and F(b, b, ¢) X [a, b].
In the middle display of Figure 9 there is a single negative critical point in Fy(a, b, ¢).
Theorem 5.2 implies [, 5] has a single boundary unstable critical point. By Propo-
sition 2.10, F(a, b, c) is a right-product cobordism, as is evident from the displayed
space. Finally, in the rightmost display of Figure 9 contains both a positive and a
negative critical point. Thus, 7, ;) has a boundary stable and boundary unstable
critical point, so we cannot conclude that F(a, b, ¢) is either a left- or right-product
cobordism.

To aid in visualization of the persistence module, we again linearize the wrinkle
(see the comment at the beginning Section 4). In Figure 10, the blue regions corre-
spond to HyF and the red regions correspond to H; F. Both HyF and H; F contain an
unbounded region, arising from the global maxima and minima (fold) singularities,
and a finite region, due to the wrinkle. Note that both HyF and H|F decompose
into one-dimensional persistence modules, in contrast to the persistence modules of
Theorem 4.1.

For precise formulas, assume p = % q= %. Then the bounded component of Hy F

2=, and % + }”'L‘_;,‘n < b < 1. The bounded
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Fig. 8: Left and middle: The wrinkled cylinder from two different angles. The left

graphic contains the image of f; for some ¢ € (p, ¢), a wrinkled circle, which has
four critical points. Right: The Cerf diagram for the wrinkled cylinder.

KR TR N W

Fig. 9: Left, middle, right: three cases of the semi-infinite strip [a, b] X (—oo, ] are
shown in blue overlaid on the Cerf diagram from Figure 8. The corresponding spaces
F(a, b, ¢) are shown to the right of each.

T s S 3 o

1
0
p q

component of HyF has support given by the union of (i) £ < ¢ < m, 0 < a <
¢l <p<land(i)ym<c<ni-1m¢cgcpclyln

N
3

1 n—c
4n-m"*

Fig. 10: The persistence module for the wrinkled cylinder. Both HyF' (blue) and H| F
(red) decompose into two one-dimensional persistence modules, one bounded and
one unbounded, in which all non-trivial maps are the identity map. The unbounded
components, 0 < a < b < 1 together with ¢ > u and ¢ > v, respectively, are exactly
the persistence modules of the cylinder (Figure 6). The bounded components are due
to the wrinkle.
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Compact torus action on the complex
Grassmann manifolds

Victor M. Buchstaber and Svjetlana Terzic¢

Abstract We survey recent achievements in the theory of the canonical action of
the compact torus on the complex Grassmann manifolds. The fundamental problem
of this theory is to describe the equivariant topology of Grassmann manifolds and
combinatorial structure of their orbit spaces. We introduce new notions that we use to
solve this problem and give a series of seminal examples of corresponding construc-
tions. We discuss results from various areas of mathematics that are used to solve
the problem under consideration. This survey also contains a detailed description
of results that formed the basis of our theory of (2n, k)-manifolds. We formulate
several open problems which emerged as natural concretizations of problems from
the classical theory of compact torus actions on smooth manifolds.

1 Introduction

Complex Grassmann manifolds G, x are widely known mathematical objects con-
nected with many fundamental results in algebraic topology and complex, algebraic
and symplectic geometry. In this survey we present results concerning the canonical
torus action on complex Grassmann manifolds, classical as well as recently obtained
based on approaches from toric geometry and toric topology. The methods of toric
geometry use the action of algebraic torus (C*)" on G,, . The approaches developed
in the framework of toric topology are based on the induced action of the standard
compact torus T” and the moment map u : G, x — A, k, where A, i is the standard
hypersimplex.
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By definition, a toric manifold is a smooth toric variety defined as an algebraic
manifold which can be obtained as the closure of an algebraic torus action orbit. Any
Grassmann manifold G,, x is a smooth complex Kédhler manifold, butfor 1 < k < n—1
it is not a toric manifold since it is a union of family of toric varieties. Note that
this family contains toric varieties which are not smooth. Therefore, it is natural
to introduce the notion of the space of parameters of a family of toric varieties.
The objects mainly studied in toric topology are quasitoric manifolds M>" with
an effective action of a compact torus 7" and an important assumption that the
orbit space M**/T" is homeomorphic to a simple n-dimensional polytope P". For
both toric and quasitoric manifolds, a notable and fundamental property is that for
every one of them there exists a uniquely defined moment map whose image can be
identified with the aforementioned simple convex polytope. In the case of Grassmann
manifold G, x the image of the moment map is A, i, which is not a simple polytope
for 1 < k < n— 1. The goal of our survey is to show that, nevertheless, the methods
and results of toric geometry and toric topology allow to obtain deep results on
equivariant topology of the Grassmann manifolds Gk, 1 < k < n — 1. It is known
that the equivariant structure of Grassmannians G,, > is more regular that in the case
of the manifolds G, ; with n > 5, k > 2 (for details see Paragraph 1.11, Adjacency
of strata, in [20]). We show that, in the case of G, 2, much stronger results can be
achieved by exploiting the special case k = 2.

In more general situation, one considers an effective T*-action on a manifold
M?* endowed with the moment map u : M>" — P* for a k-dimensional polytope
Pk, An important feature of these actions is their complexity, which is equal to the
number d = n — k. The torus action in the case of toric and quasitoric manifolds
has zero complexity. In this case, the situation is in some sense quite simple, as
one can describe the equivariant topology of these manifolds M?" in terms of the
combinatorics of the polytope P". The equivariant topology of the Grassmannian
G4, with effective T>-action of complexity one is decribed in our paper [6]. This
result stimulated further exploration of complexity one torus actions on a wider
class of manifolds, see recent papers [2], [24]. It is natural that the complexity
of the algebraic topology of the orbit space M?"/T* grows simultaneously with
the complexity of the torus action. As such, the exploration of torus actions of
complexity d > 2 is recognized in the literature as quite a difficult problem. In our
relevant paper [7] we describe the equivariant topology of the orbit space Gs» with
effective T*-action of complexity 2. We believe that the results of the paper [7] can
be adapted to study complexity two torus actions on a wider class of manifolds. Our
results on the equivariant topology of G5, stimulated further investigation of the
subject, such as the paper [34], which establishes deep connection between algebraic
topology problems of the orbit space Gs»/T> and well-known constructions and
results of algebraic geometry.

In the paper [8] we have developed the foundations of the theory of (2, k)-
manifolds, whose axiomatics appeals to our results on T"-equivariant structure of
Gk, obtained towards the classical open problem of an effective description of the
orbit space G, x/t". These results allowed us to introduce new notions: universal
space of parameters, complex of admissible polytopes and their virtual spaces of
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parameters, and, as the result, the notion of singular points of the action (for details
see Paragraph 2. 8 of the current survey).

The complexity of the effective 7"~ '-action on G, is d = (n — k — 1)(k — 1),
which rapidly grows as a function in n and k. The effective action of 7! on G,,»
gives a family of manifolds with the actions of growing complexity d = n — 3. For
G,2, we construct an explicit model of the equivariant topology and the orbit space
G,2/T". This model resolves the singular points of T"-action on G, > (see Section
3).

In the final Section 4, we establish the relation between the universal space
of parameters for G, » and the Chow quotient G, o//(C*)" described by Kapranov
in [25]. We obtained this result using the technique of wonderful compactification,
see [31], [26]. Note that the notion of wonderful compactification first appeared in the
paper [15] of De Concini-Procesi in the context of an equivariant compactification
of the symmetric spaces G/H, see also [32] and [18] for a comprehensive overview
of the subject. This idea has been further developed and applied in many areas,
such as Fulton-MacPherson compactification in [18], De Concini-Procesi wonder-
ful models [15], [7], the wonderful compactification of Li [31] and, more recently,
the projective wonderful models of toric arrangements by De Concini-Gaiffi and
others [12], [13], [14]. Furthermore, our result from [10] shows the advantage of
wonderful compactification when it comes to the problem of describing the struc-
ture of G,,2/T". More explicitly, it turns out that the wonderful compactification of
arrangements of subvarieties from [31] can be successfully applied for the compact-
ification of the space of parameters F;, = W, /(C*)" of the main stratum W,, C G,,».
This compactification uses the points of the Chow variety of G, » as the points of
the build-up components.

2 General results on Grassmannians G,

The complex Grassmann manifold G, = G x(C) consists of all k-dimensional
complex subspaces in C". The manifolds G, x and G, are diffeomorphic since
for the standard scalar product in C" there exists a canonical diffeomorphism ¢ :
Gux — Gy -k induced by the map which sends any k-dimensional subspace of C"
to its orthogonal complement. The coordinate-wise action of the compact torus T" on
C" given by (1, ...,1,) - (21, - - -»2n0) = (121, - - - » tn 25 ) induces the canonical action
of T" on G, k. The canonical diffeomorphism ¢, is equivariant for this action. The
canonical action of T" on G, induces the effective action of 7*~! = T" /diag(T")
on G, with (}) fixed points.
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2.1 Pliicker coordinates and Pliicker embedding.

We recall the definition of Pliicker coordinates, which are a classical notion in
complex Grassmann manifolds theory. From the canonical basis in C”, induce a
basis in L € Gy . In this basis, L can be represented by a (n X k)-matrix Ap.
Given I c {1,...,n}, |I| = k, denote by P/(Ar) the (k X k)-minor of Ay formed
by the rows indexed by the elements of /. The complex numbers (P/(Az)), where
I runs through all subsets of {1,...n} such that |I| = k, are known as the Pliicker
coordinates of the subspace L c C". The Pliicker coordinates (P!(L)) are defined
uniquely up to common scalar, and therefore we can consider the Pliicker embedding
Gnix — CPN™1 N = (}), defined by

L — P(L)=(P(AL)), Ic{l,...n}, |I|=k. (1)

The Pliicker embedding provides G, x with a structure of a k(n — k)-dimensional
complex Kihler manifold. This embedding satisfies the well-known Pliicker rela-
tions [29], which are quadratic.

The image of the Pliicker embedding of G, n > 4, in CPN~!, N = (5), is the
intersection of the (}) quadratic hypersurfaces

Zijzk + Zjkzin = Tz 1 <i<j<k<l<n,

The Grassmann manifold G, ; is a smooth algebraic variety embedded in CPN~!.
Note that the normal bundle of G,,, in CPN~! is a complex vector bundle of the
dimension (";2). Forn > 4, we have (”;2) < (%), and therefore G, > is not a complete
intersection in CPV~1.

Moreover, since the Pliicker relations are quadratic, we can effectively describe
the standard local structure of a Grassmann manifold G, > as well as its normal
bundle.

Let us consider the representation p, x : T" — TV , N = ('kl), given by the k-th
exterior power

(tl9--~9[n) - (tl AR TR /| tn)

The Pliicker embedding is equivariant for this representation, that is
T" ~ Gpp — CPNL ATV

is py k-equivariant.

2.2 Moment map and hypersimplex

The complex projective space CPV~! is a toric manifold with the canonical action
of the standard compact torus TV and the corresponding moment map
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1 N
CPNt S AN 2 P Z |zi e,
A
i=1

where {e;} is the standard basis in RN and AN~! ¢ R¥ is the regular simplex.

We enumerate the coordinates in RN by (z;), J c {1,...,n}, |J| = k, according
to the standard ordering of the set of all k-subsets of the set of n elements. For
example, for n = 4,k = 2 and N = 6, we consider the correspondence 1 < (1,2),
2 (1,3),3(1,4),4 - (2,3),5 < (2,4),6 < (3,4). Then, one can rewrite the
moment map on CPV~! as

1
z— P Z |z 1%e;. 2
am 7

Let R” be n-dimensional real vector space with the standard basis. The weight
vectors of the representation p,, x are:

A eZ"cR", (Ap)j=1forjel, (A;)j=0forjé¢l,

where I C {1,...,n}, |I| = k. In other words, A; has k ones and n — k zeros.
The moment map u : G, x — R, [28], [20], is defined by

1

MO = e

DUIPHALPAL PP = 1P AP, (3)
where the sum goes over all subsets I C {1,...,n}, |I| = k.

The image of u is the standard hypersimplex A, x which is obtained as a convex
hull of the vectors A;. More precisely,

n
Ak =" {(x1,...,x,) €R", Zx,- =k}.

i=1

It follows that A, x belongs to the hyperplane x; + --- + x, = k in R", thus A,
is a (n — 1)-dimensional polytope. The hypersimplex A, ; has (Z) vertices and 2n
facets. Every one of its vertices has degree k(n — k). Its boundary consists of two
disjoint unions, one comprising n copies of the hypersimplex A,_;x and the other
comprising n copies of the hypersimplex A,,_; x—1. The hypersimplex A,, i is simple
if and only if k = 1 or k = n — 1, that is, when it coincides with the simplex A"~
The edge-graph of the hypersimplex A, i is the Johnson graph. The Johnson
graph is well-known not only in graph theory, but also in coding theory, see [23].
Denote the coordinates of RV by zy, J € {1,...,n}, |J| = k. Define the map

RY - R" by eJ—>Zej.
jeJ
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It gives a bijection between the set of vertices of the simplex AN~ and the set
of vertices of A, . Moreover, the composition G, x — CPN — AN Ak
coincides with the moment map for the Grassmannian G, .

2.3 T"-equivariant automorphisms of G,

It is known [11] that the group of holomorphic automorphisms Aut(G, x) is iso-
morphic to the projective group PU(n) if n # 2k, while for Gy it is isomor-
phic to Z; X PU(2k). The group Z, is defined by the duality diffeomorphism
¢nk * Guk — Gpun-k. Note also that the symmetric group S,, acts on C" by
permuting the coordinates, that is, S, is a subgroup of Aut(G,, k).

Taking into account the canonical T"-action on G, x, one can prove [9]

e Let H be a subgroup of Aut(G, ) such that every element of it commutes
with the canonical T"-action on G, k. Then H = 7" % S, for n # 2k and
H=7,x (TZk_l X Syp) for n = 2k.

* Let H be a subgroup of Aut(G,, ) such that the set of fixed points of the T"-action
on G,k is invariant under the action of every element of H. Then H = "1 %S,
for n # 2k and H = Z, X (T""! % S,,) for n = 2k.

Furthermore, the relationship between the group Aut(G, ) and the moment map
H: Gpx = Ap is characterized as follows [9]:

Theorem 2.1 The subspaces ,u;lk (x)/T" and p°, (5(x))/T" C Gy 1 /T" are homeo-
morphic for any x € Apk and any s € Sy. In addition, for n = 2k, the subspaces
,u;,ik(x)/Ty‘ and p;,lk(f(x))/TZk are homeomorphic for any x € Aoy, where

fx)=1-nx.

2.4 Charts and strata

The Pliicker coordinates define a smooth atlas on G, . The charts are given by
My ={L € Gny : PI(L) # 0}, 1 c {1,...,n}, |I| = k, and the homeomorphisms
ur : My — CK=k) are constructed as follows. Any L € M; can be uniquely
represented by the (n X k)-matrix Ay whose submatrix determined by the rows
indexed by [ is the identity k X k-matrix. The matrix Ay has k(n — k) nonzero entries
a;ij(L), and the homeomorphism u; : My — Ckn=k) is given by uy(L) = (aij(L)),
i ¢ I. It can be easily seen that any chart M; contains exactly one fixed point given
by the element L such that u;(L) = 0 € CK""%). The number of charts is N = (}),
and it coincides with the number of fixed points for the canonical T"-action on G, k.
The charts M; are open, T"-invariant dense sets in G, k. It implies that the sets
Yr = Gk \ My are closed and T"-invariant.

We enumerate the charts by (My,,uy,),...,(Myy,ury). For o = {I},...,I;},
I c{l,....,n}suchthat|l;] = k,1 <i <land 1 <[ < N, define the spaces W, by
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Wo =M, 0---M,NY,,, 0---Yp, @

where {l41,...,In} ={11,.... IN} \ {I1,.. ., [;}. More precisely,
Wy ={L €Gpni:P(L)y£0forI e o and P/(L)=0for I ¢ o}, (5)

Definition 2.2 A non-empty space W, is called a stratum.

The stratum Wy, = My, N --- N My, where o = {1}, ..., In}, is called the main
stratum and denoted by W.

Example 2.3 For o = {I}, W, is a fixed point.
The strata have the following properties [7]:

* They are disjoint, T"-invariant subspaces and give the equivariant subdivision of
Gk, thatis, G = UgW,,.

* ((Wy) =P, where P, is the convex hull of the vertices Ay,,..., Ay, and o =
{I,...,I;}. In particular, for o = {I}, u(Wy) = A;.

Definition 2.4 A polytope P, is called an admissible polytope if ;)Uz u(Wy) for
some stratum W,.

2.5 (C*)"-action

Many important properties of the canonical T"-action on G,,  can be deduced from
the fact that the canonical T"-action on G, x extends to the canonical action of the
algebraic torus (C*)".

When it comes to the relation between (C*)"-orbits and the moment map, the
classical convexity theorem of [1], [22] states:

Theorem 2.5 Let Oc(L) be the orbit of an element L € G,k of the canonical (C*)"-

action. Then u(Oc(L)) is a convex polytope in R" whose vertex set is given by
{A7|P'(L) # 0}. The mapping u gives a bijection between p-dimensional orbits of
the group (C*)" in Oc(L) and p-dimensional open faces of the polytope u(Oc(L)).

It is easy to verify that the strata W, are (C*)"-invariant as well. Moreover, all

(C*)"-orbits in a stratum W, map on 1‘30_ by the moment map. Therefore, a stratum
W can be considered as the collection of (C*)"-orbits mapping to the same polytope
by the moment map.

Remark 2.6 Note that this is only one of the three equivalent ways the strata were
defined in [20], [19]. The other two approaches to the notion of strata are given by
the rank functions and by the refinement of the Schubert cell decompositions, see
also [6]. We emphasize here that our approach to the notion of strata given by (4) is
more general since it does not use the existence of (C*)"-action on G, such that it
extends the T"-action. This approach turns out to be fundamental for developing our
theory of (2n, k)-manifolds [8].
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Definition 2.7 The orbit space F, = W, /(C*)" is reffered to as the space of param-
eters of the stratum W.

The properties of the (C*)"-action on a stratum W, are described by Theorem 2.10
below.
The space of parameters of the main stratum W is denoted by F.

Remark 2.8 The closure Oc(L) is a toric variety for any L € Gy, x. This toric variety
is smooth if and only if its corresponding admissible polytope is a simple polytope.
The following problems naturally arise:

1. Describe all admissible polytopes which are simple and describe the correspond-
ing smooth toric varieties.

2. Describe singularities of toric varieties for which the corresponding admissible
polytopes are not simple.

3. Describe singular toric varieties for which the corresponding polytopes are
simple in m-dimensional faces, 0 < m < n — 2.

The solutions of the second problem for the manifolds G42 and Gs, are given
in [6] and [7] respectively. The description of all smooth toric varieties for an arbitrary
Gk is given in [33], smooth algebraic torus orbit closures in G, x are proved to be
products of complex projective spaces.

In connection with the third problem, let us introduce a generalization of the
notion of a simple polytope. An n-dimensional polytope is said to be simple in m-
dimensional faces, 0 < m < n — 2, if all its m-dimensional faces can be obtained as
intersections of n — m facets. For example, a polytope is simple if and only if it is
simple in vertices. Octahedron A4, is not simple, but it is simple in edges.

The (C*)"-orbits on G, x are nicely described in [7] in terms of the Pliicker charts.
Forasubset J = {j1,..., i} € {1,....k(n—k)}, let

C = {1 s 2h(n-t) € X" Pz = 0, j g J}.

The coordinate subspaces C’ are (C*)"-invariant and their union is CK"=K) Let
C/={(z1,-- > 2k(n-k)) € CIz; #0, j € J}.
Note that any C” is also (C*)"-invariant. It follows from the definition: all points

of C’ have the same stabilizer (C*); c (C*)". Thus, C” is a collection of orbits of the
form (C*)" /(C*);. We provide the description of this collection in local coordinates.

Depending on J, C/ can be one of the following:

¢ an entire (C*)"-orbit;
¢ a collection of (C*)"-orbits which are given by the preimages FJ‘l(c), c =
(ct,...,c—¢) € (C*)F=4, where Fy : (C*)! — (C*)4 is a (C*)"-invariant al-
. . ol el el g
gebraic map given by (z;,,...,z;,) — (Zj] AR 5 g, ).
Here [ = |J|, and ¢ is the rank of the matrix V- consisting of the weight vectors
Aj, j € J,of the representation pj, . The numbers a){ €Z,1<i<l-q,1<j<lI
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are determined as follows: the matrix V” defines a linear map f; : R” — R/ such
that f7(Z") is a direct summand in Z'. Let £ be a lattice in Z' spanned by
f1(Aj), j € J. There exists a unique integral lattice which is orthogonal to L. By
fixing a basis we obtain the matrix V7 of dimension [ x (I — g), the elements of
which we denote by w! .

This leads us to the description of the strata in the Pliicker charts. Any stratum
W belongs, see (4), to the intersection of some set of charts. The cardinality of this
set is equal to the number of nonzero Pliicker coordinates of the points in W, .

Let us consider a stratum W, where |o7| = [ and 1 < [ < (}) — 1. It consists
of all points from G, x whose Pliicker coordinates P! are non-zero if and only
if I € o. In an arbitrary chart, the Pliicker coordinates give rise to polynomials

in the local coordinates zi, . . ., Zx(n-k)- Note that the local coordinates zy, . . . Zk(—k)

represent the corresponding Pliicker coordinates. Therefore, W, c(C)”, forJ = {j €
Lk(n—k) | zj = P(W,) for some I € (}) \ o}. Let J = {j1,....ja}, d = (}) -1
and let P}(zjl, ..., Zj,) be the restriction of PlonC’.

From the given description of C/ , we obtain that any stratum W, in a chart from
the set of charts that contain W, can only be one of the following:

* the whole C/,

« the intersection of the entire collection of (C*)"-orbits in C’ with the family of
surfaces defined by the equations imposed by those Pliicker coordinates which
are zero or must not be zero for the points form W, :

Fj‘l(c), c=(cl,...,Cl-q) € (C*)l—e
w(We) = Pi(j....25,) =0, 1€ () \o
P;(Zjl,...,Zjd)io, leo.

Example 2.9 Let us demonstrate these statements in case of G4,. We consider the
chart M, and take into account that its coordinates zi, z, z3, z4 are enumerated by

I & (1,3),2 & (1,4),3 < (2,3),4 < (2,4). It follows from [6] that any C’,
J < {(1,3),(1,4),(2,3),(2,4)} such that |J| < 4 is an entire (C*)*-orbit. For |J| = 4,
we consider the matrix V' of the corresponding weight vectors A;, j € J. Its rank
is ¢ = 3, it defines the map f; : R* — R* and f;(Aq3) = (2,1,1,0), f1(Aq4) =
(1,2,0,1), fi(A@3) = (1,0,2,1), fr(Ag4) = (0,1,1,2). We obtain the matrix
V/ = (1,-1,-1,1). Thus, the map F : (C*)* — C* is given by F(z1, 22,23, 24) =

20z, 113_ 174 It follows that any stratum in the chart M, is the whole C’ for |J| < 4,
while for |J| = 4, it is given by the points of the family of surfaces F~!(c),c € C*.
This family contains two strata determined by the two possible conditions z;z4 = 2223
or 7124 # 2223, depending if the Pliicker coordinates P3* for the points of a stratum
are zero or not. In the first case it is given by the points in (C*)* of surfaces 724 = 2223
, while in the second case it is given by the family which can be written as, compare
to [6],
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H¥ e ceC\{01).
22733

Letf: Wy /T" — ;’(r be the map induced by the moment map u. Using the above
description of strata in a chart, [7] proves:

Theorem 2.10 1. All points of a stratum Wy in G, have the same stabilizer
Ci. c (C*)", thus the torus (C*)7 = (C*)" [CY_ is the maximal one acting freely
on Wy,

2. The map i : Wo/T? —Pq is a locally trivial fiber bundle whose fiber is
an open algebraic manifold F. Thus, there is a canonical trivialization hy :

Wo /T" =Py XFy.
It follows that, for the Grassmann manifolds, we have the T"-invariant, moreover

(C*)"-invariant, stratification G, x = UW,-, which gives the stratification of the orbit
space G, /T" = UW, /T". From Theorem 2.10, we obtain the following bijection

Gn,k/Tn = U 1(30' XFo, (6)
o

where the union is the set-theoretical union. This bijection gives rise to a problem of
describing how the components of this union are glued. First note that the polytopes
o

Po must be glued together along their common faces. It is clear that the way the
spaces of parameters F, are glued should be be in accordance with the topology of
the orbit space G, x/T". One of approaches to this problem is as follows: since the
main stratum W is a dense set in G,,, it follows that the orbit space G, /T" is a

compactification of Zn x XF. Therefore, we need to find a compactification ¥ of the
space of parameters F such that it is compatible with (6).

This problem can be formulated more precisely as

Problem (5 ):

* Find a projection
T . An,k XF — An,k X F = Gn’k/Tn, (7)

such that u o &, = m; for the projection 7y : Apx X F — Apk.
» For a space F determined by

77 (Wor [T") 2Py XF, ®)
find the projection p,, : F,, — F, such that the composition
o ~ T ho— o
Po XFy = Wg [T SPy XFy

coincides with

o ~ lg,po)°
P xF(,( B )P(r XFy.
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The solution of this problem gives compactification F of F with the desired prop-
erties. This compactification is called the universal space of parameters for the
canonical T"-action on G, and the spaces F, are called the virtual spaces of
parameters for the strata W,,.

2.6 Critical and singular points

Consider the moment map u : G, x — R”".Itis a smooth map, and it has critical and
regular points and critical and regular values defined in a standard way. It is proved
in [7] that the following holds:

* The rank of the differential of the moment map u : G, x — R”" at a point L is
given by
rk du(L) = dim P,

where P, is an admissible polytope for the stratum W, such that L € W
* A point L € G is a regular point for the moment map u : G, x — R" if and
only if its stationary subgroup Ty, C T" is trivial.

e A point x eZ,,,k is a regular value for the moment map u : G, — R” if and
only if the preimage p~!(x) consists of regular points only.

The complement to the set of regular points in G, is called the set of critical
points. This set is T"-invariant, so one can introduce the notion of a critical point of
the orbit space G, /T".

The regular values of the moment map u are nicely characterized for general
(2n, k)-manifold in [8]. In the case of Grassmannians, these properties can be for-
mulated as follows:

* Apoint x is aregular value of the moment map y : G x — Ap ifdim Py =n-1
for any P, such that x € ]O’(T.

* Consider a point x eZn,k such that, for any P, > x, dimP, = n — 1. Then
the preimage Q. = u~'(x) is a closed smooth submanifold in G,, ; of dimension
2k(n—k)—(n—1). Consider the torus 7! = T" /diag(T"). Q,/T""" is a manifold
of dimension 2k(n — k) — 2(n — 1) and, moreover, it is a compactification ¥, of
the space of parameters F of the main stratum. Furthermore, Q, = 7, X T,

* The set of regular values of the moment map u : G, x — A,k is a dense set in
A k.

* The manifolds O, and Oy and consequently ¥ and ¥, are diffeomorphic for any
x, y belonging to the same connected component of the set of regular values of
Ank.

These properties give rise to the following problems:

1. Describe all smooth submanifolds in G, x with the free T"~!-action that can be
realized by Q;
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2. Describe all smooth submanifolds Q,/T"! in Gk /T", and consequently de-
scribe all smooth compactifications 7 of F in G, i /T".

Remark 2.11 For the Grassmannian G4 », the manifolds ¥ do not depend on a point

X 624,2, while for the Grassmannian G5, they do depend on x 62532, see [6], [7].

The tubular neighborhood theorem, see [3], makes it possible to describe the local
structure of the orbit space G, /T". As explained in [9], any point of G,, x /T" that
corresponds to a point of G, with the trivial stabilizer is a smooth point, while
any point of G, ;. /T" that corresponds to a point of G, x with a non-trivial stabilizer
has a neighborhood with cone-like singularities. In this way, in [6], all smooth and
singular points of the orbit space G4, /T* = §° are described.

Assuming that the problem () is solved, to any point [L] of G, ¢ /T" for which
[L] € W, /T", we can assign not only the space of parameters F, but also a virtual
space of parameters F, witha projection p : F, — F,.In[9], the problem (%) is
solved for G, »/T", and the projection p, is showed not to be a homeomorphism in
general. As a consequence, in [9], a new notion of a singular point for G,, »/T" was
introduced.

Definition 2.12 A point [L] = T" - L € G,,»/T" is said to be a singular point for the
standard T"-action on G, » if the space of parameters F- of the stratum W, > L is
not homeomorphic to the virtual space of parameters F.

In [9], the following results were proved:

* In the case n = 4, all singular points of G4,/T* are critical points, but there
are critical points which are not singular. More precisely, all points in G4 that
have exactly two non-zero Pliicker coordinates are critical points which are not
singular.

e For G, »/T" with n > 5 all crtitical points are singular.

e The set G, 2/T" \ Sing(G,,2/T") is an open dense set in G, »/T" and, moreover,
a manifold.

2.7 Orbit spaces G4 /T* and Gs /T

In this subsection, we explain how the notions introduced above can be used to
describe the structure of the orbit spaces G4/ T+ and Gsp/ TS.

271 Gy, /T?

The standard action of T* on G4, gives a seminal example of complexity one torus
action. The topology of the orbit space G4, /T* is explicitly described in [6], where
the following result is proved:
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Gup/ T =~ §°.

More precisely, the image of the moment map is the octahedron A4, the admissible
polytopes are faces Q of octahedron (see the picture below) and six four-sided
pyramids P;;, 1 < i < j < 4 based in three diagonal squares of the octahedron
Kij»PQ’ {l’.]} N {p? q} = 07 i’jvp’q € {1’ e 6}

The space of parameters of the main stratum W is F = CP' \ {(1: 0),(0: 1),(1 :
1)}, and the space of parameter of any other stratum is a point, so W/T* =A4,
X(CP'\ {(1:0),(0:1),(1:1)}),and W, /T* E;a for any such stratum W,,. Thus,

Gan/T = (Asa xC\ {0, 1)U ] Po. ©)
Py #A4

We have proved that the compactification of 24,2 X(C\ {0, 1}) that is compatible with
the bijection (9) gives the universal space of parameters ¥ = CP'. Furthermore, it
gives

Gu/T* = (A42 X CPY)/((x.c)~(r.cymxmycong )= 87 % S* = §°.

Now, it is easy to see that any point of 34,2 \{Iz 1,10(2, 10(3}, where K; are the
diagonal squares of the octahedron Ay, is a regular value of the moment map. In
addition, the singular points of G,,/T* are given by 4~'(0Aq).

272 Gsyp/TS

The canonical action of the torus T on G, is a seminal example of complexity two
torus action. The topology of the orbit space Gs, /T is described up to homotopy
in [7], where this space is proved to be homotopy equivalent to the space X obtained
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by attaching the disc D8 to the space Z*R P? along a generator of the group 77(Z*RP?)
that is known to be isomorphic to Z4, [5].

The image of the moment map is As », and the family of strata and their admissible
polytopes is much wider in this case. The admissible polytopes of dimension 4
are Asp and 10 polytopes with 9 vertices, 15 polytopes with 8 vertices, and 10
polytopes with 7 vertices. In addition, there are 10 admissible polytopes inside As >
of dimension 3, each with 6 vertices; that is, triangle pyramids P;. The remaining
admissible polytopes belong to dAs », and they are given by 5 octahedra, 5 simplices,
and their admissible polytopes, which are determined by the fact that y~'(dAs ) =
5#G,,, US#CP?, i.e. aunion of 5 disjoint copies of G4 5 corresponding to 5 octahedra
A4, and 5 disjoint copies of CP3 corresponding to 5 simplices A3 that form the
boundary of As ;.

The space of parameters of the main stratum is

F={(c1:¢c))(c2:¢))(c3:¢5)) € (CP1)3|6‘1€263 =cjc05. ¢inc; # 0,1, ¢ # ¢},

which is not a point. Unlike in the case of G4 2, there exist other strata whose spaces of
parameters are not points. Precisely, for the strata whose admissible polytopes have
9 vertices, the spaces of parameters are homeomorphic to CP' \ {(1: 0),(0: 1),(1 :
1)}. The strata whose admissible polytopes are the octahedra on the boundary of
As > have the same space of parameters. For any other strata, its space of parameters
is a point.

We proved in [7] that the compactification of 35,2 XF that is compatible with
the bijection (6) is the universal space of parameters ¥ . It is, moreover, a smooth
surface obtained by the blow-up of the surface F = {((c; : c;), (e : c/z), (c3: c;)) €
(CP1)3|clc/203 = c/1 czc;} at the point ((1 : 1), (1 : 1),(1 : 1)). In birational geometry,
this surface is known as the Del Pezzo surface of degree 5, see [34] for details.

All points of 25,2 \U}S1 ;’i, where P; are triangle pyramids, see [7], are regular
values of the moment map u : Gs» — As . The singular points of G5, /T3 in sense
of Definition 2.12 are given by /i~'(dAs2) and by those points of the strata whose
admissible polytopes are the prisms P;, 1 <i < 10.

2.8 Relation to the theory of (2n, k )-manifolds

The properties of T"-action on G, that are fundamental for the description of the
equivariant topology of the orbit space G, x/T" mostly come from the fact that the
T"-action has an extension to (C*)"-action. These properties form the basis of the
theory of (2n, k)-manifolds, [8]. A (2n, k)-manifold is a smooth closed oriented
simply connected manifold M>" with

« Smooth effective action 8 of the torus 7% on M?", where 1 < k < n such that the
stabilizer of any point is connected;
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* Open smooth 6-equivariant map u : M>" — R¥ whose image is a k-dimensional
convex polytope (here we consider the action of 7% on R¥ to be trivial);

such that it satisfies six axioms formulated in [8]. We emphasize that these axioms
actually arise from properties of the T"-action on G, that are crucial for the
description of the orbit space G, x /T":

* Axiom 1 is a generalization of the following property of Grassmann manifolds:
all charts in the Pliicker atlas are T"-invariant open dense sets each containing
exactly one fixed point.

* Axiom 2 is a generalization of the following property of Grassmann manifolds:
the moment map gives a bijection between the set of fixed points and the set of
vertices.

* Axiom 3 is a generalization of the following property of Grassmann manifolds: all
points of a stratum W, have the same stabilizer T, C 7" (see the first statement
of Theorem 2.10).

* Axiom 4 is a generalization of the second statement of Theorem 2.10).

¢ Axiom 5 is a generalization of the properties of (C*)"-orbits of a stratum given
by Theorem 2.5.

* Axiom 6 generalizes notions of the universal space of parameters ¥ and virtual
spaces of parameters £, of the strata, together with projections p,- : Fy — F.

The class of (2n, k)-manifolds comprises, among the others, quasitoric manifolds,
which are (27, n) manifolds, complex Grassmann manifolds G,, x, which are (2k(n —
k), n—1)-manifolds, the complete complex flag manifolds F,,, which are (n(n—1), n—
1)-manifolds, etc.

The notions of strata and admissible polytopes for a (2n, k)-manifold are defined
analogous to the case of Grassmann manifolds. The notion of the space of parameters
of a stratum generalizes the notion of the space of parameters of a stratum in the case
of G, x and is defined by Axiom 3 since the T*-action on a (2n, k)-manifold in general
does not have an extension to (C*)*-action. Examples of (2n, k)-manifolds for which
T*-action is not in general induced by an (C*)*-action are quasitoric manifolds M>"
and standard spheres 52" which are (2n, 1)-manifolds.

Using these axioms from [8], one can construct a model for the orbit space
M?*/T* for an arbitrary (2n, k)-manifold M>". The complex of admissible polytopes
C(M?*, P¥) is defined as the formal union of all admissible polytopes. The canonical
map 7 : C(M?", PX) — P defines the canonical map f : M** — C(M?*", P¥) by
# o f = u, so, with the help of the map f, we endow C(M?>", P¥) with the quotient
topology. We denote P; the relative interiors of the polytopes from the complex
C(M?", P¥) to distinguisg them from their copies in P¥. Now, consider the space

& =UP, x Fy c C(M*, P*)x F.

There is a natural map H : & — M2"/Tk = UW,/T? = U }O>U XF5 defined by
H(xy,¢5) = (X0, po-(¢5)), and Axiom 6 requires it to be a continuous map.
In [8], (&, H) is proved to be a model for MZ”/T", that is,
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Theorem 2.13 The orbit space M*" |T* is homeomorphic to the quotient space of
&, and the homeomorphism is given by the map H.

Example 2.14 Let us consider the space F3 of complete flags in C3. In [8], we have
applied methods of the theory of (2n, k)-manifolds to prove that F3/T3 = §*. The
T3-action on F; induces an effective action of 72 on F3, which is an example of
complexity one torus action. The ideas of the theory of (2n, k)-manifolds were also
exploited in [6] to describe the orbit space CP’ /T* = §2 « CP?, which is an example
of complexity two torus action. Here the action of the torus T# on CP? is given by
the second exterior power embedding of 7* into T and the canonical action of T°
on CP3.

3 T"-action on Grassmann manifolds G, ;

Among all Grassmann manifolds G, x, the manifolds G, > stand out, first because
of their application in mathematics and mathematical physics, but also because
of regularity of their stratification, which we previously defined in subsection 2.4.
The word “regularity” here means the following: for a Grassmann manifold G, x,
1 £ k < n—1, the boundary of any stratum W, is contained in the union of the
strata W5 such that & C o, that is,

oW, C UW&. (10)

A critical property of this inclusion is that it is generally strict. Gel’fand and
Serganova [20] (see also [8]) showed that, in the case of the Grassmann manifold
G173, one can find and describe explicitly a stratum W, such that

« Its space of parameters is a point, meaning that it consists of exactly one (C*)’-
orbit,

e There exists a stratum Ws for any 0 C o whose space of parameters is not a
point.

e The boundary 0W, has nonempty intersection with Ws.

For such a stratum inclusion 10 is strict.

As showed in [20], this does not happen to the strata in Grassmannians Gy, 2,
n > 2, that is, in this case inclusion (10) is an equality. It is it this sense that the
equivariant structure of any Grassmannian G5 is regular.

The T"-action on Grassmannians G, ; is studied in detail in [9], where we have
constructed a nice, almost smooth model for its orbit space.

The image of the moment map u : G, 2 — R" is the hypersimplex A, 2, and its
boundary is the union of two families of polytopes, the first of which consists of n
copies of the hypesimplex A,_; 2, and the second one of n copies of the symplex
A2 In other words,

W (BA2) = n#G,_1 2 U n#CP"2,
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Therefore, the equivariant topology of the Grassmann manifold G, » can be in-
ductively described in the class of G, >-manifolds, 3 < m < n, by studying the

equivariant topology of u‘l(zm,z) C Gpp2.
The induction step is based on describing all admissible polytopes that intersect

Znyz. In [9], we have proved that these admissible polytopes can be described using
nice arrangement of hyperplanes in R"™! = {(x1,...,x,) € R"|x; + ... + x, = 2}.
In [9], we have proven

* All admissible polytopes with dimension is < n—3 belong to the boundary 9A,, ».
* The admissible polytopes of dimension n — 2 that have non-empty intersection

o
with A, 2 are given by the intersection of A, » with the planes of the form:

x; =1, where SC{l,...,n},ZSpS[g]. 11
ieS,|ISl=p

* An admissible polytope P, such that dim P, = n — 1 is either A, or the
intersection of A, with the collection H = {Hs,,..., Hs,} consiting of the
half-spaces of the form

Hs: ) xi <1, Sc{l..nh |ISl=k 2<k<n-2
ieS
such that §; N S; = 0 whenever Hg,, Hs, € H.

This shows that it is important here to consider the hyperplane arrangement IT that
consists of the planes given by the equation (11). Now, consider a hyperplane
arrangement in R"~! = {(xy,...,x,) € R*|x; + ...+ x, = 2} given by

Ap=TNMU{x; =0, 1 <i<ntU{x;=1, 1 <i<n}

and the face lattice L(Aj,) of this arrangement. The intersection L(Ajy 2) = L(A,)N
A,,» produces a decomposition of A, » into closed polytopes, whose faces belong to
the lattice L(A,,2). The decomposition of A,, » into interiors of these polytopes and

the interiors of their faces, we call a chamber decomposition and denote by L (A, 2).

We call an element C € Z (A,.2) a chamber. In [9], we have proven:

* the chamber decomposition L (A, ) induces on A, » the decomposition which
coincides with the decomposition given by the intersections of relative interiors

of all admissible polytopes in A, ».

We denote the chambers from Z (AN En,z by C,,, where w consists of all o such

that C,, C 1030. For the preimages of chambers C, = u~1(C,), we have proven that

* there exists a canonical homeomorphism

hw:éw%CwXFwa



96 Victor M. Buchstaber and Svjetlana Terzi¢

where F,, is a compactification of the space of parameters F of the main stratum,

which is given by the spaces F, such that C,, CP.

When dimC,, = n — 1, this follows from [7], where the spaces g !(x) =
UoewFs C Gp2/T" are showed to be smooth manifolds, diffeomorphic for all
x € Cy, that is, diffeomorphic to some manifold F,,. For a chamber of an arbitrary
dimension, it follows from an observation from [21].

The main stratum is given by the following system of equations in the local
coordinates (z3, . . ., Zn, W3, - . ., Wy) of an arbitrary chart:

CijZiWj = CijZjwi, 3<i<j<n,

el | L. !
where the parameters are (c;; : cl.j) € CP', cij, i # 0, and ¢;; # Cij- The number of

parameters is N = (";2). The parameters satisfy the relations
CijCiyCjl = C;iCilCjps 3<i<j<l<n (12)

We have obtained an embedding of the orbit space F = W/(C*)" into (CP")VN.
Its image is an open algebraic manifold in (CP')"N given by the intersection of
cubic surfaces (12), and the conditions that (c,-j;c;.j) € CP}K = CP'\ A, where
A={(1:0),0:1),(: D}

For the space of parameters F,- of an arbitrary stratum W, such that Ig(rc Zn,z,
e Ifdim P, = n — 2, then Fy is a point;
e Ifdim P, = n—1,and F, is nota point, then the space F,, is obtained by restricting

the intersection of the cubic surfaces (12) to some g factors CPII; = CP'\ Bin
(CPYN, where B={(1:0),(0: D},and0 < g < I.

As for the universal space of parameters, we have proven [9] that the space 7,
which is explicitly described in [10] by the techniques of the wonderful compactifi-
cation, is the universal space of parameters for the canonical T"-action on G, . To
elaborate, we start from the closure F of the space F in (CP")V, that is,

F = {((cij : c;))) € (CPYN|eijeyepn = cjpcuci, 3<i<j<l<n}
, which is a smooth variety [10]. Consider the subvarieties given by
Fr = Fun{(cu: ) = (e c) = (et ¢) = (L2 D), (13)

forl ={i,k, I} e{lc{l,...,n}, |I|=3}andn > 5.
In terminology of wonderful compactification [31], [10], one takes the building
set G, to be

e Gn=0forn =4,
* Gn={G = Fy c F,}, that is, all possible nonempty intersections of Fy’s.
1
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Following [10], denote by ¥, a smooth, compact manifold which is obtained as
the wonderful compactification of F with the building set G,. In [9], we have proven
that 7, is a universal space of parameters for the canonical T"-action on G, 3.

Having a universal space of parameters 7, to any stratum W, one can assign a
virtual space of parameters F,. c F,. In [9], these virtual spaces of parameters are
proved to have the following very nice properties:

e For x GZ,,,Z, denote by
Fo= | Fo
xeP,
Then
F. = F, for any x Ezn,g .

* For any chamber C,,, one has 17} N F(T/ = () whenever o, o € w.
¢ The union

Fo= ) Fo (14)
C(ucfo)a'

is a disjoint union for any chamber C,,.

Since, by definition, for any virtual space of parameters F, there exists a projection
Do - F, — F,, it follows from (14) that for any chamber C,, there exists a projection

Pe  Fu — Fy, defined by po,(y) = po-(y) for y € Fy. (15)

Denote by CO}n,2= u—l(Z,,,z). The following disjoint decomposition holds:
G2 JT" = | ] Co = J(Co x Fu). (16)
w w

where the topology on the right-hand side is given by the induced moment map
[ Gpa/T" — Ay and the natural projection G, 2/T" — G, 2/(C*)".
Altogether, we have

Gua/T" =G [T U () Gura@/ T Hu( Ja2g). a7
q=1 g=1

The topology on the right-hand side of (17) is defined by the canonical embeddings
Gn-12(q) = Gn2 and CP"2(q) > Gp2, 1 < g < n.

The universal space of parameters for CP"%(q), 1 < q < n, is a point. The
canonical embeddings fq : Gpo12(q) — Gy are defined by the inclusions i, :
cl - C" gz, vzn-1) = (@ - 2g-1,0, 24, - . - Zn=1), 1 < g < n. Therefore,
the relation between the universal spaces of parameters ¥, for G, > and %, 4 for
Gn-1,2(9), 1 < g < n, is given by

ﬁl—l,q = Tl{(cij (18)

e hijEa )
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which defines the restriction r; : 7, — Fu_1,4-

Thus, all previous constructions apply to 1,4 and A,_12(g) € 0A, > which is
defined by A,—_12(q) = A2 N {x4 = 0}, 1 < g < n. Denote by pd Fu-1,g = Fo
the map given by (15) for the Grassmannian G,_12(g), 1 < g < n. Altogether, we
obtain

* For any chamber C,, C dA,, 2, one can define the projection p,, : F,, — F,. If
C,, € A""!(g), this projection maps 7, to a point, while for C,, C A,_12(q) this
projection is defined by pe,(y) = (pf, o rg)(y).

Consider the space
Uy :An,qu__n- (19)

One can inductively define a projection
° n n
Un = (An2 xF) U ((JUnr) U (] A"2(9)) (20)
q=1 q=1

for Up-1,4 = An-12(q) X Fu-1,4, which is given by (x, f) — (x,rg(f)) if x €
An-12(q), and by (x, f) = xif x € A"2(g), where 1 < g < n.
Altogether, we obtain

Theorem 3.1 The map
G : Uy = GuafT", G(x,y) = hy) (x, po(y)) ifand only if x € Cp,  (21)

is correctly defined. Moreover, the map G is a continuous surjection, and the orbit
space Gn 2 [T" is homeomorphic to the quotient of the space U, by the map G.

4 Universal space of parameters for G, > and the Chow quotient

In [10], using the techniques of wonderful compactification, an explicit construction
of the space ¥, coming purely from the equivariant topology of the Grassmann
manifolds G,, 2, is provided. The authors obtain a smooth, compact manifold dif-
feomorphic to the moduli space M(0, n) of genus zero stable curves with n-marked
distinct points, that is, to the Chow quotient G, o//(C*)".

The idea for this construction comes from a problem we have already discussed:
knowing that W/T" = G, ,/T" for the main stratum W and W /T" s&n,z xF, find a
compactification of the space of parameters F of the main stratum that is compatible
with the decomposition of the orbit space G, 2 /T" = U 103(7 X F,. To do that, we first
note the following property. Consider a stratum W, in a chart M;; and assign to it the
space Fy,; i C ¥ using the fact that W, /T" is in the boundary of W,,/T" EZ,,,Z xF.
Then the space F;; must not depend on a chart M;; > W,. Thus, in order to
describe 7;,, we must start by considering F, c (CPl)N and all possible 17"(,, ij C F,,
and make corrections along those F},, ;j that are not independent of a chart M;;.



Compact torus action on the complex Grassmann manifolds 99

While realizing this approach in [10], the authors note that the main stratum W
belongs to any chart of the Pliicker atlas for G,, 2, so the transition maps between the
charts induce the family A of automorphisms of the space of parameters F. This
family of automorphisms is explicitly described in [10]. The idea of how to overcome
the problem of dependence of the virtual spaces of parameters on the charts is the
following: find a compactification ¥, for F' such that any automorphism from A
extends to an automorphism of ;. In that sense, subvarieties in the smooth variety
F c (CP")N given by

Fr=Fyn{(ci:cy) = (e c) = (crr i ) = (12 D}, (22)

forI = {i,k,l} e {I c{1,...,n}, |I| =3} and n > 5, are showed [10] to represent
the singularities of the extension of the automorphisms from the family A.

In order to resolve these singularities, in [10] the authors apply the method
of wonderful compactification with the building set G,, described in Section 3
of the present survey, and obtain a compact smooth manifold %, for which all
automorphisms of A are proved to extend to the automorphisms of 7.

Further on, using the description of the space M0, n) given by Keel [26], the
spaces ¥, and M(0, n) are proved to be diffeomorphic.

On the other hand, there is, due to Kapranov [25], a well-known construction from
algebraic geometry known as the Chow quotient. The idea behind the definition of
the Chow quotient is the construction from algebraic geometry known as the Chow
variety, which is a compact variety whose points parametrize algebraic cycles in a
given variety of the same dimension and degree. The corresponding Chow variety
Co(n-1)(Gnk, 6) of a Grassmann manifold G, consists of all algebraic cycles in
Gy« of dimension 2(n — 1) whose homology class is §, where 6 € Hy,;,—1)(Gn k. Z)
is the homology class of the closure of a generic (C*)"-orbit in G, k.

By definition, the Chow quotient G,, x//(C*)" is the closure of the image of the
natural map

W/(C*)n - CZ(n—l)(Gn,k, 5), X = (C*)n © X,

where W is the main stratum in G, «.
The build-up components to W/(C*)" in G, x//(C*)"* are described in [25] using
that fact that

e The algebraic cycles forming Chow quotient G, x//(C*)" are of the form Z =
2. Zi, where Z; are the closures of (C*)"-orbits in G, such that the matroid
polytopes u(Z;) give a polyhedral decomposition of A, x.

Here the matroid polytopes defined in [25] in the case of G,,» coincide with our
admissible polytopes. Recall that the admissible polytopes for G, » can be described
as well in terms of hyperplane arrangement II given by (11). In our terminology, the
Chow quotient actually gives a compactification of the space of parameters F;, of the
main stratum.

In [10], the authors establish a relation between a chamber C,, in A, such that
dim C,, = n—1 and the Chow quotient G, o//(C*)".Let Py = {Po.15.- ., Po.s} C P
be the set of al decompositions P, ; of A, » that contain P,,. Let Za,,- C Gpof/(C)?
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be the family of algebraic cycles determined by the decompositions P ;. These
cycles are of the form

Zo-iI (CU'i] ) +...+ Zo',iq (Co'iq)

for(co,s .- - Coy,) € Foy X -XFy, , Where Zo,, (ij ) is the closure of an algebraic
torus orbit in W, , and this orbit is determined by ¢o; € Foip = Wo [(C*)". Let

further i
Zo =\ ) Zou:
i=1

In [10], we have proven that

* Any C,, dimC, = n — 1, defines a decomposition of G, »//(C*)" into a disjoint
union, that is,

U Z- = Guaj©)". (23)

O Ew

Remark 4.1 Since we have proven that the universal space of parameters ¥, and
M(0, n) are diffeomorphic, and the result of [25] gives that the manifolds G, »//(C*)"

and M(0, n) are isomorphic, it follows that our universal space of parameters %,
describes the topology of the result of gluing of the build-up components to F}, in
Gn.2//(C*)". Using the description of ¥, by the techniques of wonderful compact-
ification, in [10] these build-up components are explicitly described for n = 4 and
n=>3.

Example 4.2 In the easiest case of n = 4, the build-up components of G4 5//(C*)*
consist of three points. These three points correspond to the three decompositions of
Ay into two 4-sided pyrhamids, see 2.7.1. These points glue together to Fy = (CPJ‘ in
G4,2//(C*)* to give the universal space of parameters CP'. This case is also discussed
in [25], but this observation independently follows from [6] and the identification
between 73 and Gg,5//(C*)*.
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On the enumeration of Fano Bott manifolds

Yunhyung Cho, Eunjeong Lee, Mikiya Masuda, and Seonjeong Park

Abstract Fano Bott manifolds bijectively correspond to signed rooted forests with
some equivalence relation. Using this bijective correspondence, we enumerate the
isomorphism classes of Fano Bott manifolds and the diffeomorphism classes of
indecomposable Fano Bott manifolds. We also observe that the signed rooted forests
with the equivalence relation bijectively correspond to rooted triangular cacti.

1 Introduction

A Bott manifold of complex dimension # is a smooth projective toric variety whose
fan is the normal fan of a polytope combinatorially equivalent to the n-dimensional
unit cube [0, 1]". A family of Bott manifolds was first considered by Grossberg and
Karshon [8] in the context of toric degenerations of Bott—Samelson varieties. Since
then, topological or geometric properties of Bott manifolds have been intensively
studied in [7, 5, 2, 14]. Recently, motivated by Suyama’s work [16], we showed the
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c1-cohomological rigidity for Fano Bott manifolds, which means that two Fano Bott
manifolds are isomorphic if and only if there is a ring isomorphism between their
cohomology rings preserving their first Chern classes ([4]).

It is known that there are only finitely many smooth Fano toric varieties up
to isomorphism in each dimension (cf. [15]), and therefore there are also only
finitely many Fano Bott manifolds up to isomorphism in each dimension. Higashitani
and Kurimoto [11] associate signed rooted forests with Fano Bott manifolds to
classify Fano Bott manifolds up to diffeomorphism. In this paper, we enumerate
the isomorphism classes of Fano Bott manifolds and the diffeomorphism classes of
indecomposable Fano Bott manifolds using this correspondence.

To introduce our main result, we prepare some terminologies. Recall that a fan
associated to a Bott manifold of complex dimension 7 is the normal fan of a polytope
combinatorially equivalent to [0, 1]* and so it has 2n rays. We denote the primitive
ray generators by vy, . . ., v, Wi, . . ., Wy, where v; and w; are pairwise normal vectors
of opposite facets.

If a Bott manifold is Fano, then it is known that the sum v; + w; is either the zero
vector or another ray generator, say V() OF W,(;), where ¢ is a permutation on [n].
Accordingly, one may associate a signed rooted forest with a Fano Bott manifold as
follows:

« the set of vertices can be identified with [n] = {1,...,n},

* the vertex i is a root if and only if the sum v; + w; is the zero vector,

¢ for each vertex i and its parent, denoted by ¢(i), the edge {i, ¢(i)} is signed by +
if v; + W; = Vy); and by — if v; + w; = wy).

See Section 2 for more precise definition.

For each vertex i of a signed rooted forest, we obtain another signed rooted forest
by changing the signs of all the edges connecting i and its children simultaneously.
By considering this operation for all vertices, we obtain an equivalence relation ~
on the set SF,, of isomorphism classes of signed rooted forests with vertices [n]. It is
observed in [11, Remark 5.8] that the isomorphism classes of Fano Bott manifolds
of complex dimension n bijectively correspond to the equivalence classes SF;,/~ of
signed rooted forests with n vertices. Now we state our main theorem.

Theorem 1.1 (Corollary 4.4) The generating function F(x) = 3. o |SFu/~|x"
satisfies

00

F(x) = exp (Z % (F(x2'<) + F(xk)z)) .

k=1

This functional equation determines F(x). Indeed, a straightforward computation
shows

F(x) =1+x+2x>+5x3 + 13x* + 377 + 111x° + 345x7 + 1105x% + 3624x° + - - -

The generating function A(x) = 1+3 > | A, x" for the number A, of rooted triangular
cacti with 2n + 1 vertices and n triangles satisfies the same functional equation
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(see [9, 10]). It turns out that there is a bijective correspondence between SF;, /~ and
rooted triangular cacti with 2n + 1 vertices and #n triangles.

The result [11] by Higashitani and Kurimoto implies that the diffeomorphism
classes of indecomposable Fano Bott manifolds of complex dimension #n bijectively
correspond to SF,_/~. Here, we say a Fano Bott manifold is indecomposable if
it is not isomorphic to a product of lower dimensional Fano Bott manifolds. This
provides an enumeration of the diffeomorphism classes of indecomposable Fano
Bott manifolds.

This paper is organized as follows. In Section 2, we provide the definition of Bott
manifolds and their Fano conditions. Moreover, we recall the association of signed
rooted forests with Fano Bott manifolds. In Section 3, we show that the association
induces a bijection between the isomorphism classes in Fano Bott manifolds and
the equivalence classes SF, /~ of signed rooted forests with n vertices. In Section 4,
we enumerate the equivalence classes SF},/~ of signed rooted forests. In Section 5,
we give a bijective correspondence between SF,, /~ and rooted triangular cacti with
2n + 1 vertices and n triangles.
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2 Fano Bott manifolds and signed rooted forests

In this section, we review the definition of Bott manifolds and their fans. We also
recall the relation between Fano Bott manifolds and signed rooted forests from [11].

Definition 2.1 ([8, §2.1]) A Bott tower B, is an iterated CP!-bundle starting with a
point:

Bn —_— Bn—l > e > Bl > BOa
| I |
P(Ce &) CP! {a point}
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where each B; is the complex projectivization of the Whitney sum of a holomorphic
line bundle &; and the trivial line bundle C over B;_;. The total space B, is called a
Bott manifold.

A Bott manifold B, is a smooth projective toric variety by the construction. Its
fan X has 2n rays. We denote by {vy, ..., v,, Wi, ..., W, } the ray generators, where a
pair of v; and w; does not span a cone for each i. A subset S of ray generators having
n elements form a maximal cone of X if and only if

{v;,w;} ¢ § foranyi € [n].

Because of this description, one may see that the fan X is the normal fan of a polytope
combinatorially equivalent to the cube [0, 1]".

For a fan X, let (1) be the set of all one-dimensional cones in X, i.e., the set of
rays. Then for each p € Z(1), we denote by u,, the generator of the ray p. We call a
subset P C {u, | p € X(1)} a primitive collection if

Cone(P)¢ X butCone(P\ {x})eX foreveryx e P.

We denote by PC(X) the set of primitive collections of . We briefly review Batyrev’s
criterion [1, Proposition 2.3.6] determining whether a given toric variety is Fano or

not. Let X be a smooth complete fan. For each primitive collection P = {uy, ..., u,},
there exists a unique cone o such that u; + - - - + u, is in the relative interior of o.
Let vy, ..., Ve be the primitive generators of o-. Then

u +---+u =a1vy +---+aeve

for some positive integers ay, . . ., ar. If the sum of primitive generators is the zero
vector, then the cone o is of zero-dimensional and the set {vy, ..., vy} is assumed to
be empty. We call this relation the primitive relation for P and we define the degree
of P by

|(|P) :=r—(a; + -+ ayp).

Here, we note that if the sum of primitive generators of P is the zero vector, then
I(|P) =r.

Proposition 2.2 ([1, Proposition 2.3.6]) Let X5 be a nonsingular projective toric
variety and PC(X) be the primitive collection of the fan X. Then the toric variety Xz
is Fano if and only if |(|P) > O for every P € PC(X).

Now we apply Batyrev’s criterion to Bott manifolds. Let X be the fan of a Bott
manifold B,,. Then the set of primitive collections is

PC(Z) = {{vi,wi} | i € [n]}. M

Using Proposition 2.2, we can see that B,, is Fano if and only if each primitive
collection P = {v;, w;} satisfies one of the following:

1. v; + w; = 0 (that s, |(|P) = 2 > 0);
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2. Vi + W; =V (thatis, [(|[P)=2-1=1>0);or
3. Vi + W = Wy (thatis, [([P) =2-1=1>0).

Here, ¢: [n]\ Z — [n], where Z := {i | v; + w; = 0}. We also define a sign map
o [n]\Z — {+ -} by

(i) = + %f Vi + Wi = V(i)
- if Vi +W; = Wo(i)-

This leads us to the following definition.

Definition 2.3 ([11, Definition 4.1]) Let X be the fan of a Fano Bott manifold
having (ordered) ray generators S = (vi,...,V,, Wi, ..., W,) with the primitive
collections as in (1). Let ¢ and o be as above. We define the associated signed
rooted forest (T,5) = (T (%, S), s(%,S)) (i.e., rooted forest 7~ with the sign map
s: E(T) — {+, —}) tobe

s V(T)=[n];
o E(T)={{i,e)}|ie[n]\Z}and s({i, p(i)}) = o(i).

From the definition, one can see that for a singed rooted forest (77, s), the set of roots
is Z and the parent of each vertex i € [n]\ Z is ¢(i). We denote the assignment
provided in Definition 2.3 by @, thatis, ®(Z, S) = (7 (%, S), s(£, S)) is the associated
signed rooted forest.

Remark 2.4 The association @ is surjective, that is, for each signed rooted forest
(7, s) with n vertices, there exists a Fano Bott manifold of dimension n whose fan
defines (7, s).

Example 2.5 In this example, we present ray generators of the fan of a Bott manifold
using a matrix, i.e., the columns of an n X 2n matrix are ray generators. Consider the
following two matrices.

100|-10 O 100(-10 O
A=|110| 0 -1-1|, A'=|110] 0 -10
0010 0 -1 101 0 1 -1

Let B be the Bott manifold such that the ray generators (vy, v, V3, Wi, Wp, W3) of the
fan are the column vectors of A. Then, we have

Vi + W =V,
V) + Wy = 0,
V3 + W3 = W).
Therefore, the Bott manifold B is Fano, and moreover, ¢(1) = 2,¢(3) = 2, and

o(1) = +, 0(3) = —. The associated signed rooted tree is given in Figure 1(6)
(without vertex labeling).
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Let B’ be the Bott manifold such that ray generators (vy, V2, V3, W, Wp, W3) of the
fan are the column vectors of A’. Consider a primitive collection P = {v{, w;}. The
sum of ray generators is

Vi + W =V + V3,

so |(|JP) = 2 -2 =0 » 0 and this primitive collection does not satisfy the Fano
condition. Therefore, the Bott manifold B’ is not Fano.

We provide all signed rooted forests having three vertices in Figure 1.

T 11 1AAN

+ - + -

M) (71, 51) (2) (T2, 52) (3) (T3, 53) (4) (Ta,54) (5) (T5,55)  (6) (Ts, 86) (7) (T3, 57)

@® @ ® ®©® @
15
&) (73, 88) (9 (T, 59) (10) (710, s10)

Fig. 1: Signed rooted forests with 3 vertices.

Remark 2.6 We say that a signed rooted forest is binary if each vertex has at most
two children and when the vertex has two children, the edges connecting the vertex
and its children have different signs. In Figure 1, all but (5) and (7) are binary. The set
of binary rooted forests provides a certain family of Fano toric Richardson varieties
(called of Catalan type) in the full flag variety ([12]).

3 C(lassification of Fano Bott manifolds

We say that signed rooted forests (77, s) and (7, s") with vertices [n] are isomorphic
if there is a permutation 7 € &, which sends the roots of 7 to the roots of 7’
and induces a bijection between the edges preserving the signs. Let SF;, be the
isomorphism classes of signed rooted forests with vertices [n]. For each vertex
i € [n], we define an operation

ri . SF, —» SF,

which changes the signs of all edges connecting the vertex i and its children simul-
taneously. Denote by ~ the equivalence relation on SF,, generated by the operations
r; for all i € [n]. The following is mentioned in [11, Remark 5.8], but we include its
proof for readers’ convenience.
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Theorem 3.1 (cf. [11, Remark 5.8]) The isomorphism classes in Fano Bott mani-
Jolds of complex dimension n bijectively correspond to SF,, [ ~.

Proof Let B be a Fano Bott manifold of complex dimension n, ¥ = Xp a fan
defining B. We fix an ordering on ray generators S = (vy,..., V,, W, ..., Wy) of Z.
For A € GL(n,Z), we denote by A - X the fan consisting of cones A - o’s for o €
and denote by A - S the ordered ray generators of A - X given by

A-S :=(Avy,..., Av,, Awy, ..., Aw,).

By [4, Proposition 3.4], another pair (X’, S’) defines a Fano Bott manifold iso-
morphic to B if and only if X" = A - Zp for some A € GL(n, Z) and the set S’ is
obtained from A - S by performing the following two operations on A - S:

(Op.1) swapping Av; with Aw;, that is,

’ e
S/ =(AvVi, .. ., AVi [, AW;, AViyi, ..., AVy,
AW]9 LR Awi*]a AV[, AW[+], ] Awl’l);

(Op.2) reordering Av; (as well as Aw;’s), that is, for a permutation 7 € S,,,
S;r = (AV,,(l), ey AV,r(n), AW,r(l), ey AW,,(n)).

For the ordered ray generators S; obtained by applying (Op.1), we have ®(X’, S)) =
ri(®(Xp, S)). For the ordered ray generators S, obtained by applying (Op.2),
®(X’, Sy) is obtained from ®(Xp, S) by changing the labeling on the vertices by
the permutation 7, so they are isomorphic as signed rooted forests. This finishes the
proof. (]

Example 3.2 Consider SF; described in Figure 1. We obtain five equivalence classes

(ﬂ’ Sl) ~ (T’ SZ) ~ (75’ S3) ~ (71’ S4)7 (755 SS) ~ (T’ S7)’
(76’ SG)’ (757 58) ~ (T’ S9)’ (7{0’ SlO)'

All signed rooted forests in SFy are illustrated in Figure 2. Roots of the forests are
the top vertices. We omit plus signs on edges and put a minus sign on an edge. We
also write ID numbers of the corresponding Fano Bott manifolds according to the
list of ‘Smooth toric Fano varieties’ [15] in the Graded Ring Database [3].

Higashitani and Kurimoto [11] provide another equivalence relation =~ on the set
of signed rooted forests which is used to consider the diffeomorphism classes in
Fano Bott manifolds. The equivalence relation ~ is induced from the relation ~ by
neglecting signs on the edges incident on the roots. Using this relation, we recall the
following.

Theorem 3.3 ([11, Theorem 1.8 and Remark 6.4]) The diffeomorphism classes in
Fano Bott manifolds of complex dimension n bijectively correspond to SF,, [ ~.
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@@@@(f@@ (I)@ (I)(f
I

(1) ID #142 (2) ID #130 (3) ID #112 (4) ID #106
./K © /K © ./@\ /’\
I ! |
(5) D #95 (6) ID #131 (7) ID #105 (8) D #83 (9) D #108
(10) ID #75 (11) ID #114 (12) ID #74 (13) ID #96

Fig. 2: Representatives of SFy/~. Numbers are ID’s by @bro.

We say that a Bott manifold B is indecomposable if it is not isomorphic to a
product of lower dimensional Bott manifolds (as toric varieties). Otherwise, we say
that B is decomposable.!

Corollary 3.4 The diffeomorphism classes of indecomposable Fano Bott manifolds
of complex dimension n bijectively correspond to SF,,_1 [ ~.

Proof We first notice that by Theorem 3.1, a Fano Bott manifold is indecomposable
if and only if the corresponding signed rooted forest is a signed rooted tree, that
is, it has only one root vertex. Since the equivalence relation = is induced from the
relation ~ by neglecting the signs on the edges incident on the root, we obtain the
desired bijection by erasing the root vertex. (]

Example 3.5 In Figure 2, three pairs {(5), (6)}, {(8), (9)}, {(12), 13)} are diffeomor-
phic to each other but (10) and (11) are not diffeomorphic to each other. Considering
signed rooted trees in Figure 2, we obtain the five equivalence classes

{(7). (8. (9),(10), (11), (12), (13)} /== {[(D)]. [()]. [(10)]. [A D], [(12)]}.

By erasing the root vertex, each of them is associated to an element in SF3/~.

! The notion of indecomposability can have different meanings in different contexts. Especially,
in [6], they consider another family of smooth manifolds, called real Bott manifolds, and say that a
real Bott manifold is indecomposable if it is not diffeomorphic to a product of lower dimensional
real Bott manifolds.
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(D] < [(TsD)] [®)] & [(Ts,s8)],  [(10)] & [(T5, 55)],
[AD] & [(Ts, s0)]. [(12)] < [(T10. 510)]-

4 Counting signed rooted forests in terms of signed rooted trees

We denote by ST;,/~ the set of signed rooted trees in SF,,/~. We set t,, = |ST,,/~ |
and f;, = |SF,,/~|. Now we let T(x) and F(x) be the generating functions of the
sequences {t,} and {f,,}, respectively, that is,

T(x)= ) tx"  and  F(x)=1+ ) fux"
n=1 n=1

In this section, we compute the generating functions 7'(x) and F(x), and study their
relations.

Proposition 4.1 The generating function F(x) satisfies
Fx) = [ Ja =2
k=1

Proof Note that from the generalized binomial theorem, for any positive integer m,

we have
(1=x)™" =Z( )( x)?
=i( m)(-m—1)-- (—m—(p—l))(_x)p
= i ( -1 +p)xp.
p=0 P

Since -

Ry = te — 1+ pi ki

(1=xkye =" ( o ) , @)

pr=0

the coeflicient of x" in the product l_[(l — xK)~ is given by
k=1

M- 1+
Z H(k pk)’ 3)
(P1sepn) k=1 Pk
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where (p, . . ., pp) runs over all n-tuples of nonnegative integers with Y3} _, kpx = n.
Here (** _;:” *) is the number of signed rooted forests with py components such that
each component is a signed rooted tree with k vertices by (2) and the sum in (3)
counts all decompositions of elements in SF;,/~ into connected components, so the
proposition follows. O

The following is a consequence of the above proposition.

Corollary 4.2 The generating functions F(x) and T(x) satisfy

o T(x™)
> 1),

n=1

F(x) =exp

Proof Taking logarithm on both sides of

Fo =] Jo -,

k=1

we obtain

logF(x):—Ztklog(l—xk):Z th—:Z (x ),
n
k=1 =1

k=1n n=1 n
which implies the corollary. (|

Lemma 4.3 (cf. (1) in [10]) The generating functions F(x) and T(x) satisfy

T(x) = % (F(x2) + F(x)z) .

Proof We set
ST/~ := u ST,/~ and  SF/~:= |_| SF,/~,
n=1 n=0

where SFy/~ is understood to be the empty set. Given an unordered pair {A, B} of
SF/~, we obtain an element AB of ST/~ by joining the roots of A and B to a new
root v and assign all the new edges joining the roots of A to v, say + sign, and all
the new edges joining the roots of B to v, say — sign. We may assign — sign to the
former and + sign to the latter. In any case, AB is well-defined in ST /~. Conversely,
given an element 7 of ST /~, there is a unique unordered pair {A, B} of SF/~ such
that AB =T.

This implies the lemma. Indeed, F(x)? counts unordered pairs {A, B} twice when
A and B are different but once when A = B. This is why we add F(x?) in the formula.
Multiplication by x corresponds to the new vertex v. O
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Combining Corollary 4.2 and Lemma 4.3, we obtain the following functional
equation mentioned in the introduction.

Corollary 4.4 (cf. (3) in [10]) The generating function F(x) satisfies

F(x) = exp (i % (F(xz") + F(x")z)) .

n=1

This functional equation determines F(x). Using Lemma 4.3 and Corollary 4.4,
we obtain Table 1.

n[123 45 6 7 8 9 10

t,,|1 13 721 60189 595 1948 6455
fn|1 2513 37 111 345 1105 3624 12099

Table 1: The numbers of equivalence classes of signed rooted trees and signed rooted forests

The numbers ¢, and f,, in Table 1 satisfy f, < 2t, < 4f,_; for n < 10 and the
sequences {1, /tn-1}1%, and { f,1/ fu-1}1%, are both increasing. We leave the following
question.

Question 4.5 Are the sequences t, [t,—1 and f,, | fu—1 increasing and bounded above
by 4?

5 Rooted triangular cacti

The formula in Corollary 4.4 also holds for the generating function of the number of
rooted triangular cacti with 2n + 1 vertices and » triangles. In this section, we give
a bijective correspondence between the equivalence classes SF,,/~ of signed rooted
forests and rooted triangular cacti with 2n + 1 vertices and » triangles.

Definition 5.1 A cactus (or a cactus tree) is a connected graph in which any two
simple cycles have at most one vertex in common, equivalently, no line lies on more
than one cycle. A triangular cactus (or a 3-cactus) is a cactus such that every cycle
has length three. A rooted triangular cactus is a triangular cactus having a root
vertex.

We sometimes call a 3-cycle in a 3-cactus a triangle. In Figure 3, we present rooted
3-cacti having nine vertices and four triangles. The sequence of numbers of rooted
3-cacti with 2n + 1 vertices and n triangles is Sequence A0O03080 in [13]. Note that
a cactus is also called a Husimi tree (see [9, 10]).
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) (@) 3 4
(&) ©) O ® (€]
(10 an 12) 13)

Fig. 3: Rooted triangular cacti

Fig. 4: Construction of triangular cacti from signed rooted forests

Proposition 5.2 There is a bijective correspondence between SFy, |~ and the set of
rooted 3-cacti with 2n + 1 vertices and n triangles.

Proof Let (7, s) be a signed rooted forest. For each root vertex of (77, s), we draw a
triangle and decorate the top vertex of the triangle with a double circle to indicate
the root of the triangular cacti. For each child of the root of 7, we draw a triangle
as follows. If the sign of the edge incident on the root is positive, we attach the new
triangle to the left bottom vertex; if the sign is negative, we attach the new triangle
to the right bottom vertex. Continuing this process to each child vertex, we get a
bunch of rooted triangular cacti. Finally, we merge all the root vertices of rooted
triangular cacti to one root vertex so we obtain one rooted triangular cacti. See
Figure 4. Obviously, the rooted triangular cacti corresponding to (7, s) and r;(7, )
are isomorphic to each other. This proves the proposition. (]
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Dga models for moment-angle complexes

Matthias Franz

Abstract A dga model for the integral singular cochains on a moment-angle complex
is given by the twisted tensor product of the corresponding Stanley—Reisner ring and
an exterior algebra. We present a short proof of this fact and extend it to real moment-
angle complexes. We also compare various descriptions of the cohomology rings of
these spaces, including one stated without proof by Gitler and Lépez de Medrano.

1 Introduction

Let X be a simplicial complex on the set [m] = {1,..., m}, containing the empty
simplex & and possibly having ghost vertices, and let

Z(®) = 0% s = (0% s)7 ¢ (D))" )

oEX

be the associated moment-angle complex, where
(D% 87 ={(z1,.. . zm) € (D))" |z e ST ifig o }. )

Moment-angle complexes play a central role in toric topology, see [8]. Replacing
(D?, S") by (D", 8™ ") for any n > 1 gives generalized moment-angle complexes.
Taking arbitrary CW pairs leads to polyhedral products, which have gained a lot of
attention in homotopy theory recently, see [1] for a survey.

The moment-angle complex Z(X) is homotopy-equivalent to the complement of
a complex coordinate subspace arrangement, which is a smooth toric variety. The

integral cohomology ring of Z(X) was computed by the author [11, Sec. 4] (using

Matthias Franz
Department of Mathematics, University of Western Ontario, London, Ont. N6A 5B7, Canada,
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the language of toric varieties) and shortly afterwards by Baskakov—Buchstaber—
Panov [4].! The result is an isomorphism of graded rings

H'(Z(Y)) = Torr(Z, Z[X]), 3

where R = Z[1,...,t,] and Z[X] is the Stanley—Reisner ring of ¥ with genera-
tors ty, ..., t, of degree 2. Taking the Koszul resolution of Z over R, one can
describe the ring (3) as the cohomology of the commutative differential graded
algebra (cdga)

A = Z[Z] ® /\(S],...,sm), dsi=t;, dt;=0 )

for i € [m], where each s; has degree 1. Dividing out out all squares tl.2 as well as all
terms s; t;, one obtains a quasi-isomorphic dga B(X). As a cdga, B(X) is generated
by the s; and #; = d s; and has the relations s;¢; = t;1; = 0 for i € [m] as well as

t;, -+ - t;, = 0 whenever {iy, ..., i} ¢ Z.

Theorem 1.1 The singular cochain algebra C*(Z (X)) is quasi-isomorphic to the
dgas A(X) and B(X), naturally with respect to inclusions of subcomplexes.

Recall that a dga A is called an (integral) dga model for a space X if A can
be connected to C*(X) via a zigzag of dga quasi-isomorphisms. In this language,
Theorem 1.1 asserts that both A(X) and B(X) are dga models for Z(X).

That C*(Z (X)) and A(X) are quasi-isomorphic is already implicit in the author’s
computation of H*(Z(X)), see [11, Sec. 4]. A different proof has recently been
obtained by the author as a byproduct of his work on the cohomology rings of partial
quotients of moment-angle complexes [12, Prop. 6.1]. As remarked there, this result
answers a question posed by Berglund [5, Question 5], which was exactly whether
A(X) is a dga model for Z(X). The aim of the present note is to give a much shorter
proof for this model. Like Baskakov—Buchstaber—Panov’s calculation it is based on
the dga B(X). The rational versions of A(X) and B(Z) are (analogously defined) cdga
models for the polynomial differential forms on Z(X) by a result of Panov—Ray [21,
Thm. 6.2].

The proof of Theorem 1.1 appears in the following section and an adaptation
to real moment-angle complexes in Section 3. In the final section we relate the
resulting cup product formulas for real and complex moment-angle complexes with
others appearing in the literature. We in particular provide a proof that has been
missing so far for a product formula stated by Gitler and Lépez de Medrano [14].

Acknowledgements I thank Don Stanley for his questions about dga models and Santiago L6pez de
Medrano for stimulating discussions. I also thank the organizers of the “Thematic Program on Toric
Topology and Polyhedral Products™ at the Fields Institute for creating an environment favourable
to research and an anonymous referee for comments that helped to improve the presentation of the
paper.

The author was supported by an NSERC Discovery Grant.

! The argument appearing in [7, Thm. 7.7] and earlier publications by the same authors is incorrect,
compare [12, Sec. 1].
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2 Proof of Theorem 1.1

We will obtain Theorem 1.1 by dualizing the analogous homological result. To
state the latter, we need to introduce some terminology. As already done in Theo-
rem 1.1, we write C(—) and C*(—) for normalized singular (co)chains with integral
coefficients.

Recall that the normalized singular chain complex of a space X is obtained
from the usual non-normalized one by dividing out the subcomplex of degenerate
simplices. A singular n-simplex is called degenerated if it factors through an (n — 1)-
dimensional one viaamap A" — A"~! between standard simplices that in barycentric
coordinates is given by (to, ..., t;) — (fo,. .., t; + tiy1,...,1,) for some 0 < i < n.
Projecting non-normalized to normalized singular chains is a homotopy equivalence,
compare [17, Sec. VIIL.6]. The normalized singular cochain complex C*(X) is the
dual of C(X) with differential

(dy)(x) = =(=D)"y(d x) o)

for y € C"(X) and a singular (n + 1)-simplex x.
The chain complex C(X) is a differential graded coalgebra (dgc) with diagonal
and augmentation given by

n .
1 ifn=0,
Ax=2x(0...k)®x(k...n) and e(x) = nn i (6)
= 0 otherwise
for an n-simplex x. Here x(k; ... k») denotes the face of x with vertices k1, ..., k.

We also recall part of the Eilenberg—Zilber theorem, compare [10, Sec. 17]. Given
two spaces X and Y, the shuffle map

V:C(X)® C(Y) = C(X X Y) )

is a homotopy equivalences of complexes, natural in X and Y. It moreover is asso-
ciative and a morphism of dgcs. Hence for any spaces Xi, . . ., X;,;, we have a natural
quasi-isomorphism of dgcs

CX1)® ®C(Xm) = C(X1 X X Xim), ®)

again denoted by V.

Let Z(X) be the Stanley—Reisner coalgebra of ¥ dual to Z[Z], cf. [8, Sec. 8.2]. The
canonical basis for Z(X), considered as a Z-module, are the monomials u, indexed
by allowed multi-indices @ € N"". A multi-index « is allowed if it is supported on
some simplex in X, that is, if

suppa ={ie[m]|a; >0} €X. ©)

The degree of u, is 2(a; + - - - + @y,). The structure maps are given by
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1 ifa=
Aug = Z ug ® iy, a(ua)={ ifa=0. (10)

Bima 0 otherwise.

We consider the tensor product of graded coalgebras

KE)=ZE) ® /\(vl, U (11)
where each v; is primitive of degree 1. We turn K(X) into a dgc by defining
d(ug @ v;) = Z Ug—i ® V; A Ur (12)
a; >0

for allowed multi-indices @ € N and 7 C [m]. Here we have written a — i for the
multi-index that is obtained from @ by decreasing the i-th component by 1 as well as
vr = vy Ao Ay if T ={ij <--- <ir}. For o € X we also write u, = u, where
«a is the indicator function of o C [m],

1 ifi
m=1 0T a3
0 ifi¢o,

and we use the abbreviation ug = vy = Uy @ vy = 1.

Let L(X) be the sub-dgc of K(X) spanned by all elements u, ® v, with disjoint
subsets o € X and 7 C [m]. The dual of K(X) is the dga A(X), and that of L(X) is
B(X).

Theorem 2.1 The dgcs C(Z (X)), K(X) and L(X) are quasi-isomorphic, naturally
with respect to inclusions of subcomplexes.

The proof is given in the remainder of this section. Applying the universal coef-
ficient theorem for cohomology then establishes Theorem 1.1.

The following two observations are immediate. We write X); for the restriction
of X to the single vertex i € [m]. It contains either the empty simplex only or
additionally the O-simplex {i}.

Lemma 2.2 For any o € X there are canonical isomorphisms of dgcs
K@) = QK@) L) =) Loy
i= i=1

Lemma 2.3 Let X1, X, be subcomplexes of . There are short exact sequences

0— K(21 N 22) — K(Zl) @ K(Zz) —_— K(Zl U 22) — 0,
0 — L(EZ1NX) — LEDe LX) — L(EZ VX)) — 0.

Let y be the usual parametrization of S!, considered as a singular 1-simplex.
Choose a singular 2-simplex x in D? that restricts to y on the edge (12) and maps
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the other two edges (01) and (02) to the identity element e € S'. Then

dy=0, Ay=yQ®e+e®Yy, (14)
dx = x(12) — x(02) + x(01) Ax=x®e+x(01)®x(12)+e®x  (15)
=Y, =xQe+e®ux.

Here x(01) and x(02) drop out because they are degenerate. For this to hold it is
crucial that we work with normalized chains.
We use the singular simplices x and y to define a dgc map

Y(X): LX) - C(Z(Z)). (16)

For m = 1 we map u; +— x, v; — yand 1 — e € C(S"); this is well-defined by (14)
and (15). For m > 1 and o C [m] we set

QR ¥(oy)

¥(): L) = () Lio) R (o)
i=1 i=1

s C(Z(op) X -+ X Z(opm)) = C(Z (), (17)

using Lemma 2.2 and the fact that the shuffle map is a morphism of dgcs. In the
general case W(X) is determined by imposing naturality with respect to inclusions
of subcomplexes. In other words, W(X) agrees on L(o) ¢ L(X) with ¥ (o), followed
by the inclusion C(Z (o)) — C(Z(X)).

Lemma 2.4 The map Y (Z) is a quasi-isomorphism of dgcs.

Proof The case m = 1 is settled by a direct verification; we therefore assume m > 1
and proceed by induction on the size of . If X has a single maximal simplex o,
then ¥(X) = ¥(o) is a quasi-isomorphism because so are the shuffle map and, by
the Kiinneth theorem, the tensor product of the maps ¥(o7;).

Otherwise we can split X up into two smaller complexes X; and X, with inter-
section X5 = X1 N X,. The naturality of W gives us a map between the long exact
sequence corresponding to the short exact sequence for L. from Lemma 2.3 and the
Mayer—Vietoris sequence for the CW complex Z(X) = Z(Z;) U Z(%),

— Hoi (LX) — H(L(Z1) — HJ(L(E)) © H(L(Z,) — HJ(LE)) —

l&m l%(zm l(%(zl),wzz)) l%@ (18)

= Hon(Z(2) & HA(Z(En) & H(Z(Z)) ® H(Z(X2)) - H(Z(X)) = ,

where we have written W..(X) instead of H.(¥(X)) etc. The five lemma together with
induction implies that W.(X) is an isomorphism. O

An analogous argument shows that the inclusion map

L(Z) — K(X) 19)
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is a quasi-isomorphism of dgcs.? If ¥ has a single maximal simplex, we combine
Lemma 2.2 with the Kiinneth theorem. Otherwise we again write £ = X; U X,
and compare the long exact sequences associated to both short exact sequences in
Lemma 2.3.

This completes the proof of Theorem 2.1.

Remark 2.5 Theorems 1.1 and 2.1 remain valid for all generalized moment-angle
complexes Zs(D",S™ ') with even n > 2, up to the obvious degree shifts. In
particular, the generators s; and #; in (4) are now of degrees |s;| = n— 1 and |t;| = n.
The singular n-simplex x is obtained by collapsing all but the last facet of the standard
n-simplex to a point, and y is this last facet.

If n > 3 is odd, then |y| is even and |x| is odd. Proceeding as before, we get a
quasi-isomorphism between C*(Zz(D", ")) and the cdga B(Z) with generators s;

of degree n — 1 and t; = d s; of degree n as well as relations
s;s;=8;t; =0, and Ly = by, =0 if{il,...,ik}¢z. (20)

Note that the Stanley—Reisner relations are monomial and therefore independent of
the order of the anticommuting variables ¢;.

In general, such a quasi-isomorphism does not hold for the case n = 1, which we
treat in the following section.

3 Real moment-angle complexes

It is not difficult to adapt our approach to real moment-angle complexes
Zx(2) = Z=(D', 8 c (D). @1

We start with the homological setting. As a chain complex, we define the ana-
logue L(X) of L(X) as before, except that now the degrees are |u;| = 1 and |v;| = 0
for all i € [m].

Let us consider the case m = 1 first. Writing u = u; and v = vy, we turn L(X) into
a dgc via the augmentation £(v) = &(u) = 0 and the diagonal

A=1vQ1+1Q®v+vQ®u, (22)
Au=u®l+1Qu+u®u. 23)
Let x be the canonical path from e = 1 to g = —1 € S°, considered as a singular

I-simplex in D! = [-1,1], and let y = g — e. Then

dx =Yy, dy=0, 24)

2 It is also a homotopy equivalence of complexes. See [7, Lemma 7.10] or [8, Lemma 3.2.6] for an
explicit homotopy inverse.
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Ay=g®g-e®@®e=y®e+e®@y+y®Yy, (25)
Ax=x®g+e®@x=xQe+e®@x+xQYy. (26)

Given that for m = 1 we either have £ = {@} or £ = {&, {1}}, one verifies directly
that the map

Yr(Z): LX) —» C(Zr(2)), l—>e vy, urx 27

is a quasi-isomorphism of dgcs. (Since this map is injective, one can also use it to
justify that L(X) with the diagonal given above is indeed a dgc.)

For m > 1 we again proceed exactly as before. We use the isomorphism of
complexes

L) = () L(oy) (28)
i=1

analogous to Lemma 2.2 to define a dgc structure on L(o") for each simplex o €
as well as a dgc map L(0) — C(Zr(0)). Then we extend both the dgc structure
and the map to the colimit L(X) of the L(o") over all o € X. The same proof as for
Lemma 2.4 shows that the resulting map

Yr(Z): L(Z) = C(Zr(2) (29)

is a quasi-isomorphism. In this step one uses the obvious analogue of Lemma 2.3
for L instead of L.
We thus have established the following.

Lemma 3.1 The map Yr(X) is a quasi-isomorphism of dgcs.

We now turn to cohomology. The dual of the dgc L(X) is the dga B(X) with
generators s; of degree 0 and #; of degree 1 satisfying the relations

ds; = —t, dt; =0, 30)
sisi =S, hsi=t,  sit=0, 54=0, 1_[ ;=0 (3D

JEOT

for any i € [m] and o ¢ X plus the rule that variables corresponding to distinct
subscripts commute in the graded sense.

The minus sign in d s; = #; comes from the general definition of the differential
on the dual of a complex, cf. (5) and [17, eq. (I1.3.1)]. For m = 1 we have

(ds)(x) = =(=D)Fs(d x) = =s(y) = =1 = —1(x). (32)

The minus sign could be removed by replacing #; with —¢;, that is, by mapping u
to —x. The minus sign does not appear in [9, p. 512] because of a different sign
convention for the dual complex.

We can sum up our discussion as follows.
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Theorem 3.2 There is a quasi-isomorphisms of dgas

C(Zr(X)) — B(Z),
natural with respect to inclusions of subcomplexes.

We in particular recover Cai’s isomorphism of graded rings [9, Secs. 3 & 4]
H'(Zr(2)) = H(B(X)). (33)

In fact, our proof shares some similarities with Cai’s. This would be even more so
if we worked with cubical singular chains, compare [19]. We also remark that in
the case of real moment-angle complexes it is not necessary to pass to normalized
(singular) chains. (The shuffle map is a morphism of dgcs for non-normalized chains
already, and the formulas (24)—(26) do not need normalization, either.)

We discuss the dga A(X) analogous to A(Z) only for coefficients in Z,. General
coefficients are considered in [13] where Theorem 3.2 is furthermore extended to
real toric spaces, that is, to quotients of Zr(Z) by freely acting subgroups of (Z,)™.

In characteristic 2, the dga A(X) has the same generators s; and #; as B(X) and the
relations

ds; =t, dt; =0, (34)
Si Si = S, tisi =St +1, 1—[ tj = 0 (35)

JEo

fori € [m] and o ¢ X, again with the additional rule that variables corresponding to
different subscripts commute. Observe that the ideal generated by the relations (35)
is closed under the differential, so that A(X) is a well-defined dga. The projection
map A(X) — B(Z) ® Z; is again obtained by dividing out the ideal generated by the
products s; ¢; and tl.2 for all i € [m], and it can be seen to be a quasi-isomorphism by
an argument analogous to the one given before or to [7, Lemma 7.10].

The Stanley—Reisner ring Z[X], now with generators of degree 1, is contained
in A(X) as a sub-dga (with trivial differential). Moreover, if £ = [m] is the full
simplex, then A(X) is the Koszul resolution of Z, over R = Z;[ty, . . ., t,]. In general,
A(Z) is the tensor product of this resolution and Z;[X] over R, which gives the
additive isomorphism

H*(Zr(%); Z,) = Torg(Zo, Zo[Z]). (36)

It is not multiplicative for the canonical product on the torsion product, as can be
seen for £ = {@} already, cf. [12, Sec. 10.3]: In this case we have Z;[X] = Z,, so that
the torsion product is a strictly exterior algebra. On the other hand, Zz(X) = (5°)" is
a finite set of points. Hence any cohomology class on Zg(X) is a Z,-values function
on these points and therefore squares to itself.
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4 Comparison of several product formulas

The aim of this section is to relate the product formula in the cohomology of a (com-
plex) moment-angle complex with Baskakov’s formula [3] and also the formula for
real moment-angle complexes with one claimed by Gitler and Lépez de Medrano [14]
as well as the one given by Bahri-Bendersky—Cohen—Gitler [2] for arbitrary poly-
hedral products.? We note that another description for a class of polyhedral products
including all Zx(D", S"~!) has been given by Zheng [22, Example 7.12].

We start with a variant of the generalized smash moment-angle complexes intro-
duced in [2, Def. 2.2]. For a closed subset A of a compact Hausdorff space X and a
basepoint * € A we define the space

S(X,A) = {x e Z(X,A)| x; = = for some i € [m] } 37)
and based on it the pair
Zs(X. A) = (Zs(X. A). Sx(X, A)). (38)
We then have an isomorphism
H'(Zs(X, A)) = HY (Ze(X, A)\ Ss(X, A)) = HY(Ze(X ~ % A~ %), (39)

where H:(—) denotes cohomology with compact supports, cf. [18, Part I].
We now specialize to

Ze(®) = Zs(D', 5% (40)

(where the basepointise =1 € 59) and observe that

Zs(D',8%) < Sx(D', %) = Zs (D' ~ {e}, 5" {e})
=Zs([-1, 1), {-1}) » Zz([0,),{0}) =CEZ, (41)

where C X is the unbounded cone over the simplicial complex X. We think of X as
embedded into the hyperplane of R” with coordinate sum equal to 1.

The analysis of Zr(X) in the preceding section carries over to the present case.
One simply ignores the element ¢ € S and the counit 1 in the cochain algebra. (Recall
that the cohomology with compact supports is a ring without unit in general.) The
result is as quasi-isomorphism between the relative cochain algebra C*(ZR(E)) and
the multiplicatively closed subcomplex B(X) c B(Z) spanned by all m-fold products

ap - a, where each a; = s; or t;. 42)

In particular, there is a multiplicative isomorphism

3 Another cup product formula has been given by de Longueville [15, Thm. 1.1] for complements
of real coordinate subspace arrangements. However, his formula is incorrect in general, see [14,
Sec. 3] for a counterexample.



126 Matthias Franz
H}(CZ) = H*(CLX) = H (B(Z)) (43)

where C X denotes the bounded cone over £ with base . Not surprisingly, B(Z)
does not have a unit unless £ = {&}.

We now compare B(Z) to the dgas B(X) and B(Z) for complex and real moment-
angle complexes, respectively. In the complex case, we have a direct sum decompo-
sition of complexes

B'(2) = P 871(Za) (44)

aclm]

where X, is the full subcomplex of £ on the vertex set @. This gives Hochster’s
formula

H'(ZE) = P HTCZa) = P A7 (Za), (45)

ac[m] ac[m]

c¢f. [7, Thm. 3.2.7], where we have used the additive isomorphism
H(CZ)= A7(Z) (46)

between the reduced cohomology of the simplicial complex £ and the cohomology
with compact supports of the unbounded cone over it. (Recall that H~!(@) = Z.)

The additive isomorphism (45) can be made multiplicative in the following way:
For @ N 8 # &, the product

HX(CZ,) ® HX(CZp) = HI(C Zaup), 47)

vanishes. For disjoint @, 8 we use the cross product via the composition

HX(C Za) ® H(C 3p) 55 H2(C Za X CZp) > HI(C Zaup), 48)

where ¢: CZayp — CZy X CZg is the canonical inclusion. This is Baskakov’s
formula [3], expressed in terms of Cartesian products of cones and cohomology
with compact supports instead of joins of simplices and reduced cohomology.

For a real moment-angle complex we again have a direct sum decomposition
BE) = (P B'(Za), (49)
acm]
hence also a Hochster formula
HY(Zw() = P HI(CZa) = P A (Za). (50)
acC[m] ac[m]

Note that there are no degree shifts by || this time. The isomorphism becomes
multiplicative if one uses the following generalization of the product (48).

Recall that for any open subsets U = X\ A and V = X \ B of acompact Hausdorff
space X there is a cup product
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Hz(U) ® H:(V) = H"(X,A)® H*(X, B)
S H'(X,AUB) = H:UNV), (51)

cf. also [18, Sec. 7.4].

Now let 7, : Zr(Zqup) — Zr(Za) be the (proper) projection that sends the
coordinates z; with i ¢ a to the basepoint e, and analogously for ng: Zr(Zeug) —
Zr(Xp). We define the *-product as the composition

L, ®ny
H(CZq)® H(CZp) — Hi(n;'(CZq)) ® H(n5'(C Zp))
— H}(1,"(C 20) N 7151 (C £p)) = H(C Sanp)- (52)

In term of the isomorphism (43), this exactly means to multiply representatives lying
in B(Z,) and E(Eﬁ) inside B(X,ug), Which gives elements in E(Eauﬁ). Note that this
construction reduces to the product (48) if @ and g are disjoint.

The *-product is visibly graded commutative, something that was not obvious
from the multiplication rules (31). Looking back, we can see that these asymmetric
formulas arose from the non-commutativity of the Alexander—Whitney map and the
fact that only one of the two vertices of the singular 1-simplex x in X = D! can be
the basepoint e.

The product (52) coincides with the *-product given by Bahri—-Bendersky—Cohen—
Gitler [2, Thm. 1.4] because the former map can be thought of as induced by the
partial diagonal

APE: 2(Kp) — 2(Ky) A 2(Kr) (53)

defined in [2, eq. (1.5)] to construct the s-product. In our notation we have K = X,
J=a,L=pFand] = JUL = aUp. For the comparison one uses that the compactly
supported cohomology of

CI=2Z:(X,4)\ S:(X,A) (54
with (X, A) = (D', 5°) is equal to the reduced cohomology of the quotient
2(K) = Z(K(X, A)) = Zs(X, A) | Ss(X, A). (55)

considered in [2].

As remarked earlier, the product formula in [2] is valid for general polyhedral
products. We can recover the version for complex moment-angle complexes if we
replace the pair Zp(X) = Zs(D', S°) from (40) by Zs(D? S'). In this case, the
distinction between disjoint and non-disjoint index sets @ and S in Baskakov’s
formula is not necessary for the corresponding *-product because two monomials of
the form (42) with overlapping index sets always multiply to 0 in B(X).

We finally consider another description of H*(Z(X)) in the polytopal case. Let
P be a simple polytope with m facets, and let £ be the boundary complex of the
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dual simplicial polytope. For any subset @ C [m], let P, C P be the union of the
corresponding facets.

Lemma 4.1 There is a ring isomorphism
@y : H*(P,Py) — HX(CZy)
for any @ C [m]. Moreover, the diagram

H*(P, Py) ® H*(P, Pg) —2% H*(P, Paup)

\L@a ®®B \Le)nuﬁ

H(C24) ® HA(CZp) —— H:(C Zaup)

commutes for all a, B C [m].

Proof Let ¥’ be the barycentric subdivision of X, considered as a triangulation
of 9P. As a topological space, X, can be identified with a subcomplex of £’, hence
C X, with a subcomplex of C X’ ~ P. We can also identify P, with the union of the
closed blocks (or cells) in X’ dual to the vertices in «, cf. [20, §64].

We claim that the canonical inclusion of pairs

(CXa,%q) = (CX, Po) (56)

is a strong deformation retract. Similar to the proof of [20, Lemma 70.1], we can
define a strong deformation retraction that moves the vertex v, € C X’ corresponding
to a simplex o € X to the vertex vyne € C Z, along a straight line, which is inside o
if o N @ # @. If o has no vertex in «, then v, is moved to the apex vy of the cone,
and vy is mapped to itself. We extend the map linearly to each simplex 7 € CX’. If
7 is contained in o € X, then it is mapped to the cone over the simplex o N @ € X,
(with the empty simplex @ giving the apex). The deformation retraction restricts to
one from P, onto X,. We therefore get an isomorphism

O : H*(Ps Pa) - H*(Czaa Za) = H;(C Za) (57)

in cohomology.

To show that the above diagram commutes, we work on the chain level. We use
simplicial chains for the left-hand side of (56), which canonically map to singular
chains on the right. We choose a vertex ordering for C Z,ug such that all vertices
smaller than the apex vy are in @ and all greater ones in 8. (Some may be in both.)
To a simplex oo € C X4 we have to apply the Alexander-Whitney diagonal and
possibly the projections from C X4 to CZ, and C XZg, which send “superfluous”
vertices to vg. Afterwards we evaluate the resulting tensor product on a ® b where
a, b € C(P) are cocycles vanishing on P, and Pg, respectively.

Because of the way we have ordered the simplices, the following happens: If o
does not contain vy, then the result is O for both ways of going through the diagram.
Otherwise we obtain (—1)!?11l a(a") b(c"") for both ways where o’ is the front face
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of o ending in vz and o’ the back face starting there. Hence the diagram commutes
in either case. O

As a consequence, we get a ring isomorphism

H*(Zw(P) = (] H(P, Pa) (58)

ac[m]
where the multiplication on the right-hand side is given by the cup products
H*(P,P,)® H*(P,Pg) = H*(P, Paugp) (59)

for all @, B C [m]. This description of the cohomology ring of a real moment-angle
manifold was stated without proof by Gitler and Lépez de Medrano [14, p. 1526].4
The Alexander-dual description for moment-angle manifolds,

HY(Z(2) = P Aavm-to1-(Pa) (60)

ac[m]

where d = dim P — 1, has been provided by Bosio—-Meersseman [6, Thm. 10.1], with
the product given up to sign by the intersection products

Hy-1(Po) ® Ha—1(Pg) = Hy_k+1)(Parp) (61)

fora, B C [m]withaUB =[m]and k,[ > 0.
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Duality in Toric Topology

Jelena Grbi¢ and Matthew Staniforth

Abstract We characterise integral Poincaré duality moment-angle complexes Zx
in combinatorial terms of the Alexander duality of the simplicial complex K, and
consequently in algebraic terms of the Gorenstein duality of the Stanley-Reisner
ring Z[K]. We extend Poincaré duality results to certain polyhedral products using
polyhedral join products of simplicial complexes.

1 Introduction

The polyhedral product (X, A)X of topological pairs (X;, A;) is a subspace of the
cartesian product [ | X; which is specified by the face category of a simplicial complex
%K. The homotopy theory of polyhedral product spaces is a rapidly evolving area of
algebraic topology, and the tools of homotopy theory can often be enhanced using
both algebraic and combinatorial techniques when being brought to bear on the study
of polyhedral products.

A polyhedral product of particular interest in Toric Topology is the moment-angle
complex, where (X;, A;) = (D2 S'), which comes readily equipped with the action
of a torus. A study of moment-angle complexes and related polyhedral products not
only allows us to gain insight into these spaces themselves, but also provides us with
a framework within which we can investigate an interplay of homotopy theoretic,
algebraic and combinatorial phenomena. In this paper, we investigate the interaction
of duality phenomena in these areas.
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An integral Poincaré duality space X is one whose action of its integral cohomol-
ogy algebra on its integral homology satisfies Poincaré duality, that is, there exists
n € N and [u] € H,(X) such that the cap product

[u] ~ (=): H(X) — H,—i(X)

is an isomorphism for all /. Any manifold satisfies Poincaré duality, but not every
Poincaré duality space is a manifold. For example, an integral homology n-manifold,
a space with the same integral local homology groups as R", satisfies Poincaré
duality. We characterise Poincaré duality moment-angle complexes Z in terms of
a duality of the underlying simplicial complex K.

A generalised homology n-sphere (GHS") is a homology n-manifold with the
homology of $". In 2015, Fan and Wang [6] characterised the simplicial complexes
K for which the geometric realisation |X| is a GHS" in terms of a duality condition
on the homology and cohomology groups of full subcomplexes of K, which we refer
to as combinatorial Alexander duality. In Theorem 2.3, we show that the moment-
angle complex Zg being a Poincaré duality space is equivalent to the condition
that K exhibits combinatorial Alexander duality. As a corollary of our result and
Cai’s [5] classification of moment-angle manifolds, we obtain that there are no
Poincaré duality moment-angle complexes which are not manifolds.

Duality phenomena are ubiquitous across mathematics, and are not limited to
topology and combinatorics. A duality which appears in commutative algebra is
Gorenstein duality; a property for a d-dimensional Noetherian ring R that is measured
by the functor Extd~! (=, R). The Avramov-Golod Theorem [3, Theorem 3.4.5],
equivocates Gorenstein duality of the Stanley-Reisner ring 7[K], where 7 is a field,
with Poincaré of its Tor-algebra. The framework of Toric Topology allows us to
investigate an interplay of Gorenstein duality in the integral Stanley-Reisner ring
Z['K] with topological and combinatorial dualities, in the simplicial complex K
and the moment-angle complex Z respectively. Paraphrasing Stanley’s result [7]
on Gorenstein Stanley-Reisner rings Z[%], in Theorem 2.5 we show that Poincaré
duality in Zg is equivalent to Gorenstein duality in Z[%], realising an interplay
of algebraic, combinatorial and topological dualities. The complements the result
proven by Buchstaber and Panov [4, Theorem 4.6.8] in the case of coefficients over
a field.

As a cartesian product of simplicial complexes is not a simplicial complex, a
polyhedral product (%, £;)® of simplicial pairs (%, £;) is not a simplicial com-
plex. A related notion to the polyhedral product exists, where a simplical complex,
known as the polyhedral join product [8], is constructed as a union of join products
of simplicial complexes. The special cases known as substitution complexes and
composition complexes were studied by Abramyan-Panov [1] and Ayzenberg [2],
respectively. In Theorem 2.7, using the polyhedral join product, we specify a family
of polyhedral products which satisfy Poincaré duality.
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2 Duality of Z4 and Z[K]
2.1 Preliminaries: The cohomology of Zy

For a positive integer m, a simplicial complex on the vertex set [m] = {1, ...,m} is a
subset of 21" which is closed under taking subsets, and contains the empty set. We
allow a simplicial complex K to contain ghost vertices; that is, we allow that there
might exist i € [m] such that {i} ¢ K.

Definition 2.1 Let K be a simplicial complex on vertex set [m], and denote by
(X, A) = {(Xi, Ai)}2, an m-tuple of CW-pairs. The polyhedral product is defined as

X; forieo

X, A)K = X,A)7 C | | Xi, where (X,A)7 =| |V, ¥ =
( ) U( ) 1:1[ where ( ) !:1[ {Ai fori¢ o.

oekK i

If (X;, A;) = (X, A) for all i, we denote the polyhedral product by (X, A)X. When
(X;, A;) = (D?, 8") for all i, the polyhedral product is denoted by Z«, and referred
to as the moment-angle complex on K.

We begin with a description of the integral cellular cochain complex C*(Zx; Z)
due to Panov and Buchstaber [4, Section 4.4].

Let d™ denote the m-dimensional unit ball in C”. The disk d' admits a decom-
position into 3 cells: the basepoint *, the boundary circle S, and the 2-cell D.

Taking products, we obtain a cellular decomposition of d”*. A cell e of d™ is a
product of cells of d of the form H:’; 1 Yi, where for each i, ¥; is either the basepoint *,
the 1-cell S or the 2-cell D. This can be phrased in terms of subsets of [m]. Each cell
of d” corresponds to exactly one pair (J, I) of subsets J, I C [m], with JNI = @, and
this pair characterises unique a cell of d”*. The subset J corresponds to the 1-cells,
I corresponds to the 2-cells, and [m]\(J U I) corresponds to the 0-cells. We denote
the cell corresponding to the pair (J, I) by x(J, I). The dimension of such a cell is

dim k(J, 1) = |J| + 2|1].

This CW-structure on d”™ induces a sub CW-structure on Zg € d™. For J C [m],
we denote by K; = {c € K | o C J} the full subcomplex of K on J. Then,
k(J\o,0) € Zy if and only if o € K.

We denote by C.(K) and C.(Zx) the simplicial and cellular chain complexes
of K and Zx, respectively. Here and throughout, coefficients are taken to be in Z,
and we observe the convention that C_j(X) = C~1(K) = (0.) = Z. There is the
isomorphism of graded modules

h: EB C(K))— C(Zx), o k(J\o, o)

J<[m]

where the grading on the left hand side is given by |o7| = 2|o| + |J| for o € K.
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By theorems of Hochster, Baskakov, Panov and Buchstaber, the map 4 induces
the isomorphism of cohomology rings [4, Theorem 4.5.7]

W H (Zx) = D A (1

Jc[m]

where the ring structure on the right hand side is induced by the cochain-level
Baskakov product

ur)* ifInJ=0
CP N (Kp) @ CI7N(Ky) — CPH N (Kquy), oF @ T - {(U R ,
0 otherwise
where (o U 1)* is zero if o U T ¢ Ky, and otherwise denotes the cochain dual to
(o UT) e CdKiuy)-

2.2 Poincaré duality of Zy

For d € N, a CW-complex X is an n-Poincaré duality space if there exists a class
[u] € H,(X) such that the cap product

(1] ~ (=): H'(X) = Haa(X)

is an isomorphism for all /. Here, n is referred to as the Poincaré duality-dimension
of X, and [u] is referred to as the fundamental class.

The characterisation of the structure of the cellular chains and cochains of Zy
in terms of the simplicial chains of full sub-complexes of K allows us to reframe
statements about Poincaré duality of Zx as statements about duality of the simplicial
chains and cochains of full subcomplexes of K.

We start with a description of the cap product in Z, on the cellular level, in terms
of the combinatorics of the simplicial complex K. We then exploit this combinatorial
description to obtain a characterisation of Poincaré duality of Zg in terms of %,
and also in terms of the Stanley-Reisner ring Z[%K].

Proposition 2.2 Let k(J\o, o) € C.(Zx) and k(J\G, )" € C*(Zx), correspond-
ing to simplices o € Ky and o € K5, respectively. Then the cap product is given
by

0 T¢J
k(J\o, o) ~ k(I\&, ) = {0 céo
K ((J\o-)\(f\b‘), 0'\5') otherwise.

Proof For any CW-complex, the cellular chain-level cup — and cap —~ products
satisfy
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(@, ¢ —¥) =@~ ¢ ¢)

for @ € Cr11(Zx), ¢ € CH(Zx) ¢ € CX(Zx), where (—, —) denotes the evaluation
pairing.

Let k(J\o, o) € C.(Zx) and k(J\G, 7)* € C*(Zx). We write the cap product
k(J\o, o) ~ k(J\o, )" in terms of generators C.(Zx). For L C [m] and 7 € K},
the coeflicient of a generator x(L\7,7) € C.(Zx) in k(J\o,07) —~ k(J\&,7)* is
given by

(K(J\o, &) ~ k(I\T, T)), k(L\T, T)*) = {(k(J\o", o), K(J\T, T)* — k(L\T,7)*).
Now,

(k(I\o, &), K(I\T, T)* — k(L\7,7)*) £ 0

is equivalent to _
(N\o, o) = ((J\T) U (L\1), 0 U T).

Thus «(J\o, o) ~ K(f\'é:', )" is non-trivial if and only if J\oC\oand & C o,
whence «(J\o, o) —~ k(J\T, )" = k(J\o)\(J\T), o\0T).

We show that n-Poincaré duality spaces Z are characterised by a duality in
K referred to as combinatorial Alexander duality. A space X is a GHS™ if it is a
homology n-manifold with the homology of S§”. Fan and Wang [6, Theorem 3.4]
showed that for K a simplicial complex of dimension n on vertex set [m], K is a
GHS" if and only if

A (Ky) = Hyo1o1(Kimp\s)

forall J C [m],0 < [ < n.Inthis case we say that K has n-dimensional combinatorial
Alexander duality.

We are now ready to give our combinatorial classification of Poincaré duality
moment-angle complexes.

Theorem 2.3 Let K be a simplicial complex on [m] with non-trivial cohomology.
Then Zy is an (n + m)-Poincaré duality space if and only if K satisfies (n — 1)-
dimensional combinatorial Alexander duality.

Proof The sufficient implication is settled by a result of Cai [5, Corollary 2.10]; if
K satisfies (n — 1)-dimensional combinatorial Alexander duality and has non-trivial
cohomology, then Z is an (n + m)-dimensional manifold.

We show the necessary implication. Let K be a simplicial complex on [m],
with non-trivial cohomology, and suppose that Zg is an (n + m)-Poincaré duality
space. We show first that K has the homology of S”~!. We subsequently utilise
this fact in showing that a certain chain is a representative of the fundamental class
[N] € Hn+m(Z‘K)‘

As the simplicial complex K has non-trivial cohomology, for some [, there
exists 0 # [1] € H(K). Let t = 2 a/j‘r; , where T;f € C!(%) are basis cochains,
corresponding to simplices 7;. We show that / must equal n — 1.
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The image of [7] under isomorphism (1) is the class

h*([r]) =

>, Ajw(m\ay, Tj)*l € H*"™ (Zx)
J

where A; = sgn(t;, [m])a;.
Let 0 # [u] € Huim(Zx) denote the fundamental class, represented by
u =Y aik(J;\oy, 0y). We evaluate the product

0# [ul ~ h*([7]) = [Zi) @A) (kUi\ow, 00) ~ k([m\7j, 7)) | € Hpe1)(Zx0)-
By Proposition 2.2,
k(Ji\oi, oy) ~ k([m]\7j, 7;)" # 0

implies that
7; C oy, and [m]\1; C J;\o:

and therefore
Ji =[m]and 7; = 0;.

Thus, the non-triviality of k(J;\oy, 03) —~ «([m]\7}, 7;)* implies that
k(Ji\oi, i) ~ k([m]\7), ;)" = «(0, 0).

Therefore

[ul ~ h*([7]) = Z sgn(ty, [ml)a;ar; (k(Ji\ov, 07) ~ k([m]\77,7;)")
LJ

= [Ak(0,0)] € Ho(Zx)

where A # 0. It follows that h*([r]) € H""™(Zx), so that [r] € H" (%) by the
definition of the isomorphism /*.

We have obtained that the (n— 1)-st cohomology group of % is the only non-trivial
cohomology group. It remains to show that H"~!(%) = Z. By Poincaré duality, we
have that H"*"™(Z ) = Hy(Zx) = Z. By (1), H""(%) includes into H"*"(Z ) =
Z as a component of a direct sum. It follows that 1*: H™"(Zy) — H" 1 (K) = Z
is an isomorphism. Therefore K has the homology of $"~!, as claimed. It follows
that the fundamental class [u] € Hp+m(Zx) can be represented by a cellular chain
of the form y = 3; a;k([m]\oy, 07).

We now show that K has combinatorial Alexander duality, that is, forany J C [m],
and0 </ <n+m,

H'(Ky) = Hyg2(Ki\s)-

By Poincaré duality, we have the sequence of isomorphisms
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P AV oK) = H(Zw) = H,,,p 1(Z00 = D Aty (KL)

JC[m] Lc[m]

given by the composition (/,)™' o ([u] ~ (=)o h*, where [u] € Hy+m(Zx) denotes
the fundamental class of Zg. Substituting [ =1+ |J| + 1,

D cpm B (K) = H VY Z90) = Hypsmeapg161)(Zx) = DL cim nsm-1-171-1L1-2(K1)-

Denoting the composite isomorphism by ®, we show that @ respects the direct
sum decompositions. In particular, for all J C [m],

O(H (K1) € Husmet-11~(ml- 17 )-2Kimp) = Hno1-2(Kimp\1)-

Suppose that for / € [m], K; has non-trivial cohomology. Otherwise, the
statement follows vacuously. Let 0 # [r] € H'(%) with representative cochain
T=2 ajT;. Then

(7)) = | Y sen(y, D\, r;)*] e H'V I (Zy).

J

Let [u] denote the fundamental class of Zg with representative chain u =
> aik([m]\oy, 0;). Evaluating the cap product gives

[u] ~ he([7]) = Z sgn(t), Jaiajk([m\ov, o) ~ k(J\7;, Tj)*l

L .j

= |2 Avjellm]\o. o) ~ U\ 77)°
77

= | D" A (N \U\Tp), 0\ 7))
[ iJ ]

= | > A (ImNIN@AT), AT € Hema121:1(Z0)
Ly ]

where £,  are the pairs for which the cap product k([m\os 03) —~ k(J \Tf, Tf)* is
non-trivial, and A; » = sgn(t;, J)a;a; # 0. The last equality follows since both J and
o contain 7;, and J N 0; = 7; since the cap product is non-trivial.

The image of [u] —~ h*([7]) under the inverse of the homology isomorphism of

(Dis

(R () ~ he((7]) = | D Ag;07\1; | € Hoga(Kimp ).
iJ
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We therefore have that under the composition of isomorphisms

()™ o (] ~ () o he: P BVKG) > B Apem-ioni-1(Ke)

JC[m] Lc[m]

the image of each of the groups H! () is contained in H,,_;_>(Kjn)\s)- These groups
are therefore isomorphic, and K therefore satisfies (n— 1)-dimensional combinatorial
Alexander duality.

We obtain a relation between Poincaré duality of moment-angle complexes and
combinatorial Alexander duality of simplicial complexes, and conclude that there
are no Poincaré duality moment-angle complexes which are not manifolds.

Corollary 2.4 Let K be a simplicial complex on [m] with non-trivial cohomology.
Then the following are equivalent:

1. Zy is an (n + m)-Poincaré duality space over Z
2. K has (n — 1)-dimensional combinatorial Alexander duality
3. Zg is an (n + m)-dimension manifold.

2.3 Gorenstein duality of Z[K]

A Noetherian ring satisfies Gorenstein duality if its localisation at every maximal
ideal exhibits a certain form of self duality. In this paper, we relate the Goren-
stein duality of Stanley-Reisner rings of simplicial complexes to Poincare dulaity of
moment-angel complexes Zx.

Let K be a simplicial complex on vertex set [m], and R a commutative ring. The
Stanley-Reisner ring is

R[?(] = R[Ul, ceey Um]/Iq(

where
Iy = (0.0 | {ins o if} € K)

is the Stanley-Reisner ideal, that is, the ideal generated by monomials corresponding
to missing faces of K.

By a result of Stanley [7, Theorem 5.1], the Stanley-Reisner ring Z[%] having
Gorenstein duality is equivalent to K™ being an integral generalised homology d-
sphere, where K™ = K{ye[m] |stx()2%} i the core of K, and d is the dimension of
K.

Notice that if K has non-trivial cohomology, then K = K. Theorem 2.3 together
with Stanley’s [7, Theorem 5.1] relates Poincaré duality of moment-angle complexes,
Gorenstein duality of Stanley-Reisner rings, and combinatorial Alexander duality of
simplicial complexes. We obtain an interplay between algebraic, combinatorial and
topological dualities.
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Theorem 2.5 Let K be a simplicial complex on [m] with non-trivial cohomology.
The following are equivalent:

1. Zy is an (n + m)-Poincaré duality space
2. K has (n — 1) dimensional combinatorial Alexander duality
3. Z|'K] has Gorenstein duality.

2.4 The polyhedral join product

We extend our characterisation of Poincaré duality in Zg by utilising the polyhedral
join product of simplicial complexes.

Definition 2.6 Let K be a simplicial complex on [m], and for 1 <i < m, let (K, £;)
be a simplicial pair on [/;], where the sets [/;] are pairwise disjoint. The polyhedral
Jjoin product is the simplicial complex on vertex set [/;] L ... Ll [[,;,], defined as

(K, L) = U (%, £i)*7 where (K, L)' = irflyi, Y = {(K‘ e

Py L; otherwise.

Let!l = Z:’l 1 li where [; > 1 Vi, and let (X, A) be an /-tuple of CW complexes,
partitioned into m distinct /; tuples with X; = {Xl-j};":l and Aj = {Aij}ﬁ'izl' It
was proven by Vidaurre [8, Theorem 2.9] that the polyhedral join product and the
polyhedral product interact in the following way

(X A FE™ = (%, 405, (%, A2 @

We make use of this fact in extending our classification of Poincaré duality
moment-angle complexes to polyhedral products whose entries are themselves
moment-angle complexes.

Proposition 2.7 Let K be a simplicial complex on [m], and for 1 <i < m, (K, L;)
a simplicial pair on [1;]. Suppose that the polyhedral join (K, Li)*® has non-trivial
cohomology. Then the following are equivalent.

1. The polyhedral product (Z g, Z .t:i)(K is a Poincaré duality space.
2. The polyhedral join product (¥, Li)*w has combinatorial Alexander duality.
3. The Stanley-Reisner ring Z[(Ki, Li)™)] has Gorenstein duality.

Proof The equivalence of i) and ii) follows from (2) together with Theorem 2.5. The
equivalence of ii) and iii) follows from Theorem 2.5. O
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Example 2.8 1. Let K = 0A!, and let (K3, £1) = (5, £o) = (A.O.), where o
denotes a ghost vertex. Then (K, .Ci)*(K is a 6-vertex triangulation of $2, and in
particular is a generalised homology sphere, so that

(Zx, Zr)" = (8 x D2 83 x 51N

is a Poincaré duality space. Indeed, applying (2), and realising this 6-vertex
triangulation of S? as AA! x dA! x JA!, we have

($3x D%, 83 x SHOA = Zypi X Zant X Zonr = S3 x 8% x 83

2. Generalising the previous example, let K = A, and let (K, £1) = (%5, £2) =
(OA™ !« {v}, 0A™ % {o}), where o denotes a ghost vertex. Then (%, £;)*X is a
(2n + 2)-vertex triangulation of the (n + 1)-sphere, and thus

(Zx. Z2)" = (877" x D%, 82 x 819~

is a Poincaré duality space.

3. Let K = A" = {j}. (K1, £1) = (Ko, £2) = ({v}. {0}). and (K], L)) = (Q’ 0).
Then (%, £;)** is a 7-vertex triangulation of S2. Here, (Z,, Zr,) = (S°,T?)
and (Zg,, Z,) = ((S? x 1%, T9), so that

((53’ 72), ((53 x SHY, Ts))Al

is a Poincaré duality space.

These examples demonstrate that there are a variety of polyhedral join products
which give rise to Poincaré duality spaces Z. The classification of polyhedral join
products which are generalised homology spheres in the special case of composition
complexes enables us to extend our results on duality. Recall that composition
complexes are the special case of the polyhedral join product where for all i, K; =
A% n; > 1. Ayzenberg [2, Theorem 6.6] proved that the composition complex
KK, ... Kom) = (A", K;)* X is a generalised homology sphere if and only if K is a
generalised homology sphere, for any non-ghost vertex i of K, K; = dA%~!, and for
any ghost vertex i of K, K; is a generalised homology sphere.

Utilising this result together with (2), and the fact that the polyhedral product is
a homotopy functor [4, Proposition 8.1.1], we obtain the following corollary.

Corollary 2.9 Let K be a complex on [m] with no ghost vertices, and let K1, ..., Ky, be
complexes on [11), ..., [, respectively. Then, (CZg;, Z%;)™ is a Poincaré duality
space if and only if K is a generalised homology sphere, and for all i, K; = A1,

Example 2.10 1. Let K be a simplicial complex on [m]. For 1 <i < m,let]; > 2.
Then (CT%, T')X is a Poincaré duality space if and only if % consists solely of
ghost vertices.
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2. Let K be a simplicial complex on [m], and for 1 < i < m, let [; > 1. Then

(D%, §%i~1YK is a Poincaré duality space if and only if K is a generalised
homology sphere.
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Bundles over Connected Sums

Lisa Jeffrey and Paul Selick

Abstract A principal bundle over the connected sum of two manifolds need not
be diffeomorphic or even homotopy equivalent to a non-trivial connected sum of
manifolds. We show however that the homology of the total space of a bundle formed
as a pullback of a bundle over one of the summands is the same as if it had that
bundle as a summand. See Theorem 3.3. An application appears in [2].

Examples are given, including one where the total space of the pullback is not
homotopy equivalent to a connected sum with that as a summand and some in which
it is.

Finally, we describe the homology of the total space of a principal U(1) bundle over
a 6-manifold of the type described by Wall’s theorem. It is a connected sum of an
even number of copies of S° x §* with a 7-manifold whose homology is Z/k in
degree 4 (and Z in degrees 0 and 7, and zero in all other degrees).

1 Introduction

Let A be a connected sum A = B#C of n-manifolds. See for example Hatcher [1] for
the definition of connected sum. Let ¥ — L — C be a bundle over C where F is a
manifold.

Using the definition we get a map A — C. Let F — M — A be the pullback of
the bundle F — L — C to A.

Letting B’ denote the complement of a chart in B and setting X’ := (B’XF)/(xXF)
we prove the following. There is a cofibration M — L — XX’ for which the
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corresponding long exact homology/cohomology sequences split to give H.(M) =
H.(X')® H.(L) and H*(M) = H*(X’) ® H*(L). (See Theorems 3.1 and 3.3.)

These results suggest the possibility that M is the connected sum of L and some
manifold X whose (n — 1) skeleton is homotopy equivalent to X’ but we give an
example to show that this is not necessarily the case. (See Example 3.4). As we shall
see, if M ~ X#L then the cofibration sequence X’ — M — L would have to split to
give M ~ X’ Vv L, but this fails in Example 3.4.

In the final section, we consider bundles over some 6-manifolds including the
case where A is a symplectic manifold and the M is the total space of its associated
prequantum line bundle. We find that in that case M ~ #2"(S% x S*)#L where L is
a 7-manifold whose nonzero cohomology groups are Z in degrees 0,7 and Z/k in
degree 4, where r and k are determined by the cohomology of A. (See Theorem 4.1.)

The authors would like to thank Sebastian Chenery who pointed out an error in
an earlier version of this paper.

For topological spaces X and Y, let X = Y denote “X is homeomorphic to Y”” and
let X ~ Y denote “X is homotopy equivalent to Y.

2 Connected Sums

Let D" denote the closed disk D" := {x e R" | ||x]| < 1}.

Lemma 2.1 Forany points a, b in the interior of D" there exists a self-diffeomorphism
f : D" — D" such that f(a) = b and f|gpn is the identity.

Proof Set f(a) = b. For x # a, let X, be the point at which the production of the
line segment joining a to x meets dD". Then x = ta + (1 — )X, for some ¢. Set
f(x)=tb+(1-1)X. O

More generally, we have

Lemma 2.2 Let U, V,, be subcharts of D". Then there exists a self-diffeomorphism
f D" — D" such that the restriction of f to U, is the standard diffeomorphism on
open balls and such that f|gpn is the identity.

For a point p in an n-manifold X, define a subchart around p to be an open
neighbourhood U, of p which is diffeomorphic to an open ball in R" within some
chart of X.

For a connected n-manifold X, let X’ = X \ D" denote the complement of a
subchart of X.

Lemma 2.3 Up to diffeomorphism, X’ is independent of the choice of the subchart
removed.

Proof LetU,, U, be subcharts of X. In the special case where there exists a chart W
containing both U, and U, this follows from the earlier lemma. Then for arbitrary
Up, Uy, find a finite (by compactness) chain of charts connecting U, to V,, using
connectivity.
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After removal of the subchart there is a deformation retraction X’ ~ X~ to the
(n — 1)-skeleton of X. Let fx : S"~! — X’ denote the attaching map of the top cell
of X.

Suppose that X, Y are simply connected oriented n-manifolds.

In a connected sum, X#Y = X’ Ugn-1,; Y’ (where the orientation on one of
the inclusions S"~! x {0} < X’ or §*~! x {1} is reversed so that X#Y inherits an
orientation), there is a canonical projection X#Y — X. Similarly we have X#Y — Y.
The canonical projections X#Y — X and X#Y — Y preserve the orientation class.
That is, they induce isomorphisms on H,,( ).

Collapsing the centre of the tube S~ x I within X#Y gives amap X#Y — X'VY’.
If we form (X#Y)’ by choosing the subchart to be removed to be within the centre
of the tube then collapsing to produce X’ Vv Y’ has collapsed a contractible subset
of (X#Y)’ giving a homotopy equivalence (X#Y)’ S X'VY'.

By writing " = §"#S5" and considering naturality of the pinch we see that the
homotopy class of the attaching map of the top cell in X#Y is given by fx#y = fx+fy
within 7, (X) & 7, (Y) C 7, (X’ VY’).

Choosing the subchart to be removed from X#Y to be within ¥’ gives a (non-
canonical) inclusion X’ < (X#Y)" with (X#Y) /X’ = Y’. The composite X’ —
(X#Y)" — X with the canonical projection is an injective map from a compact
Hausdorff space, so it is a homeomorphism to its image. Composing with the inverse
of this homeomorphism is a left splitting of the inclusion X’ < (X#Y)’. Similarly
there is a left splitting of the inclusion Y’ < (X#Y)'.

Lemma 2.4 Let M be a closed n-manifold and let A ¢ M’ be a closed n-dim
subset of M with A = S"~'. Then M = N#X for some manifolds N and X with
N’ = A. Furthermore the canonical projection M’ — N’ = A is a left splitting of
the inclusion A — M.

Proof Set X := M\ A. Then X is a manifold-with-boundary with X = dA. Let
T = §"~! x I be a tubular neighbourhood of X in X and set X’ := X \ 7. Then

M = A US”’IX{O} T US”’]X{I} 7

so M = N#X where N = A U(rx o)) D" and X = X’ U(rx(1}) D". By construction
A — M’ — N’ = Ais the identity on A. O

3 The cofibration sequence associated to a bundle over a
connected sum

For definitions and properties of principal cofibrations used in this section see pp.
56-61 of [3].
Let B, C be closed n-manifolds and let A := B#C. Suppose

F—->L-—>C
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is a (locally trivial) fibre bundle whose fibre F is a manifold. Then L is a manifold
of dimension n + dim(F'), which we will denote by m.
Let F — M — A be the pullback of the bundle under the canonical projection
A — C. The total space M is a manifold of dimension m.
Let L be the total space of the restriction of the bundle to C’ := C \ chart.
By definition,
A =B Ugn-iy; C’

where by construction, the restriction of the bundle to B’ is trivial.
Taking inverse images under the bundle projection M — A gives

M = (B’ X F) Ugn-1xsxr) L.
In other words, we have

S I X IXF———— (B"XF) —— (B’ X F)/(S" ' x I X F)

| |

LC M M/L

where the left square is a pushout.
The space
M/L = (B’ xF)/(§"' x I X F)
= (B'/(S" !X I)X F)/(x X F)
=(BXF)/(xXF).

has the same homology as BV (B A F). In fact, if F is a suspension then (B X F) /(X
F) ~ BV (B A F). (Selick, [3] Prop 7.7.8)
Set X' := (B’ X F)/(x X F).

Theorem 3.1 There is a cofibration diagram
M —— L' —— X’
M——L——Z%X'

(i.e. the rows are cofibrations and the right square is a pushout.)

Proof We had
M/L = (B’ x F)/(S" ' X I x F)

Also, since L = L Ugn-1,yx F we have
L/L = (8" x F)/(x X F)

(which can be regarded as the special case of the preceding with B = S™). Thus we
have a diagram
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h)

—— s M/L=(BxF)/(xxF)

N
|

XX —=—7=23X'

h)

L/L = (8" x F)/(x x F)

in which the bottom right square is a pushout, the rows and right columns are
cofibrations and which yields the cofibration M — L — XX’. Deleting a chart from
L and deleting its preimage from M gives the first row of the theorem. O

From the long exact homology sequence of the cofibration we get

Corollary 3.2 The lift M — L of the canonical projection preserves the orientation
class. That is, it induces isomorphisms on H,,( ), where m = dim L — dim M.

This Corollary can be proved in other ways such as naturality of the Serre spectral
sequence.

Let f : X — Y be a differentiable map between compact oriented m-manifolds.
Let Dx : H*(X) = H,_;(X) and Dy : H*(Y) = H,_;(Y) be the Poincaré Duality
isomorphisms. Suppose f has degree A (multiplies by 2 on H,( )). Then f.oDxo f* =
ADy. In particular, if f preserves the orientation class (that is, has degree 1) then f*
is injective and f. is surjective. Applying this to M — L shows

Theorem 3.3 (Decomposition Theorem)

In the long exact homology sequence of the cofibration, the connecting map
0 : Hy(L) — Hy_1(X") is zero. Likewise, in the long exact cohomology sequence,
the map 6 : H1™Y(X") — H4(L) is zero. Thus for 0 < g < m we have H,(M) =
H,(X")® H,(L) and H4(M) = H9(X") & H(L).

This suggests that perhaps there is a manifold X such that M =~ X#L where
X is homotopy equivalent to the one-point compactification of X’, but this is not
necessarily true.

Example 3.4 Consider A = CP? and write A = B#C where B = CP? and C = §*
Consider the trivial bundle S7 x $* — §* Then M = §7 x CP?; B’ = §%; C’ = x,
A’ =B’V C' = §? while

=(FxA) =(FxA)Upxa (F' x A)
= (87X §?) U2 (x xCP?) =CP? v ST v §°
and L = $* x 57 so L’ = $* v §7. Our cofibration is

(82x8)/(xx Sy > M — S*v S’
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which becomes S? v §° — CP? v §7 v §° — §* v §7. This does not split so in this
example M does not become homotopy equivalent to X#L for any X.

4 Bundles over 6-manifolds

Let A be a 6-manifold such that H*(A) is simply connected and torsion-free. Suppose
H*(A) = Z.

Let x € H*(A) be a generator and let V € HS(A) be the volume form. Then
x* = kV for some integer k.

By Wall [4], we can write A = B#C where B = (5> x §3)* for some r and C is a
simply connected torsion-free 6-manifold with H3(C) = 0 and H*(C) = Z.

Although M is a S! bundle over A, it does not immediately follow from Wall’s
result that M also admits a decomposition as a connected sum. We shall see that this
is in fact true. This is the content of our Theorem 4.1 below.

Associated to x there are complex line bundles over A and C classified by x. Let
M and L denote the sphere bundles of these line bundles. Then there are S'-bundles
S!' - M — Aand S' — L — C. Note that the long exact homotopy sequence tells
us that 71(M) = Z and ny(M) = ny(A) for g # 1.

As in Ho-Jeffrey-Selick-Xia [2] we calculate that the cohomology of the 7-

Z q=07;
manifold L is given by H4(L) = {Z/k ¢ =4.
0 otheruwise.

Theorem 4.1 We have
M =~ #7(S% x SH#L,

where the homology of the space L is specified above.

Proof In the notation of the preceding section applied to S' — M — A we have
B’ = V5,83, L’ = P4(k) and

X" = (B' xSY/(xx SV =~ BV (B ASY) vy, (8 v 23St

where P"(k) denotes the Moore space S"~! Uy . Thus our cofibration sequence
becomes
Var($PVEISY) = M’ — PH(k)

or equivalently
Var($P Vv §Y - M — PHk).

The composition of the bundle map M’ — A’ with the canonical projection
A’ — B’ provides a splitting of the restriction of

Vo, (2 v s > M’

to Vo, 53.
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For degree reasons, the cofibration
Vor(S3 v Y > M’ — PHk)

is principal, induced from some attaching map P3(k) — Vy,(S* v §%) whose image
(for degree reasons) lands in V,,S3. Since the restriction of V,,(S° vV §%) — M’
to VoS3 splits, this implies that this attaching map is trivial. Thus the cofibration
splits to give

M’ = V(S Vv §%) vy, PHK).

To obtain M from M’ we attach the top cell giving

Z q=0,7
2r q= 3
HYM)=HIM") o HI(ST)=4_,
Z7®Zlk q=4
0 otherwise.

Letting V denote the generator of H'(M), using Poincaré duality we can pair the
generators (uy, uy, ... uz-y of Z in degrees 3 with the generators (vy, vo, ... vy) of
Z in degrees 4 so that u;v; = 6; J-V. If we reduce to Z/k coefficients, there is also a
nonzero cup product ab where a, b are generators of H3(M;Z/k) and H*(M;Z/k)
respectively.

Examining the cohomology of M, we see that

H*(M) = H* (#"(S? x S*}#L)

Z q=0,7
where HY(L) = {Z/k q=4
0 otherwise.

The attaching maps fs and fyr g3y s4y47, are both
[L?, L?] + [Lg, Lg] +...+ [Li, Lf] + fL
where the Whitehead product [¢3, (*] is the attaching map

fS3><S4’

and so
M =~ #7 (8% x SHHL.
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The SO(4) Verlinde formula using real
polarizations

Lisa Jeffrey and Kaidi Ye

Abstract We adapt the construction of Jeffrey and Weitsman [5] to interpret the
SO(4) Verlinde formula through a real polarization.

1 Introduction

The Verlinde formula [9] is a formula for the dimension of the geometric quantization
of the space M, (G) of conjugacy classes of representations of the fundamental group
of an oriented compact, closed 2-manifold of genus g into a compact Lie group G.
The quantization is the dimension of the space of holomorphic sections of the k-th
power of a holomorphic line bundle L over M4 (G). This formula may be expressed
as a trigonometric polynomial (see [12] and [13]), but may also be defined as the
number of integer labellings of a collection of non-intersecting simple closed curves
on X8. The Verlinde formula is important because a basis for the quantization is the
major ingredient in any physical calculations.

A system of integer labellings of curves corresponds to integer values of the
moment maps for torus actions on the space M(G). In toric geometry the integer
values of the moment map for the torus action enumerate a basis for the holomorphic
sections of the prequantum line bundle. A prequantum line bundle L is a complex
line bundle over a symplectic manifold (M, w) with a connection whose curvature is
2niw. For the definition of a prequantum line bundle, see for example Chapter 11 of

[3].
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The paper of Jeffrey and Weitsman [5] exhibited a real polarization on the moduli
space M, (SU(2)) of gauge equivalence classes of flat SU(2) connections on a
compact oriented 2-manifold 8 without boundary. If k is a nonnegative integer, these
authors then used this real polarization to interpret the SU(2) Verlinde formula (a
formula specifying the dimension of the level k quantization) using a real polarization
(for example, as described by Sniatycki [8]). A basis for the level k quantization
(which for a complex polarization is defined as the space of holomorphic sections
of L, where L is the prequantum line bundle over My (SU(2)) is parametrized by
labelling the closed curves in a trinion decomposition for the surface by integers
between 0 and & subject to certain conditions. The construction of [5] interprets the
geometric quantization of the SU(2) moduli space as an analogue of the geometric
quantization of a toric manifold.

In this article we give a similar interpretation for the Verlinde formula for SO(4).
Our construction below extends the analogy with toric geometry to this case. We
make use of the fact that SU(2) x SU(2) is a double cover of SO(4).

Suppose G is a compact Lie group with maximal torus 7. For a closed surface of
genus g, the choice of a trinion decomposition! provides (3g —3)dim(7") independent
variables. The dimension of the moduli space is (2g — 2)dim(G). This means the
number of independent variables is equal to half the dimension of the moduli space
of gauge equivalence classes of flat connections if and only if dim(G) = 3 dim(7).
This is true for G = SU(2) or SU(2) x SU(2), and also SO(4). These are examples
of semisimple groups for which this relation holds.

Goldman [4] proved that if two simple closed curves in the surface £ do not
intersect, then the functions determined by the holonomies around these curves
Poisson commute. See section 5 for detailed discussion. Hence the variables given
by the holonomies along these curves provide the structure of a toric manifold. The
Hamiltonian flows of these functions are only well defined on an open dense set,
namely the set where none of the simple closed curves in the trinion decomposition
are sent to the center Z(G) under the representation. On this open dense set, the
integrable system specified by the holonomies around the curves in the trinion
decomposition has the structure of a toric manifold.

Forevery circle C; (j = 1,...,3g—3) in the trinion decomposition of X8, we label
it with two nonnegative integers /;, [ ]’ where [}, l ]’ € {0, 1,..., k} for k a nonnegative
integer which is the power of the prequantum line bundle over the moduli space.

For a complex polarization, this characterization of the SO(4) Verlinde formula
was already known — see for example [2] (p. 711) and [6] for the SO(3) case. Our
contribution is to recover this formula using a real polarization.

Definition 1.1 A trinion (also called a pair of pants) is a two-dimensional disc with
two holes. We can denote a pair of pants as

D={zeC:ld £~ (-1l < 3} Ufe: e+ 1] < 1))

! The terms “trinion” and “trinion decomposition” are defined at the end of this section.
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Definition 1.2 A trinion decomposition of £8 is the choice of 3g — 3 disjoint simple
closed curves 1, . ..,¥3¢-3 in X8 so that X¢ is formed as the union of a collection
of trinions with pairs of boundary components joined along the ;.

Uy, 1

Is, Iy )

, l2: m Is. s y

Il Q)Im bg\\/b;; IEQ
(A

Fig. 1: Trinion decomposition and its integer labelling, with the corresponding labelled dual graph

The Verlinde formula for SO(4) tells us that these labellings must satisfy the
following conditions. Choose an ordering of all the boundary circles of the trinion
decomposition (in other words parametrize these by integers between 1 and 3g — 3).
Suppose m, n, p are the values of this index for the boundary components of one of
the trinions in the trinion decomposition. Then

Im+1,€2Z
In+1,€2Z

L +1, €22

o = L] < 1, < min{2k — Ly = Ly, L + I},
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|, =1 < ll’, <min{2k -1, - 1,1, +1},
Im + 1, +1, € 2Z,

by + 1y + 1, € 2Z.

A choice of trinion decomposition for X8 may be represented by a trivalent graph,
where each vertex represents a trinion. Two vertices are joined by an edge if the cor-
responding trinions share a common boundary circle. A labelling is an assignment of
an integer in [0, k] to each boundary circle of the trinion decomposition, equivalently
to each edge in the trivalent graph. We impose a collection of inequalities for each
trinion. Equivalently we impose inequalities on the labellings of any three edges of
the trivalent graph which have a common vertex.

For example, consider the case g = 3. Figure 1 shows the integer labelling. The
integer labelling of the boundary loops of every trinion D;,i = 1,2, 3,4 must satisfy
the above constraints.

This paper is organized as follows. In Section 2 we describe real polarizations.
In Section 3 we describe relations between several moduli spaces. In Section 4 we
describe the moduli space of a trinion. In Section 5 we describe the period of a
Hamiltonian function. In Section 6 we describe the Verlinde formula.

Acknowledgements This question was originally suggested to the authors by Jonathan Weitsman,
and he provided key suggestions during the project. The authors would like to acknowledge their
gratitude to Jonathan Weitsman for his guidance and insight. The first author is partially supported
by an NSERC Discovery Grant.

2 Real Polarization

Let G = SO(4) and let £8 be a compact, oriented two-manifold with genus g. Let
P = X8x G beafixed trivial G-bundle on X&. We express the space of flat connections
as

Ag = {A € QL(Z8) @ s0(4)|F4 = 0}

where the curvature of the connection A is defined as
Fa=dA+ANA.
This is a subspace of the space of all connections, denoted

A = {(a,b)} = Q1(Z8) @ su(2) ® Q'(Z8) ® su(2)

We are using the fact so(4) = su(2) & su(2) for the above, where a and b are Lie
algebra valued 1-forms.
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Definition 2.1 Let C; C X8 be a closed, oriented simple curve. Define
f: Ay — R?

Filab) = (fE. &)

where |
fé, = Fu(Holc,(a)) (1)
~ 1
f&, = Fu(Rolc, (b). )

These functions denote the holonomies of the connection a and b about the closed
curve C;.

Then we may define the polarization map based on [5] and [10] via the double
covering map @ : SU(2) X SU(2) — SO(4) as follows.

F: Ap — RO

F :(a,b) (fgl,fé’l, - fg3g_g,fé’3g_3).

F descends to

F : Mg(SO(4)) — R%7°
F L@ D) = (fE fE e fE, o T, - 3)

Here a and b are su(2) valued 1-forms on X8, and [(a, b)] denotes the equivalence
class of (a, b) in My(SO(4)) (the equivalence class under the action of the gauge

group).
Here

1. Both fc and fc descend from fc and fc and we define fc , fc in equations
(1) and (2) This is because the trace of the holonomy of a flat connection is
unchanged under a gauge transformation.

2. We define the map by

@ : SU(2) x SU(2) — SO(4)

O (u, U) = Ru,v(')
where u, v € SU(2) and

Ru,,,:ql—>u~q-v_1,qu. 4

Note that we identify SU(2) as the collection of unit quaternions, in other words
SU(2) ={q: |lq|| = 1,q € H}. Here H denotes the space of quaternions, which
is isomorphic to R*.
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We have the following properties.

a. The map R, ,(-) represents all possible rotations in the space H. If we
identify H = {a + bi + ¢] + dk} with R*, then R, ,(-) represents all possible
rotations in R*.

b. The map @ is a group homomorphism from the product group SU(2)xSU(2)
to SO(4) with kernel {(1, 1), (-1 - 1)}.

c. The first group isomorphism theorem implies that % = SO(4).

d. By knowing the kernel of ®, we may represent G as the following:

G ={[u:v]} ®)

where u, v € SU(2) and the notation [u : v] denotes the equivalence class of
the ordered pair (i, v) under the equivalence relation

(M, U) ~ (—M, _U)' (6)

(The notation is analogous to the usual notation for real projective space

RP™ as a quotient of S” by the diagonal action of multiplication by —1.)
The set {C; }fjg 3 is a collection of closed oriented curves in £¢ which specifies
a trinion decomposition of ¢ (or equivalently a trivalent graph, as we explained
above).

. From now on, let G = SO(4) and let X8 be a compact, oriented two-manifold

with genus g. Let P = 28 X G be a fixed trivial G-bundle on ~¢. We express the
moduli space of flat SO(4) connections on X8 by

My (SO4) = Ar /G

where G = C®(24,G) and G acts on Ap by A% = g7 'Ag + g~ 'dg, g € G. Since
the bundle is trivial, the connection A may be written as a Lie algebra valued
1-form on X8 so that the curvature F4 vanishes.

We can also represent Mg (SO(4)) as

Hom(r(28),G)/G

where Hom(r;(28), G) :{(al,bl, g, bg) € G . H{g:l aibja; b7 = l}
and G acts on Hom(mr(X8), G) by simultaneous conjugation. Here the 1 on the
right denotes the rank 4 identity matrix. We can use ® and the notation in (5) to
rewrite Hom(r1(Z8), G)/G as follows.
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Mg(SO(4)) :{([ul . Ul]’ [pl : QI], sy [ug : Ug], [pg : Qg]) € ng |
g
H[Mj soillpy s qilluy o1 by g1t = 1}/G- @
j=1

If we use the description M, (SO(4)) = Hom(m1(£8), G)/G, then we can rewrite
the map ¥ as

F : Hom(m;(Z%), G) — R%6

F = (01,0,..0552,0,, 5)

where the pair

(6:, ;) : Hom(m;(2%), G) — R?

(007 UG = (5 Telu), 3 Tr(wn)
and

u; 0
ptcn~ [ 2],

Here ~ means “is conjugate to”. Here u;, v; € SU(2).

The map (6;, ;) descends to (6;,6;) : Mg(SO(4)) — R? and F descends to
F 1 Mg(SO(4)) — RS,
Now we can define the holonomy angle as

Definition 2.2 The holonomy angle pair (9;, 9;.) of curve C; from a trinion decom-
position is

1
; = cos™! (Etr(ui))
and

, 1
0, = cos”! (ztr(vi))

where [u; : v;] € G and we make cos™!(x) to take values in [0, 7] with x € [-1, 1].
This is the choice made in the paper [5]. It is the choice of a connected interval U
for which the function cos : 6 +— cos(6) gives a bijection from U to [—1, 1].

cos(m — 6;) = —cos(6;)

and
cos(m — ;) = —cos(6,)

with condition 6; + 9;. <m.
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We can define a map @ by using the holonomy angle pairs.
Definition 2.3 The map 0 : M,(SO(4)) — R% 7 is defined by
© = (01,0}, ... 0353, 03,_,) : Mc(SO(4)) — R%°. (8)
The components of this map have Hamiltonian flows with constant periods. In
other words these components form moment maps for circle actions. They are only

defined where the component functions are differentiable (so that their Hamiltonian
flows can be defined).

3 The Relation Among Moduli Spaces for
G=SU2),SU22)xSU(2),S0O(4) over &

Let the moduli space of conjugacy classes of representations of the fundamental
group of X8 be

Mg(SU(Z)) ==(u1, Uy« - Ug, Ug) € SU(Z)Zglﬂleu,-v,-ui_lv,-‘l = 1}/SU(2),

and for G = SU(2) x SU(2) we define

0 v,

up 0 |u; O ug 0| fu, O
/\/(g(SU(z)xSU(z))={([0l leol 01}[ g H(;z Ué]”

H;.gzluiulfui‘lu;_l =1 0

0 Hlevivlfvi_lvl.’_l =1

] Ui, Ui, Uj, v} € SU(Z)}/(SU(Z) x SU(2))

Recall that for G = SO(4) we can define the moduli space in terms of SU(2) by
using the double covering map @ and (5) as follows

M,(SO(4)) ={([u1 coil[prsan)s o lug vgl [pg qg]) :

I8 wipuw ™' pi ™' = TE viqivi ™ qi™" = 1}/G'
It is clear that
M(SU(2) x SU(2)) = Mg(SUQ) X M(SU(2))

and the relation between Mg (SU(2)xSU(2)) and M, (SO(4)) is described as follows.
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Proposition 3.1 There is a surjective map ¢ from the moduli space Mg(SU(2) x
SUQR))e = DI Mg(SUR) x SUR2))e = —1) to Mg(SO(4)). In other words,
the map ¢ : Mg(SU2) x SUR2))(e = 1) [I Mg (SUR2) x SUQR))(e = -1) —
Mg (SO(4)) is surjective.

Proof: Let B = SU(2) x SU(2) and G = SO(4). Let @ again be the double covering
map from B to G. By the first isomorphism theorem, we know B /ker(®) = G. We
use P, G to rewrite Mg (SU(2) x SU(2)) as follows.

M (SU(2) x SU(2)) = Hom(rr; (%), B)/*B. €

Let € = +1. Let Mg(SU(2) X SU(2))(€) = {p € Hom(Fyg, B)|p(c) = €l}. Here
c is the product of commutators of a chosen collection of generators {a;, bj, j =
1,..., g} for the free group F>, on 2g generators, which is the fundamental group of

28\ {pt}. Also I denotes the identity element of SU(2) x SU(2). Let /V(;(SO(4)) =
Hom(rr;(X#), G), and x be a point in Mg (SO(4)). For every g € G, there is g € B
such that ®(g) = g, since @ is a surjective map.

g-x=gxg = 0(g)xd(q)”".
Now, we want to define the following maps. LJ 22/6

$ : Mg (SUQ2) x SU(2))(e) = Mg(SO(4))

by
o %) (10)
where @2(y) = (@(a1). Db ). ... D(a) Dlbg)).
The image of this map is in Mg(SO(4)), since

(a1, b1, ..., aq, bg) — (P(ay), ®(by), ..., P(ag), D(by))
so that
I ®(a)@(b)O(a) ™ (b))~ = QUL jaibia;™ b ™) = d(e) = 1. (11)
We have
¢ : M (SUQ2) X SUQR))()/B — M(SO4))/{B/ker(®)} 12)
¢ Y] [6)]
where [¢/], [¢(y)] are the orbits with representative elements i, G(y).

Note that

(M (S0@))) = M(SUR) x SU@)(1) U M(SUR) x SU@))(-1),
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If we use ¢(i) = ®*¢(y) for the map in (12), we can rewrite (12) as:

¢ [yl [D2W)]. (13)

We want to show (a) ¢ is well defined and (b) it is a surjective map.
Part (a): Proof that ¢ is well-defined.

Let [y] € Mg(SU(2) x SU(2))(€) and y, " are both in the orbit [i/]. In other
words, 3g € B, such that grg~! = y’. We want to show ¢([¢/]) = ¢([¢']).

The fact that ¢([/]) = ¢([¢']) means they are in the same orbit in Mgy(SO(4)).
We will show that 36 € G such that §¢(y)6~" = d(y’)

Let 6 = ®(g). We check the following.

66" = ©(q)dW)P(q)" = D(Q)d()D(g™"). (14)

Recall that ¢(1) = ®?(y), then we have that the RHS of (14) is

D(q)D* (¥)D(g ")

or

> (qyq™")
(14) shows
O (qpq ) = D) = ).

Now we can confirm that ¢([y]), #([']) are in the same orbit.

Part (b): Proof of surjectivity:

Define Mg (SU(2)xSU(2))(€) to be the quotient of M4 (SU(2) % SU(2))(€) under
the action of G by conjugation. The equation (11) shows that the product of commu-
tators is / as long as the product of the preimages of commutators is equal to e/ where
€ € {1} and I is the identity element. Hence the map ¢ is surjective. We know
®%¢ is surjective as well. We have clearly defined the map ¢, and we have proved
¢ is well-defined. Thus, the surjectivity of ¢ can be seen as follows. Pick any orbit
in M4 (SO(4)) with representative element % (in other words [1] € My(SO(4)). By
the surjectivity of @, we know 3y € [, /\F/‘(;(SU(Z) x SU(2))(e) such that ¢(¢) = h,
where € = +1. So the orbit of ¢ will be mapped to the orbit of 4 under the map ¢. [

4 Moduli Space of a Trinion for G = SO(4)

Let (6;, 9;.) be the holonomy angle pair that corresponds to the boundary circle C; of
a trinion D, where i = 1,2, 3.

The moduli space of representations of the fundamental group of a trinion D can
be represented as follows.
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M(D) = Hom(n (D), G)/G ={(s1, 52, 83)|5i € G, 515283 = 1}/G,

where G acts on Hom(rr, G) by simultaneous conjugation.
The map © : M(D) — [0, 7]® € R® can be expressed as

© = (61,61,0,67,65,05) : M(D) — [0,7]° c RS.

Theorem 4.1 Let 0;, 9} € [0, ). The map ® is a surjective map from M(D) to its
image. Its image is the product of two polytopes

A1 ={02,02,03 : 161 — 02| < 63 <min(0; + 62, 2w — (01 + 62)), 6, € [0, 7]} (15)
and
Ay = {00,056} 1 |6 — 6] < 6, < min(8] + 6 21 — (8] +6)).0/ € [0,7]}. (16)

Proof: For the image of ©, we need to find the conditions on conjugacy classes [s;]
so that [s1][s2][s3] = 1 where s; € G. We can represent 515353 = 1 as

R(uy, v1)R(uz, v2)R(uz, v3) = 1

where R was defined in (4) above and u;=1 23, v;=1.2,3 € SU(2). We denote the rank
4 identity matrix by 1 . This implies

ujouz = 1 = vy (17

or
uiuru3z = -1= V1003, (18)

For equation (17), the situation is exactly the same as in the SU(2) case in [5], which
gives us (15). The proof of equation (15) in [5] applies to prove equation (17). It also
proves equation (18) by replacing 63 by 7 — 83 (in the notation of that article).

This means the solutions of equation (17) are in bijective correspondence with
(15), while those of (18) are also in bijective correspondence with (15) via 63 —
Y/ 93.

These inequalities define a tetrahedron with the following 4 vertices.

Vi =(0,0, 1), V5 = (,0,0)

V3 = (7,7, 7), V4 = (0, 7, 0).

Compare the tetrahedron A, defined by Vi, V5, V5, V4 with the tetrahedron A
defined by proposition 3.1 in [JW] with vertices

Ql = (0’ 0’ 0)’ Q2 = (0’ T, ﬂ)’
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Q3 = (”’ 0’ 71-)’ Q4 = (”’ T, 0)

We found they are clearly isomorphic as one can transform into the other by a
composition of rotations and translations, in other words, a rigid motion.

0,

Fig. 2: The green tetrahedron is A; ,the red tetrahedron is A}” ,and the orange tetrahedron is A,.
We created this diagram by using https://www.geogebra.org/3d

We can always obtain A, by applying a sequence of cubic lattice preserving
isometries on A; as follows.

1. Reflecting A with respect to the 6;6,, plane to get A]
2. Reflecting A| with respect to the 6,6, plane to get AY’
3. Reflecting A" with respect to the 6;6,, plane to get A"
4. Translating A{”" along the 6, axis toward the positive direction by 7 unit to get
Ai//l
Then A} is the same as A;.

If we re-scale everything by % and k € Z-, then isometry (d) is just translation
by & units and it preserves our lattice points. After this scaling, our lattice points are
z3.

The above equation gives one Vi, V,, V3, Vj.

After the quotient, equation (18) gives us (15) and (16) as well. U
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5 Period of the Hamiltonian flow

The period of the Hamiltonian flow associated to each loop C (in other words C is
a simple closed curve) can be obtained by studying the period of the Goldman flow
for each loop C.

We may define the Goldman flow for Hom(zr; (X8), SO(4)) as follows.

In the paper [4], section 1.1 Goldman assumes we have an invariant function f :
G — R where f is a C' function such that f(gAg™') = f(A) forallg, A € G and G
is a matrix Lie group with finitely many components. An associated function F for
f is a function F : G — g with the following properties. For X in the Lie algebra
of G, and < -,- > an inner product on this Lie algebra invariant under the adjoint
action, we have

< X, F(A) >= dfa(X) = - lmo (A explt)
It follows that if f(g) = tr(g), then
I P
F(A) = (A=A,

The computation of the above F is in [4] Cor 1.9.
For our case, we use cos~! composed with the trace function for the holonomy angle
pair instead of just the trace function for our invariant function. The details are as
follows. Let 68 : G — R denote the invariant function that is associated with the
loop C. LetT": [-1,1] X [-1,1] — [0, 7] X [0, 7] be the map

[(x,y) = (cos™"(x),cos™!(y)),

and
6:R2 >R

0:(xy)PHx+y

We pick § € T (where T is the maximal torus of G) and denote S in the same
fashion as we did in (5). That is

S=[s:5]€eG
e 0

’ eiei O
—ig;: | S = L
0 et 0 e—l()i

We can write 65, as follows.

ands:[

eT c SU(2).
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1 1 .
05(8) = 8 0 T([51r(s), 31x(s))
=6 oIl o(cos(6;), cos(é’;.)) (19)
= 9[ + 9;

As a result, we should modify its associated function accordingly.

<X F(8) > = S io(cos(Bi(s). cos(6(5))

_ [— sin(6;(s)) O/ , ][%h:o(@i(S)) 0 . (20)
0 —sin(6,(s)) 0 ANCACS)
This implies
Foe = [13 ,8] F.(S) (1)

where A acts on a 2 X 2 diagonal block matrix as
Ale 0] _ .—1 a0
0b] sin(®;) |0b

-1
- sin(6))

and

,la’ 0
A[Ob’

a 0
0 b

a000

A O 0b00
So[0 A'} acts on 004 0|2

000 &

-1 a(
sin(6;) [0 b] o
-1 a 0 ’
o sin(6;) [() b/]

We compute Fgg below.
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(A 0] _1
FHSCOM)(S) - [0 A'] Z(S -S7)
_ [A o] [;{(s—s-l) 0
0 A 0 A—ll(s —(s )_1)
B 1 ’A O diag(eiei _ e*iﬁi’ e*i@,‘ _ eié}i) 0
40N 0 diag(e'?i — 710, 710 — i)
_ i [A 0] [diag(sin(8;), - sin(6;)) 0
20N 0 diag(sin(6)), - sin(6)))
[-i0 00
_1j0io00
T 2(00-i0|"
1000 i
(22)
(Above, diag(ay, . . ., an) is the n X n diagonal matrix where the j-th entry is a;.)

Now we are ready to construct the flow as follows:
E€:Uc — Uc
Here the subset Uc of /\7(;(50(4)) is defined as
Uc = {¢ € Hom(m(2)%, G)|4[C] # +1}.
These flows were constructed in [4].

1. If the curve C is a non-separating curve (i.e., X8 \ C is connected):
Let B c X8 be another oriented simple closed curve which intersects C once
transversely. Here < [B] > and m1(X8 — C) are two subgroups of m(X8).
If @ € 11(X8 — C), then

EC(¢)(a) = ¢(a)

E7([B]) = ¢([BDGC(9) (23)
Here the element {tc is defined in (24) below.

Definition 5.1 The map £, : Uc — G can be defined as follows.

4 (9) = eXP(47T2ngg(¢([C])))
o0 0 0
0 e27r2ti 0 0 (24)
0 0 e 27t o |”
0 0 0 eZﬂzti

2. Ifthe curve C is a separating curve (suppose C separates X8 into two components
¥ and X,): For a € m;(X;), we have
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EC(¢)(@) = ¢(a)

For a € m;(X,), we have

EC(g)(@) = LC (D)@ (9)” (25)

Recall that in G, we have the following equivalence relation. The element [u : u’]
of G denotes the equivalence class of (1, u”) € SU(2) x SU(2) under the equivalence
relation (u, u’) ~ (—u, —u’). It follows that

and

= 6‘10* - 61(9*+”).

This implies the period of ;€ (¢) is ﬁ Note that the period of ;€ is the same as

the period of the corresponding Goldman flow Etc if C is a non-separating curve.

Its period will be 2 times the period of the corresponding Goldman flow E,C if it is
a separating curve.
Now we can confirm that:

1

1. For the non-separating case, the period of £ is 5-.

2. For the separating case, the period of Z€ is ﬁ.

Theorem 5.2 Let Uc = (8,71(0, ), 9;_1 (0, 7). The flow =€ on U covers the Hamil-
tonian flow on U, associated to the function 98.

Here U is the region in M, (SO(4)) such that the Goldman flow is properly defined
(i.e: sin(0)) # 0 and sin(6;) # 0) ,and (6;,6)) is the holonomy angle pair for curve
cC X8,

As a consequence of the above, the period of EIC determines the period of the
Hamiltonian flow on U, associated to the function 68. It has period % if Cisa
non-separating curve, and ﬁ if C is a separating curve. As the result of [5], all the
Hamiltonian flows are periodic with constant period, and so induce a torus action on
an open dense set of (Mg(SO(4)), w). If we define

k c
Hy = 65 (26)
where k comes from the symplectic variety (M, (SO(4)), kw), then the period of H;

is the following:

1. % if C is a non-separating curve.
2. '41 if C is a separating curve.

Remarks:

1. For C a non-separating curve:
If we require the value of OCC; to be a non-negative even integer, then H; gives a
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period 1 Hamiltonian flow.
For C a separating curve:
If we require the value of 98 to be a non-negative integer divisible by 4, then H;
gives a period 1 Hamiltonian flow.

2. The Hamiltonian flow associated with a holonomy angle pair is two times faster
than the G = SU(2) case in [5]. Therefore, for G = SO(4) case, the period 1
flow requires 2 as its additional factor with respect to the G = SU(2) case in [5].

6 Verlinde Formula

From Theorem 4.4, Proposition 5.5 of [5], and the flow speed associated with H;,
we deduce the following result.

Let x € B, where B is the set of points x in the image of M, (SO(4)) under the
moment map for which each holonomy angle pair gives us two linearly independent
Hamiltonian vector fields. Then x is a Bohr-Sommerfeld point (defined in [5]), if and
only if for any y € ¥ ~!(x) where F defined in (3) satisfies the below conditions.

Hi(y) € 27Z.

Here H; was defined in (26).
Let (6, 0;.) be a holonomy angle pair of the i-th boundary circle C; of one trinion.
We define

ko;
li = — 27)
m
and ,
, kO;
i =— (28)
Vi

where k € Z is a chosen constant,and /;, li/ are also required to be integers. The
equation (19) implies that
l[ + li = Hi (S ZZ, (29)

where H; was introduced in the previous section. From Theorem 4.4 [5] and the
remark in section 4, we know the value of H; needs to be an even number.
The definition (2.2) gives you the following condition regarding the relation between
l;and I},
L+l <k (30)

Let H(M) be the Hilbert space that is obtained from quantization of space M via
real polarization. Use notations from (3.1), we have

dim(H(Mg(SU(2) x SUQR))(e = —1))) + dim(H(Mg(SU(2) x SUQ))(e = 1))) =

23873 dim(H (Mg(SO(4)))).
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We impose equation (30) for i = 1,...,3g — 3 to count representations of the fun-
damental group into SO(4) instead of into SU(2) x SU(2). This follows because of
properties (b,c) (p. 6 and the equivalence relation stated in (6).

We may also apply (27) and (28) to (15) and (16) for each trinion. Then we have
the following:

|h=b| <L <min{2k -l — b, + b} 31D

and
L —bL|< 13 <min{2k -1 = bL,l; +bL}. (32)

From [5], Proposition 5.4, we know there exists another set of period 1 generators
of the period lattice. (See [5] Definition 4.1)

k

Y= —(61 + 6, +63)
bis

’ k ’ ’ ’

vy = —=(6) + 05 +65)

m
We apply Theorem 4.4 and Proposition 5.5 of [5] for v,y . We will have the
following for each trinion.

Lh+b+1he2Z (33)

and

L +1L+1€2Z (34)

The equations (29), (31), (32), (33) and (34) give us the Verlinde formula for
G = SO(4). These equations must be imposed for every 3-tuples of indices (11, I, I3),
1, lz’, l3’), which correspond to the three edges coming from a vertex in the trivalent
graph dual to a trinion decomposition. Let us consider the following example when
genus g = 2. We can find the number of Bohr-Sommerfeld fibers as follows.

1. We first apply a trinion decomposition for the surface £4=2 as figure 2. It should
give 2 trinions D1, D,and a trivalent graph.

2. Each edge of the trivalent graph corresponds to the boundary circles Cy, C;, and
C3(D1N Dy = {Cy, Gy, C3}). We should label each edge E; with a pair of integers
l;, l; € [0, k]. By (33), (34), (32), (31), (29), we have the following system of
equations.

|11—12| <L <L+,
Lh+hL+13 <2k,

I -Ll <l <l +1,

I+ 1, + 1y < 2k.
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Together with the following conditions

L+bh+1e2Z,
L +1+1; €2,
L+l €2Z,i=123.
L+l <k

These labellinges enumerate representations of the free group on 2g genera-
tors into SU(2) x SU(2) which come from homomorphisms into SO(4). Each
representation of the free group on 2g generators into SO(4) gives rise to two ho-
momorphisms into SU(2) X SU(2) (because if one multiplies the image elements
by —1, the equation will still hold).

The integer solutions that are from the above equations and satisfy the above
conditions are located in the polyhedra as well as on its surface inscribed in the cube
with side length k. Section 4 gives us the details about this polyhedron. The number
of desired solutions, as described above, will give us the number of Bohr-Sommerfeld
fibers.

The image of the moment map for M, (SU(2) x SU(2)) is obtained by imposing
equations (15), (16) at every trinion arising from a trinion decomposition or every
vertex of the trivalent graph. By equation (27) and (28), they will give us a collection
of integer labels (I;, l;) for each edge E; of the trivalent graph. The set of Bohr-
Sommerfeld points is in bijective correspondence with the set of integer labels (/;, llf)
that meet the conditions (31),(32) and (33).

For M,(S0O(4)) case, we need to consider the following.

Let Tsy@)xsu) and Tsowu) be fixed maximal tori of SU(2) x SU(2) and SO(4)
respectively. The double covering map restricts on these maximal tori to a map from
Tsu@xsu@) to Tsow). This map is also surjective with kernel {7, —I}. Thus, the
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restriction to the covering map gives us the following.

D : (,0) > Ryp() = ugo™
[ o202 2w
- 0 l2wruni| @ 0 Q2mi

e2mrani g [Zq 0] 2P o |

0 2| [0 Z, 0 o2 ()i
7,20 10 0
- 0 72 Ot
(335)
Here u, v, g € Tsy@)xsu(2)- We represent them by quaternionic notation.
_ ' Z, o~ 2 (ts~tn)i 0
The period of the flow depends on the period of 0 __Zq P20 tn-10)i |

Because of the kernel{/, —I}of the covering map, the period is half of the period of
the corresponding flow in the SU(2) case in [5]. So, for integer lattices we require

ks =) (36)
2

Iflet [ = @ and [, = @, (36) is equivalent with
Iy + 1, € 2Z.

This is exactly the condition listed in (29). This explains why, in the Mg(SO(4))
case, we need to impose one additional condition (29).
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GKM graph locally modeled by 7" x S!-action
on 7*C" and its graph equivariant cohomology

Shintard Kuroki and Vikraman Uma

Abstract We introduce a class of labeled graphs (with legs) which contains two
classes of GKM graphs of 4n-dimensional manifolds with 7" x S'-actions, i.e.,
GKM graphs of the toric hyperKéhler manifolds and of the cotangent bundles of
toric manifolds. Under some conditions, the graph equivariant cohomology ring
of such a labeled graph is computed. We also give a module basis of the graph
equivariant cohomology by using a shelling structure of such a labeled graph, and
study their multiplicative structure.

1 Introduction

A GKM graph is a labeled graph defined by the special but wide class of manifolds
with torus actions, called GKM manifolds. From the torus action on a GKM mani-
fold, a GKM graph is defined by its zero and one dimensional orbits together with
the labels on edges defined by the tangential representations around fixed points.
Goresky-Kottwicz-MacPherson in [GKM98] show that if a GKM manifold satisfies
a certain condition, called equivariant formality, then its equivariant cohomology is
isomorphic to an algebra defined from its GKM graph. We call this algebra a graph
equivariant cohomology in this paper. Motivated by the work of Goresky-Kottwicz-
MacPherson, Guillemin-Zara in [GZ01] introduce the abstract GKM graph without
considering any GKM manifolds, and they translate some geometric properties
of GKM manifolds into combinatorial ones of GKM graphs. After the works of
Guillemin-Zara, a GKM graph can be regarded as a combinatorial approximation of
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space with torus action, and it has been studied by some mathematicians, e.g. see
[MMPO07, GHZ06, GSZ13, FIM14, FY 19, K19, DKS20]. In this paper, we introduce
a certain class of GKM graphs with legs and attempt to unify two slightly different
classes of manifolds from the GKM theoretical point of view, i.e., foric hyperKdhler
manifolds and cotangent bundles of toric manifolds, where a leg is a half-line whose
boundary corresponds to the initial vertex. We briefly recall toric hyperKéhler mani-
folds and introduce the motivation of the present paper. We shall then state our main
results and outline the organization of this paper.

A toric hyperKdhler variety is defined by the hyperKéhler quotient of a torus
action on the cotangent bundle 7*C™. This space is introduced by Goto and
Bielwasky-Dancer in [G92, BD00] as the hyperKihler analogue of the symplec-
tic toric manifolds. The non-singular toric hyperKihler varieties are 4n-dimensional
non-compact manifolds with 7"-action. They are completely determined by some
class of hyperplane arrangements in R” (see [BD00]) like symplectic toric manifolds
are completely determined by Delzant polytopes in R” (see [D88]). The equivariant
topology and geometry of toric hyperKéhler manifolds are studied by some math-
ematicians, e.g. [K99, K00, KO3, HP0O4, 17, K11]. In particular, Harada-Proudfoot
show that every toric hyperKihler manifold admits the residual S'-action and the
equivariant cohomology of a toric hyperKihler manifold with 7" x S'-action is
determined by the half-space arrangements in R". They also show that the toric
hyperKihler manifolds with 7" x S'-actions satisfy the GKM condition, i.e., its zero
and one dimensional orbits have the structure of a graph. Note that the 7"-action
on a toric hyperKihler manifold does not satisfy the GKM condition. Therefore,
we can define the labeled graph (with legs) from toric hyperKihler manifolds with
T" x S'-actions. The GKM graph of a toric hyperKihler manifold is obtained from
the one-dimensional intersections of hyperplanes like the GKM graph of a sym-
plectic toric manifold is obtained from the one-skeleton of a moment-polytope. By
definition, the tangential representations of 7" x S'-actions on the fixed points are
isomorphic (up to automorphism on 7" x S') to the standard 7"-action on T*C"
together with the scalar multiplication of S ! on the fiber, i.e.,

(tl,...,tn,r)-(zl,...,zn,wl,...,wn)|—>(tlzl,...,tnz,,,rtl_lwl,...,rt,;lw,,), (1)
where
(tho.t)) €T, reS', (z1,.... 20 W ..., wp) € TC(= C" x C").

We call the action defined by (1) is the standard T" x S'-action on T*C™.

On the other hand, the cotangent bundle 7*M of a 2n-dimensional toric manifold
M also has the 7" x S'-action. More precisely, because T acts on M smoothly,
each element ¢ € T induces the diffeomorphism ¢ : M — M,sayt : p — t-p
for p € M. By taking its differential dt : TM — TM, we have the lift of the
T-action on the tangent bundle 7M. Note that (dt), : T,M — T;.,M is the linear
isomorphism. Because the cotangent bundle 7*M is defined by the bundle over M
whose fibres are T;M := Hom(T, M, R). Therefore, for an element f € T, p*M , We
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can define the r € T actionby ¢ - f := fo (dt);l : T;p,M — R. Together with
the scalar multiplication by S! on each fibre T;M, we have the T" x S'-action on
T*M. 1t follows from the definition that this also satisfies the GKM conditions and
the tangential representation around every fixed point in 7*M is isomorphic to the
standard 7" x S!-action on T*C".

Note that 7* M of a toric manifold M is not a toric hyperKéhler manifold except in
the case when M is a product of some projective spaces, see [BDOO]. So the cotangent
bundles of toric manifolds and the toric hyperKéhler manifolds are different classes
of manifolds. However, it is known that their equivariant cohomologies are quite
similar. The equivariant cohomology H.,(M) of a symplectic toric manifold M
with T"-action is isomorphic to the Stanley-Reisner ring of the moment-polytope
(see e.g. [4, Lemma 7.4.34] for more general class of manifolds with 7"-actions).
Because there is an equivariant deformation retract from 7*M to M, we see that
Hy.,,(T*M) is also isomorphic to the Stanley-Reisner ring of a polytope. On the other
hand, by Konno’s theorem [K99], the equivariant cohomology of a toric hyperKéahler
manifold with 7"-action is isomorphic to the Stanley-Reisner ring of hyperplane
arrangements. Therefore, these distinct classes of manifolds have similar equivariant
cohomology ring structures. So it may be natural to ask whether we can unify these
classes of manifolds. One answer is that there exists an embedding from a symplectic
toric manifold M to a toric hyperKihler manifold (see [BDOO, HP04]). In this paper,
we answer this question from a different direction, namely, we unify the equivariant
cohomologies of these classes by using GKM graphs.

To achieve that, we introduce the class of GKM graphs whose axial functions
around vertices are modeled by the standard 7" x S!-action on T*C", called a GKM
graph locally modeled by T™ x S'-action on T*C" or T*C"-modeled GKM graph for
short in Definition 2.4. This GKM graph behaves like the hyperplane arrangements
but does not always come from the hyperplane arrangements, see Section 3. We
study the graph equivariant cohomology of T*C"-modeled GKM graphs. The first
main theorem of this paper is as follows (the technical notions will be introduced in
Section 3 and Section 4):

Theorem 1.1 (Theorem 4.1) Let G be a 2n-valent T*C"-modeled GKM graph and
L ={Ly, ---, Ly} be the set of all hyperplanes in G. Assume that G satisfies the
following two assumptions:

1. For each L € L, there exist the unique pair of the halfspace H and its opposite
side H suchthat HNH = L;
2. For every subset L’ C L, its intersection m L is empty or connected.
Lel!

Then the following ring isomorphism holds:
H(G) =~ ZIG].

To prove this, we introduce an x-forgetful graph G from a T*C"-modeled GKM
graph G in Section 5. An x-forgetful graph G is a labeled graph but not a GKM
graph, and it may be regarded as the combinatorial counterpart of the 7"-actions
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on toric hyperKéhler manifolds and cotangent bundles over toric manifolds. We
define its graph equivariant cohomology H*(G), and prove its ring structure in
Theorem 5.1. In Section 6, we give a proof of Theorem 4.1 by using Theorem 5.1.
In Section 7, we also study the H*(BT")-module structure of H*(G). As the second
main result of this paper, in Theorem 7.6, we exhibit an H*(BT")-module basis
of H*(g) by using the shellablility of a simplicial complex Ay, associated to L.
Dividing H*(G) by H>%(BT™"), we also introduce H d(g) which corresponds to
the ordinary cohomology of the usual equivariant cohomology Then, we show that
the H*(BT™)-module basis of H* (g) induces a Z-module basis for H, d(g) Finally,

in the case when g corresponds to the line arrangements in R? (which corresponds
geometrically to the 8-dimensional toric hyperKahler manifolds), we describe the
structure constants of H} (&) with respect to this basis.

2 GKM graph locally modeled by T" x S!-action on T*C"

This section aims to define a GKM graph with legs and its graph equivariant coho-
mology. In particular, we introduce GKM graphs locally modeled by T" x S'-action
on T*C" as the special class of GKM graphs with legs.

2.1 Notations

We first prepare some notations. In this paper I is a connected graph which possibly
has legs, where a leg means an outgoing half-line from one vertex (see the left graph
in the Figure 1).

Fig. 1: These are examples of regular graphs with legs and orientations. The left 2-valent graph
has two legs, on the other hand the right 3-valent graph has no legs. Note that all edges have two
orientations and all legs have only one orientation.

We define a graph with legs more precisely. Let “V be a set of vertices, E be a set
of edges and Leg be aset of legs inI', and & = E U Leg. The graph I is denoted by
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r=(v, &).

In this paper, we assume that V and & are finite sets. We also assume that I is
an oriented graph. For € € E, we denote by i(€) and #(¢) the initial vertex and the
terminal vertex of €, respectively. We denote the opposite directed edge of € as €,
i.e., i(€) = t(e) and t(€) = i(e). For £ € Leg, there is no terminal vertex but there
exists an initial vertex i(£). Note that the leg in I' can be characterized by the element
€ in & such that there is no €. For a vertex p € V, we put the set of all outgoing
edges and legs from p € V by

Ep,={ec&|ile) =p}.

Assume that |E,,| = m for all p € V, where the symbol | X| represents the cardinality
of the finite set X. We call such a graph a (regular) m-valent graph, see Figure 1.

Let I' = (V,8) be a graph with legs. We denote a subgraph of I' by G =
(VO, &9), that is, G satisfies V¢ c V and €Y c &. We use the following
symbols.

* &5 the set of all outgoing edges and legs in & from p € V.

© E® c &Y (resp. EY C &F): the set of all edges (resp. out going from p) in G,
i.e., if € € EC, then the both i(¢), 1(€) € V.

o Leg® c &Y (resp. (Leg)g c 81?): the set of all legs (resp. out going from p) in
G.

Note the following remark about legs in G.

Remark 2.1 Because I is an oriented graph, we may consider the subgraph G =
(VC, &%) of T = (V, &) such that there exists a leg € € Leg® in G which is an
edge € € & in T In other words, #(€) ¢ VC butt(e) € V;ore ¢ EC bute € &.

2.2 GKM graph with legs and its graph equivariant cohomology

In this section, we shall define a GKM graph ((possibly) with legs) and its graph
equivariant cohomology.

LetI' = (V, &) be an m-valent graph. We first prepare the following notations.
Let V = {V, | € € E} be a collection of bijective maps

Ve : 81‘(5) - 81(5)
for all edges € € E. A connectiononI' is a set V = {V¢| € € E} which satisfies the

following two conditions:

hd Vg = V;l 5

e V.(e)=é.

We can easily check that an m-valent graph I admits different ((m—1)!)8 connections,
where g is the number of (unoriented) edges E.
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Let 7" be an n-dimensional torus. In particular, we often denote a 1-dimensional
torus by S'. If we do not emphasis the dimension of T", then we denote it by T'. Let
t be a Lie algebra of T, tz be the lattice of t and t* (resp. t;) be the dual of t (resp.
tz). The symbol Hom(7, S') represents a set of all homomorphisms from the torus
T to S'. It is well-known that Hom(T", S 1) ~ 7Z". Moreover, it may be regarded as
t7 and H Y(T) ~ H*(BT), where BT is the classifying space of T'. In this paper, if we
omit the coefficient of the cohomology, then it means the cohomology with integer
coeflicients. Therefore, we have the identification

Hom(T, ') ~ t; ~ H*(BT).
Define an axial function by the function
@ : & — HBT)

such that it satisfies the following three conditions:

e «a(€) = +a(e) for all edges € € E;

* a(&p) = {ale) | € € E,} are pairwise linearly independent for all p € V, that is,
for every two distinct elements €1, & € &, a(e1), a(e) are linearly independent
in H>(BT);

* there is a connection V which satisfies the following congruence relation for all
edges € € E:

a(e’) — a(Ve(e)) = 0(mod a(e))
for all €’ € Ey(e).

Definition 2.2 (GKM graph with legs) Let G = (I, a, V) be a collection of an
m-valent graph " = (V, &), where the map

a: & — H*(BT"),

is an axial function (n < m), and V is a connectionon I'. We call G = (T, @, V) a
GKM graph (with legs).

Remark 2.3 Suppose that &, satisfies the 3-linearly independent condition for all
p € V, ie, for every distinct three elements €1, e, €3 € &, the axial function
a(e)), a(e), a(e3) are linearly independent. Then, by the similar proof for the cases
of GKM graphs without legs in [GZ01], if there exists a connection V, then the
connection V is unique. In particular, if the GKM graph G satisfies the 3-linearly
independent condition, then for any two edges (or legs) €, €’ in E}, we can determine
the 2-valent GKM subgraph which contains €, €’. Hence, we often omit the connec-
tion V in the GKM graph G. Namely, we often denote the GKM graph by G = (T, @)
if the connection is obviously determined by the context.

Due to the theory of toric hyperKihler varieties (see [BD00, HP04, K99]), the
tangential representation on each fixed point is isomorphic to the 7"-action on 7*C"
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(=~ H", i.e., the n-dimensional quaternionic space) which is defined by the strandard
T"-action on C", i.e.,

(th"-ytn)'(Zla-~"zn’wl»~",wn) = (tlzl’°"’tnzn7tl_lw17'"7ty:lwn)5

where (t1,...,1,) € T", 2 = (21,...,2,) € C" and (wy, ..., w,) € T;(C"). On the
other hand, Harada-Proudfoot [HP04] found that there exists the residual S!-action
on the toric hyperKéhler varieties and this action fits into the GKM theory. In
this case, the tangential representation on each fixed point may be regarded as the
T" x S'-action on T*C", i.e.,

(t]""9tl‘t’r) '(Z]""9Zn’ wl,""wn) = (IIZ]»H-7thn’rt1_lw],~u,rt,;lwn)a

where r € S!. Therefore, the toric hyperKihler manifolds with 7" x S'-actions
induce the GKM graphs with legs whose axial functions around every vertex are
isomorphic to

* * * *
{el,....ep,—e| +x,...,—e, +x},

where e*l‘, ..., ey, is a generator of a rank n subspace in HZ(BT" X BSI) ~7Z"®Z
and x is a generator of H>(BS') ~ Z. By defining this abstractly, we introduce the
following notion:

Definition 2.4 (GKM graph locally modeled by 7" x S'-action on 7*C")
Let G = (T, @, V) be a 2n-valent GKM graph with legs with an axial function

a:&— H*(BT" x BS") ~ t} ® Zx,

where x is a generator of the dual of the Lie algebra of S I We call G=(T, o V)
a GKM graph modeled by the T" x S'-action on T*C" (or simply a T*C"-modeled
GKM graph) if it satisfies the following conditions for all p € V:

1. We can divide &, into {€], ---, €, €, -+, €, } such that
a(e) +ale) = x

forallj=1, ---, m
2. The set {a/(ejff), x|j=1---,n}spanst; ®Zx,ie.,

(al€f), -+, ale)), x) =13 & Zx.
We call {e;, ej‘} such that a/(ejff) + a(ej‘) = x a 1-dimensional pair in E,. Further-
more, we call an element x a residual basis.

Figure 2 shows some examples of 7*C"-modeled GKM graphs.

Remark 2.5 Note that the axial function on 7*C"-modeled GKM graphs satisfies
the 3-linearly independent condition for all vertices. Therefore, the connection on a
T*C"*-modeled GKM graph G is uniquely determined and we may denote it by
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eT+x$
A
* * * e +2X
e’ —e5+x e +x 2
176 \\1 _e’lﬂ‘%
ot
N
—e'{v x-e; A€l —e;—x N
* *
4+ & 4 e +2x
X —e X —e
1 1
«
e el -
x—e; ey +x
<> >
B X B
N ey 5 . ey +2x
x—ej €5 — et x X—€

Fig. 2: T*C2-modeled GKM graphs, where (e}, €5) = (tz)%. In the left and the right figures, we
assume a(€) = —a(€) and omit some axial functions which are automatically determined by the
definition.

G =T a).
We also have the following lemma for the 1-dimensional pair {e*, €™ }.

Lemma 2.6 Let {¢*, €} be a 1-dimensional pair in E;(c) for some edge €' € E.
Then {Ve(e*), Ve(€7)} is also a 1-dimensional pair in Ey(e).

Proof We first divide the edges and legs &;(¢7) by the 1-dimensional pairs as follows:
Eie)=1{€, YU~ Ul €}

Because the axial function « satisfies the congruence relation, there are integers kj+
and kJT,j =1,...,n, such that

oV () - ale]) = kFa(e))

a(Ve () — ale)) = kja(€).
Since {ejff, ej‘} is a 1-dimensional pair, we also have

(@(Ve(€) — a(€) + (@(Vele)) — ale;)) 2

=Q(Ve’(6;)) +a(Vele)) —x
:(k;-r + kjf)oz(e’).

In order to show the statement, it is enough to show that the following equation
holds:

- _ 3+
ki =—k;.

Suppose on the contrary that kj‘ + —k;. Then, by (2), we have
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a(Ve(€)) = —a(Ve(€ ) + x + (k] + k)a(e’) # —a(Ve(€)) + x.

This implies that {VE/(E;), sz(ej‘)} is not a 1-dimensional pair. Therefore, there is
another element e(# fo(e,.’)) in &(¢y such that

ae) = —Q(Vef(é;)) + x.
This gives that
a(Ve(€)) = a(e) + (k; +k;)a(e).

However, since {V¢(€7), €, ?} C &Ey(e), this is a contradiction to the fact that 7*C"-
modeled GKM graph is always 3-linearly independent. Hence, we must have ij =
—k;. This establishes the statement. O

Finally, in this section, we also define the notion of graph equivariant cohomology.
Let G = (T, @, V) be a GKM graph (with legs) such that & : & — H*(BT). With
the definition similar to that of the GKM graph without legs, the graph equivariant
cohomology is defined as follows.

Definition 2.7 (graph equivariant cohomology)
The following ring is called a graph equivariant cohomology of G:

H'(G) ={¢:V — H'(BT) | ¢(i(€)) — ¢(t(€)) = 0 (mod a(e))},

We call the relation ¢(i(€)) — ¢(t(€)) = 0 (mod a(€)) a congruence relation of ¢ on
anedge e € E.

3 Some notions of 7*C"-modeled GKM graphs

Let G = (I, @, V) be a 2n-valent T*C"-modeled GKM graph such that @ : & —
H?(BT") ® Zx, where x is a residual basis. The goal of this paper is to compute
H*(G) for a certain class of 7*C"-modeled GKM graphs. To do that we prepare
some notions and properties of 7*C"-modeled GKM graphs. We first introduce the
following notion.

We define a GKM subgraph H = (H,a™, V) by a k-valent subgraph H of T
such that the axial function is defined by

ol = algH,
and the connection is defined by

VH .= (V |gn | € € ET}.

We also denote VZ := V|gn for an edge € € EX.
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3.1 Hyperplane

In this section, we introduce the notion of a hyperplane in G and show a key property
Lemma 3.3 which will be used to show the main theorem of this paper.

Definition 3.1 (hyperplane)

Let G be a T*C"-modeled GKM graph. Assume that a GKM subgraph £ =
(L, o, VE) of G is a (2n—2)-valent subgraph of I and it is a 7*C"~!-modeled GKM
graph with the residual basis x, i.e., there are 1-dimensional pairs {ejff, Gf} c &L,
j=1,...,n—1, on each vertex such that

aL(e;) + a/L(ej_) = x.

Such a GKM subgraph £ is said to be a hyperplane if L is a maximal (2n —2)-valent
connected subgraphin I, i.e., if L’ is a (2n —2)-valent connected subgraph in I" such
that L c L' then L = L’.

Example 3.2 The following two figures show an example and a non-example of
hyperplanes.

Fig. 3: The left figure shows a hyperplane of the left GKM graph in Figure 2. The right figure is a
2-valent GKM subgraph of the left GKM graph in Figure 2 but it is not a hyperplane.

For the hyperplane £ we have the following property (this may be regarded as
the analogue of the property of facets in a torus graph [MMPO7]).

Lemma 3.3 Let G = (I, a, V) be a 2n-valent T*C"-modeled GKM graph. Take
a vertex p € V. Then, for every 1-dimensional pair {€*,e”} C &, there exists a
unique hyperplane L = (L, o™, VI) such that 815 =&, \ {e, e}

Proof We first prove the existence of the hyperplane which satisfies the statement.
Put 85 = &, \ {€", €7 }. Then we can write 8,% ={¢, . e, €, )
the (n — 1) 1-dimensional pairs in &, which are different from {e*, €™ }. Let
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R:= <a(€f—), T a(fy-;_])’ x>‘

By Definition 2.4 (2) we may assume that (a(€)),...,a(€e_,)) C t; ® Zx is a
submodule of rank (n — 1). Thus we have

R =~ H*BT"™") @ Zx.

Take an element € € 811; which becomes an edge in T, i.e., i(€) = p and there
exists #(e) € V. In other words, € € 85 N E, (Note that this will be Elf of L). By
Lemma 2.6, the subset V, (8};) in &;(¢) consists of exactly (n—1) 1-dimensional pairs.
Moreover, because a satisfies the congruence relation on the edge € € 85 NE,,
a(VE(Sl%)) and x span the same subspace R as above. This property holds for all

edges € € 8,1; N E,. Hence, we can define the following (2n — 2)-valent subgraph in
r=(v,8):

Ly =(vh. e
such that

VE = {p, t(e) e € Y NEp};
ghi= | vaghuel

L
€eEyNE),

If we restrict & and V onto Ly, then this becomes a (2n — 2)-valent 7*C"~!-modeled
GKM subgraph, say L, in G. If L; is maximal, i.e., if there is a (2n—2)-valent graph
L’ such that Ly c L’ then L) = L’, then £, is a hyperplane. Assume that L; is not
maximal. In this case, for every vertex ¢ € V1 and every edge € € SqL 'NE,, wecan
apply the similar method stated as above. Then we can construct the (2n — 2)-valent
T*C"'-modeled GKM subgraph £, which contains £;. If £, is maximal, then this
is a hyperplane which we want to have. Otherwise, by repeating similar arguments,
we get the hyperplane £ which contains 816.

Suppose that there are two hyperplanes £ = (L, a”, V) and £’ = (L', ", VF)
such that &' = 8L'. Because EX = E and two connections are restricted from the
connection V of G, we see that the following two subgraphs are the same graph:

| ve€huel= | veehvel

L L
€€k, ecEy

By iterating this construction along all edges in L and L’, finally, we know that
L = L’. Therefore, such a hyperplane is unique. (]
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3.2 Pre-halfspace and its Thom class

In this section, we introduce a pre-halfspace and its Thom class.

Take a subgraph H = (VH,&M) of T such that |Ef'| = 2n — 1 or 2 for all
p € V. We assume that there always exists a vertex p € V7 with |E]| = 2n - 1.
Moreover, we assume that H is closed under the connection V of G = (T, «, V),

that is,
H ._ . oH H
(Cly V& := Ve|8i1(1€) : 81.(6) — ‘Sz(e)

(C2) VH: 8;(’6) - 8175) is injective, if |8i75

In addition, we also assume that if |8{Z’E) [(=2n-1) < |85(IE) |(= 2n) then VH satisfies
r _ 8H
i(e) i(e

H | _ H | _
i(e)| - |8t(e)| -
)| =2n-1< |8175)| =2n.

is bijective, if |& 2n—1 or 2n;

the following congruence relation for {nf(i(€))} = & ) (we call such an

n*(p) a normal edge or a normal leg of H at p):
a(nf (p)) — x = 0 (mod a(e)). 3)
Now we may define the pre-halfspace.

Definition 3.4 (pre-halfspace)
Let H := (H, ™, VH) be the triple as above, i.e.,

o H = (VH EM)is a subgraph I' such that |8£I| =2n—-1lor2nforall pe VH,
where there exists a vertex p € VH with ISI? |=2n-1;

o o :=algn : 8 — H?(BT™) @ Zx is the axial function restricted onto H;

o VH .= {VH | € € Ef} is the restrected connection of V onto H which satisfies
the conditions (C1), (C2), (3) as above,

then we call H a pre-halfspace of G = (T, a, V).

Example 3.5 The following left figure (Figure 4) shows an example of pre-halfspace
of the left graph in Figure 2. On the other hand, the following right figure (Figure 5)
is an abstract subgraph of the left graph in Figure 2. However, this is not closed under
the connection V, because the congruence relation does not hold on the diagonal
edge. Therefore, this is not a pre-halfspace.

Let H = (H, o, V) be a pre-halfspace of a T*C"-modeled GKM graph
G = (I, a, V). We can define the notion of a Thom class for the pre-halfspace (also
see [MMPO7)).

Definition 3.6 (Thom class)
A Thom class of H is defined by the map 75 : V — H*(BT") & Zx such that

0 if pg v
t(p) =13 x if |8£Z| =2n

o (p) if |E]1] =20~ 1,
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%

62—€‘I+x

Fig. 4 Fig. 5

We also call a vertex p € V with t(p) = 0 (tesp. Ty (p) = x, Ta(p) = a(n™(p)))
an exterior (resp. interior, boundary) vertex of H.
For the Thom class 7 of a pre-halfspace H, we have the following lemma.

Lemma 3.7 The Thom class Ty of a pre-halfspace H is an element of H*(G).

Proof Take an edge € € E. We claim that 7y satisfies the congruence relation on e,
that is, 7 (i(€)) — T (¢(€)) = 0 (mod a(¢)).

We first assume that i(e), t(e) ¢ V7 or |8{(16)| =2n = |6t1'(1€)|. Namely, both of
i(€) and #(¢€) are exterior vertices or interior vertices of H. Then, by definition of the

Thom class,
T (i(€)) — T (t(e)) = 0 = 0 mod a(e).

So the congruence relation holds for these cases.

We next consider the other cases, i.e., the case when both of i(e€) and #(e) are
boundary vertices or the case when i(€) is a boundary vertex but #(€) is an exterior
or an interior vertex. Put p = i(€). Assume that #(€)(=: ¢) is also a boundary vertex.
Because the pre-halfspace is closed by the connection V, we have that V(nf (p)) =
n*(g). By the definition of Thom classes, we have that

T (i(€) = T (1(€)) = a(n (p)) — a(n" ()
a(n"(p)) = a(Ve(n™ (p))) = 0 mod a(e).

Assume that (e) is an exterior vertex, Then € = n*!(p) and
t(i(€)) — tu(t(€) = a(n” (p)) = 0 = 0 mod a(e) = a(n" (p)).

Assume that #(€)(=: g) is an interior vertex. Namely, 7 (g) = x. In this case, we
have

tH(p) = tu(q) = a(n” (p)) - x.

It follows from (3) that
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a(nfl (p)) — x = 0 mod a(e).

So the congruence relation also holds for these cases. Consequently, we have 7y €

H*(G). U

Example 3.8 The following figure (Figure 6) shows an example of the Thom class
of the pre-halfspace in Figure 4.

N

*

\
*
6‘1 €2+X\’\

*

X —e

Fig. 6

3.3 Opposite side of a pre-halfspace

Next we define the opposite side of the pre-halfspace. In order to define it, we need
to prove Lemma 3.9

In order to prove it, we define a boundary of a pre-halfspace. Let H be
a pre-halfspace. By the definition of a pre-halfspace, there is a vertex p €
VH such that |Eff| = 2n — 1. Then &} has (n — 1) 1-dimensional pairs, say
{61+ s, e;_l, €, s 6,;_1}. Because of Lemma 3.3, there exists a unique hyper-
plane £ = (L, o, V) in G such that

ol = alg, VE:= {Vslsil(‘e) | e e ELY.
Moreover, £ satisfies that
pevt
and
5{% = {E]Jf, . 6;71, €, s €}

We call the union of all such hyperplanes £ a boundary of the pre-halfspace H,
and we denote it by 9H = (0H, «®H, VOH). Note that a boundary of H may not be
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connected (see Figure 8). To define the opposite side of H, we need the following
lemma:

Lemma 3.9 Let H = (H, o™, V) be a pre-halfspace in G = (T, a, V) and x be a
residual basis. Then there is a unique pre-halfspace T = (I, a!, V') such that

e HUI=T;

* y+1 =) €H(G)

where y is an element of H*(G) defined by x(p) = x forall p € V.
Proof Set H = (VH, &H)and [ = (VI —VH, &' — &H). Define
[=1U0H.
Namely,
1=, &)= -vHuv &' -g")ue’™).

Then we can easily seethat HU/ =T'and HN I = 0H.

We next prove / is a pre-halfspace. Take p € V! . If p € yl =yl _ VH then
EF = 0; therefore, &, = &), — 0 = &, and |E)| = |E)| = 2n. If p € V¥ then
&l =8 U {ny(p)}. that is, |E]| = 2n — 1. Here ny(p) is a normal edge (leg) of
H on p. Therefore, for an edge € € E I and the restricted connection Vé = Vel &l

it follows from the definition of V on I' that we have
e vl.gol _ el

Vf ' 81’(5) e)| - |8t(e)|’
. vi: 8;'1(5) — 8{(6) is injective, if |8l.1(6)| =2n-1< |8t1(6)| =2n.
Take anedge € € E in I such that |8i’(e)| =2n-1< |8;I(e)| = 2n.Puti(e) = p € VO
andngy(p) = € (= €). Then the normal edge (leg) of I on p can be taken as e~ = n;(p),
where {e*, €7} = &, - &5 is a 1-dimensional pair in ;. So we have the following

equation:

— &l

. .s . . 1
1e) 18 bijective, if |8i(

a(ni(p) + a(nu(p)) = a(e7) + a(e’) = (-a(e) + x) +a(e) =x. (4

Therefore, we have that

a(ni(p)) - x = = a(nu(p))
=—a(e) = 0 (mod a(ng(p)) = ale)).

Consequently, we have 7 = (I, a’, V') is a pre-halfspace such that H U I = T, where
a! = a|gr and V! := {V.|g1 | € € E'}. Moreover, we have that Ty +7; = y, because
of the above equation and the definition of the Thom class of the pre-halfspace.

We finally claim the uniqueness of 1. By two conditions HUI = T', 7y +71; = y and
the definition of the Thom class, we see 81 = dH and I = (VI —VH gl -gH)ual.
From Lemma 3.3, the boundary dH = 1 is uniquely determined (though it may not

be connected). So we know the uniqueness of /. (|
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We call 1 in Lemma 3.9 an opposite side of H and denote it by H = (H, ol Vﬁ).
Note that

HNH=0H

by the proof of Lemma 3.9.

3.4 Halfspace and Ring Z[G]

Under the above preparations, we may define the halfspace.

Definition 3.10 (halfspace) A pre-halfspace H is said to be a halfspace, if H is a
connected subgraph and its opposite side is also connected.

\\ e]*—e§+x,\

\*_*
€€

——> e;

X —e) 4

e

Fig. 7: The above figures are a halfspace and its opposite side of the left GKM graph in Figure 2.
The labels on vertices mean the values of their Thom classes on vertices, where 0 means the value
of the Thom class 7y on the exterior vertex of a halfspace H. We call such a vertex a fake vertex
when we consider the Thom class 7 of H. Note that the boundary 8H = H N H is connected.

Let H be the set of all halfspaces in G. Because the graph I is finite and the
opposite side of the halfspace is also a halfspace, we may write the set of all
halfspaces by

H={H, -, Hy, Hy, -+, Hy}.
Put
ZIX, H = ZIX, Hy, -+, Hp, Hy, -+, Hpl
where Z[ X, Hy, -+, Hy, H, -, H_m] is a polynomial ring which is generated by

X and all elements in H, and put

I=<Hi+E—X, [1#
HeH

i=1, -, m, H’eI(H)>
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E— [ ] [ ] p——
X ey +x 0 0 —e) X
2 2
————— ° . —————
x 0 0 x
E— [ ] [ ] p——
X e;+x 0 0 -e; X

Fig. 8: The above figures are a halfspace and its opposite side of the right GKM graph in Figure 2,
where 0’s are the fake vertices. Note that the boundary 9H = H N H is not connected.

] +x

\
Q
—%
+
=

Fig. 9: The middle graph (edge) H is a pre-halfspace of the left GKM graph. However, its opposite
side is the right graph (two legs). This is not connected; therefore, # is not a halfspace.

which is the ideal in Z[X, H] generated by H; + H; — X (i = 1, ---, m) and the
product
H,
HeH €l(H)
where

IH)={H cH| ﬂ H = 0}.
HeH

We define the following ring Z[G]:
7[6] = Z[X, H]/I.

From the next section, we shall prove this ring Z[G] is isomorphic to the graph
equivariant cohomology ring H*(G) under some conditions.
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4 Ring structure of the graph equivariant cohomology of a
T*C"-modeled GKM graph

The first goal of this paper is to prove the following theorem.

Theorem 4.1 Let G be a 2n-valent T*C"-modeled GKM graph and let L. =
{Ly, -+, Ly} be the set of all hyperplanes in G. Assume that G satisfies the
following two assumptions:

1. For each L € L, there exist the unique pair of the halfspace H and its opposite
side H such that HNH = L;
2. For every subset L' C L, its intersection ﬂ L is empty or connected.
Lely

Then the following ring isomorphism holds:
H(G) ~ZIG].

Henceforth in this section the 7*C"-modeled GKM graph G = (T, a, V) satisfies
assumptions (1), (2) of Theorem 4.1. For example, the left GKM graph in Figure 2
satisfies these assumptions; however, the right GKM graph does not satisfy the
assumption (1) (also see Figure 8). We also note that the following example satisfies
the assumptions in Theorem 4.1.

Example 4.2 The GKM graph in Figure 10 can be obtained from the cotangent
bundle of a 4-dimensional toric manifold with five fixed points. Note that this can not
be realized as a hyperplane arrangement in R?, because there must be 8 intersection
points (i.e., 8 vertices) if all straight lines (five lines) extend to infinity but there are
only 5 vertices in Figure 10. Therefore, there is no corresponding toric hyperKahler
manifold because of the fundamental theorem of toric hyperKéhler manifolds in
[BDOO].

Let y : V — H?(BT) & Zx be the function such that y(p) = x forall p € V, and
7 be the Thom class of the halfspace H. In order to prove Theorem 4.1, we will
prove that the following map is an isomorphism:

Y:Z[G]l - H(G)

where this map is the induced homomorphism from W(H) := 7y and ¥(X) := y.
We first claim that the map W is well-defined (also see the definition of Z[G]).
By Lemma 3.9, we have

TH + T = X.

Let H be the set of all halfspaces in G. If a subset H” C H satisfies that ﬂ H=0,

HeH
then it follows from the definition of the Thom class that
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Fig. 10: The T*C2-modeled GKM graph defined from the cotangent bundle of a toric manifold.
Note that we assume that the axial functions satisfy a(e) = —a(e) for all edges. We omit the axial
functions on legs because it is automatically determined by the definition.

TH = 0.
HeH

Therefore, the map ¥ is a well-defined homomorphism.
From the next section, we start to prove the bijectivity of ¥. The proof will be
divided into two steps:

(D To study an equivariant graph cohomology of an x-forgetful graph G and to
prove H'(G) = Z[G|;

(II) To prove Y is surjective and injective.

In the first step, we will use the technique of [MMPO7] (or [MP06]) which was used
to show the ring structure of the graph equivariant cohomology of a certain GKM
graph called a torus graph. In the second step, we will use the technique of [HP04]
which was applied to show the ring structure of the equivariant cohomology of a
toric hyperKéhler variety (also referred to as hypertoric variety).
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S An x-forgetful graph G

Let G = (I, @, V) be a T*C"-modeled graph. We assume that G satisfies the
conditions in Theorem 4.1. In this section, as a preparation to prove Theorem 4.1,
we introduce an x-forgetful graph G and its graph equivariant cohomology H*(G),
and prove the ring structure of H*(G).

5.1 x-forgetful graph G and its graph equivariant cohomology

For every G, we may define an x-forgetful graph G = (T, @, V) as follows: I and V
is the same graph and connection with G, but the function « is defined as

@=Foa:&— H*BT")

where F : H*(BT") & Zx — H*(BT™)(= (t");) is the the x-forgetful map. We call
a an x-forgetful axial function.

* *_
—e] e,

Fig. 11: An example of the x-forgetful graph for the left GKM graph in Figure 2.

Moreover we define a graph equivariant cohomology of G as follows:
H*(G) = {f : 'V — H"(BT") | f(i(€)) - £(t(€)) = 0 (mod @&(e))}.

Let L € L be a hyperplane in G. Fix the halfsapce H such that 0H = L. Define the
Thom class of L by

1. =Foty :V — H*(BT"),

where F is the x-forgetful map. Note that for the opposite side H of H, the following
relation:



GKM graph locally modeled by T™ x S'-action on 7*C" 193
Forg=-11;

therefore, the Thom class of L depends on the choice of a halfspace H with 0H = L.
Sowefix {Hj, - - -, Hy, } inthe setof all halfspaces H = {Hy, - -+, Hy, Hy, -, ﬁm}.
By the assumption (1) of Theorem 4.1, there is a one to one corresponding be-
tween H and L = H N H. Therefore, we may put the set of all hyperplanes by
L={Ly, -, Ly} where L; = H; N H; foralli = 1, ---, m. Let VL be the set of
all vertices on L. Then, we have

{0 pg Vvt
”“”‘{amH@»peﬂﬂ

by the definitions of 7y and the x-forgetful map F, where ngy(p) is a normal edge
(or leg) of H on p. Since 7y € H*(G) (see Lemma 3.7), it is easy to check that

7. € HYG).

5.2 The ring structure of H *(5)

Next we define the following ring:

26 =2y, -+, Lul [( [ ] L1 € 10)),

Lelr

where I(L) = {L’ c L | m L =0} and (I L | L' € I(L)) is an ideal which is
Lely
generated by the product []; ¢, L for all L” € I(L).

The goal of this section (the first step (I) of the proof of Theorem 4.1) is to prove
the following theorem:

Theorem 5.1 Let G be a2n-valent T*C"-modeled GKM graphand L. = {Ly, - -+, Ly}
be the set of all hyperplanes in G. Assume that G satisfies the two assumptions in
Theorem 4.1. If G is the x-forgetful graph, then the following ring isomorphism
holds:

H'(G) = Z[G].
Define the induced homomorphism
¥ Z[G] - H'(G)

by W/(L) = 71. Obviously, ¥’ is a well-defined homomorphism. In order to show
Theorem 5.1, it is enough to prove that this homomorphism is bijective.
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5.3 The localization map and the injectivity of ¥’

We first prove the injectivity of ¥’. In order to prove it, we introduce the map p which
is the analogue of the localization of the equivariant cohomology of a 7-manifold to
its fixed points.

Let us define the following ring:

ZIGlp = Z[Ly, -+, Lu)/{L|p ¢ V"),

where (L | p ¢ V%) is an ideal which is generated by L such that p ¢ VE. As a
beginning, we prove the following lemma.

Lemma 5.2 For the x-forgetful graph G =T, @, V), we have
—_~ L
Iy ZIGlp = ZIL | p € V1 = Z[Lpy, -+ Lpnl = H'(BT"),

where the last isomorphism v, is defined by 1, : L — tr(p).

Proof By the definition of Z[é]p, the first equivalence Z[é]p ~Z[L|pe VL] is

obvious. We claim Z[L | p € VE] = Z[L,1, -+, Lp.n] z Hj.,. (pt).
Because I is a 2n-valent graph, we may put

Ep={6®). . &) @), . &(/p)}
for all p € V. There is a unique L; such that
. (p) = a(€ (p) = —a(e; (p)
foralli =1, ---, n by Lemma 3.3. Hence, we have
ZIL|pe VF=Z[Lpy, -+, Lpal.
Next, by the definition of the axial function of a 7*C"-modeled GKM graph,
Za(ef (p) @ - - @ Za(e! (p) ® Zx ~ H*(BT") @ Zx.

Hence, because @ := F o « is defined by the x-forgetful map F : H*(BT") & Zx —
H?(BT"), we have that

Zla(e! (p)), -+, ale, (p)] = H*(BT").
Therefore, ¢, is an isomorphism. O

Next we shall define a localization map p : Z[é] — @p v Z[é]p and prove
that it is injective in Lemma 5.3. Since the set L” € I(L) satisfies that Ny e/ L = 0,
for every p € V there is an L € L’ such that p ¢ VL. Therefore, there exists the
following relation for two ideals in Z[Ly, .. ., Ly;]:
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(Lipg Vo> ([]| LIV enL)).
Lely

Hence, the following natural homomorphism is well-defined:

pp ZIG) =20l -, Lol [{ [] L |1 e 1)) —

Lel’
Z[G)p = Z[Ly, -+, Lul/{L | p & V%)

For this projection p,,, we can easily show that its kernel is as follows:

Kerpp = (L|pg VO] | LIL €1M).
Lel/
Now we may define the homomorphism p as follows:
p=P o261 — PG,
pevV peV

such that

p(¥) = P pp(1)

pevV

forY e Z[é]. We call p a localization map. The following lemma holds.
Lemma 5.3 p is injective.

Proof Obviously we have

Ker p = ﬂKerpp: ﬂ (L|pg¢Vh /<1_[L

pevV pevV LeLy

L e I(L)> .

Hence, to prove p is injective, it is enough to show that Ker p = {0}, i.e., we shall
prove the following relation:

ﬂ<L|pr>c<ﬂL|L'eI<L)><cZ[L1,~--,Lm]>. (5)

pevV Lel/

Take a non-zero polynomial
A: Z k(al’ ...’am)Lf]...Lg’lm
ay,-,am ENU{0}

e (V(LlpeVhcziLy, -+, Ln),
pevV
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where we only consider the case when k(ay, ---, a;) € Z — {0}. Because A is an
element of the monomial ideal (L | p ¢ VL) for all p € V, we have that for each
term

k(ar, ==+, am)Ly" - Lym € (L p ¢ V).
This shows that for each term k(ay, -- -, am)Li‘1 -+« Lam of a non-zero element A
there exists (= r(p)) € {1, ---, m} such that p ¢ VI and a, # 0. Because this
satisfies for all p € V, we have that each term can be written by
a m — Ar(p)
Kay, -+, am)L{" - L = B [ | L0,
peV
where B is some monomial in Z[Ly, ---, L] and a,(,) # 0. Since p ¢ VL) we
have that
ﬂ L) = 0.
peV

This shows that for each term of A

Kay, -, am)L{ L =B [ | Lie? e ([ [ L 1L e L)),
pevV Lel/
Therefore, A € {[1.c1 L | L’ € I(L)). This establishes the relation (5). O

By using Lemma 5.2 and 5.3, we can prove the following lemma for the homo-

morphism ¥’ : Z[G] — H*(é) which is defined from W'(L) := 7z.
Lemma 5.4 ¥’ is injective.

Proof We first define

Pl HYG) — (D H (BT

pevV

by the homomorphism

o'(f) =P rw).

pevV

Then it is easy to check that the following diagram is commutative:

Z[g] —p> @pe(v Z[é]l’

b e

(G —2 P, ey H*(BT")
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where I, : Z[G], — H*(BT") is the isomorphism defined by I,,(L) := 7(p) in
Lemma 5.2. Because of Lemma 5.3, p is injective. Therefore, the composition map
&, 1, 0 pisinjective. Because of the commutativity of the diagram, p" oY’ = ®,1,0p
is also injective. Consequently, P’ is injective. (]

5.4 The surjectivity of ¥’

We next prove the surjectivity of W’. In order to prove it, we will define an ideal
I(K) of H*(BT"), where K is the non-empty intersection of some hyperplanes,
say K = Ly N --- N Lg(# 0). Note that the graph K is connected because of the
assumption (2) of Theorem 4.1. Because Ly, . . ., Ly defines hyperplanes L, ..., Lx
(respectively) of G = (I, @, V), the subgraph K is also defines a (2n — 2k)-valent
(T*C"*-modeled) GKM subgraph of G, say K := (K, aX, VK). Now we may define
its x-forgetful graph, i.e., for aX := F o X the labeled graph

%K := (K, a&,vK).
We define an ideal /(K) (in H*(BT")) on K as follows:
I(K) = @ (e)(=a(e)) | € € EF),

that is, this ideal is generated by all x-forgetful axial functions of edges and legs in
K. The following lemma, which will be used to prove the surjectivity of ¥’, holds
for I(K).

Lemma 5.5 Let f be an element in H*(G). If f(p) ¢ I(K) for some p € VK, then
f(q) ¢ I(K) for all g € VX,

Proof Let K := (VX ,&K). For f € H*(é), we assume that f(p) ¢ I(K) for some
p € VK. We also assume that there exists a vertex g € VX such that f(q) € I(K).
Since K is connected, there is a path in K from ¢ to p, which consists of edges

qry, rira, -+, rs—1fs, I'sp € EK C SK.
Because of the congruence relations in H*(é), there are Ay, ..., Asy1 € H(BT™)
such that
fl@) - fp)

=(f(@) = fr) + (f(r) = f(r2) + - - + (f(rs—1) = () + (f (rs) = f(P))

=Aja(gr) + Aya(rir) - - - + Aga(rs—175) + Ag1a(rsp).
Therefore, by the definition of 1(K), we have

f(@) = f(p) € I(K).
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However, since f(q), Aja(gry),---, Asy1a(rsp) € I(K), we have f(p) € I(K). This

gives a contradiction. This established that if f(p) ¢ I(K) then f(q) ¢ I(K) for all

q € VK. (|
By using this lemma, we can prove the surjectivity of ¥’ : Z[é] — H*(é).

Lemma 5.6 V' is surjective.

Proof Let f € H*(é). For some p € V, we assume that f(p) € H*(BT") has a
non-zero constant term k € Z — {0}, i.e.,

f(p) =k +g(p)

where g(p) € H>°(BT™) U {0}. Note that H*(BT") = Z[xy, . . ., X,], where |x|; = 2
foralli = 1,...n. Because f € H*(G) satisfies the congruence relation, there exists
g € H>°(G) U {0} such that for all ¢ € V we may write

f(q@) =k +g(q).

where H>%(G) U {0} is the set of g € H*(G) whose constant term is 0, i.e., for all
p € V the constant term of the polynomial g(p) € Z[xy, ..., x,] is 0. This shows
that for all f € H*(G) there exists the constant term k and g € H>%(G) U {0} such
that

f=k+g.

Therefore, we can take k € Z C Z[G] such that
f=¥k)+g.

Take g = f — ¥’/(k). Then g(p) € H>%(BT™) U {0} for all p € V. Now we may
put

Z(g)={peV|gp) =0}

We first assume that Z(g) = 0. Then g(p) # O for all p € V. Note that by Lemma
5.2 we have

8(p)(# 0) € H'(BT") = Z[ty,, ,(p), -+, T,,,,(P)];

Lp,i

where L, ;,i = 1,...,n, are the hyperplanes such that p € V*r-i. This also shows

that for the fixed vertex p € V, we may take an element

A€ ZlG]

such that

Y'(A)p) = g(p)-
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Because g — V'(A) € H*(é) and g(p) — Y(A)(p) = 0, we have that
p € Z(g - ¥'(4)).

Next, by taking » = g — ¥/(A) = f — ¥/ (k + A), we may assume that Z(h) # 0.
Take p € V\Z(h), i.e., h(p) # 0. Let a-rzl”" . TZ:’"(p) be a monomial appearing

in h(p), where a is a non-zero integer, p € V&Iriandag; >0@G =1, ---, n). Since
h(p) € H>°(BT™), we may assume that

a, -+, ap#0, apy=---=a,=0.
Put K = N%_ L, ;. Then we have
h(p) ¢ I(K) = (@X(e) | e € EX) c H*(BT™)

because i(p) contains the non-zero monomial aTZI‘) o TZ;’ . (p) such that 7, . (p)
(i =1, ---, b)is defined by the axial function of the normal edge or leg of K on p
(which are not the edges or legs in EK). Therefore, by Lemma 5.5, we have that for
all g € VK,

h(q) ¢ I(K).

In particular, h(g) # 0 for all ¢ € VX. Letr ¢ VK. Because K = Lyin---NLpp,
we see that

a a
aTL[‘"] : “TL;’,b(r) =0.
Therefore, if we put
a a a a a a
h=h- aTL,l),l .. 'TL:b =h- ‘P'(aLp,ll . ~Lp’bb) =f-Yk+A+ aLp"] .- 'Lpf’b),

then h’(r) = h(r) for all r ¢ VK. Namely, h(q) # 0 for all ¢ € VK and 1’(r) = h(r)
for all » ¢ VX This shows that

Z(h') > Z(h).

Note that by the definition of /', the number of monomials in /’(p) is strictly smaller
than that in A(p). If h’'(p) = 0, then we have Z(h") 2 Z(h). If h'(p) # 0, then we
may apply the same argument as above for 4’ € H*(G) and the vertex p € V again
because Z(h’) # 0. Then we have that there exists hyperplanes L, ..., Ly ;. in
{Lp,1,...,Lpn} and a non-zero integer a’ such that

aj

B =h'-¥('L

a
L%
y2u! Pslc

which satisfies that
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Z(h") > Z(h')

and the number of monomials in 4”'(p) is strictly smaller than that in 4’(p), where
aj,...,a, are positive integers. If h”’(p) # 0, then we repeat the same argument
again. Because the number of monomials in A(p) is strictly smaller than smaller in
each step, finally we have an element

B € Z[G]
such that

Z(h-¥'(B)) 2 Z(h).

Moreover repeating this procedure, we can find an element C € Z[G] such that
Z(h —Y¥'(C)) = V. This shows that

h=9'(C)=f-¥(k+A+C)=0.

Therefore, for all f € H *(é) there exists an element k + A + C € Z[é] such that
f =% (k+ A+ C). This establishes that ¥’ is surjective. O

Consequently W’ is an isomorphic map by Lemma 5.4 and 5.6, and we have
H'(G) = Z[G].
This establishes Theorem 5.1.

Remark 5.7 From the above argument, we know that the assumption (2) of Theo-
rem 4.1 is not needed to prove the “injectivity” of ¥’; however, it is needed to prove
the “surjectivity” of \P”. Hence, the assumption (2) of Theorem 4.1 means that H*(G)
(resp. H*(G)) is generated by elements of H*(G) (resp. H>(G)), that is, 7, € H*(G)
(resp. T, x € H*(G)). For example, the Figure 12 shows the T*C2-modeled GKM
graph which does not satisfy the assumption (2) of Theorem 4.1 and its x-forgetful
graph. In this case, we need a generator which is not in H*(G).

6 Proof of Theorem 4.1

In this section, we prove Theorem 4.1. We first recall the statement of Theorem 4.1.
Let G be a 2n-valent T*C"-modeled GKM graph and L. = {L;, ---, L,,} be the set
of all hyperplanes in G. Assume the following two assumptions for G:

1. For each L € L, there exist the unique pair of the halfspace H and its opposite
side H suchthat HNH = L;
2. For every subset L’ C L, its intersection ﬂ L is empty or connected.
Lely
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Fig. 12: An example of the T*C?-modeled graph and its x-forgetful graph which does not satisfy
the assumption (2) in Theorem 4.1. Geometrically, this graph can be defined from T*S* with the
T? x S'-action

Then, we will prove the following isomorphism:
ZIG] = H'(G).
Recall the ring homomorphism in Section 4
¥ Z[G] - H(G)
is defined by
Y(X)=x, YH)=1n. (6)

To prove Theorem 4.1, we claim that ¥ is an isomorphism.
By the assumption (1) of Theorem 4.1, we can put the set of all halfspaces in G
by

Hz{Hla ""Hm, Fl, "'7H_m}7

where L; = H; N E We prepare the following diagram:

ZIX.Hy, - Hyo Hy, - Hy] —— Z[G) %

T

ZIX,Hy, -, Hy) ——— HY(G)

S

ZILy, -+ , L] ———=— H*(G)

where the maps in the diagram is defined as follows:
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* 7 is the natural projection;
* WY is defined by (6) as before;
e ¢’ is the surjective homomorphism induced from

¢$'(X)=X, ¢'H)=H; ¢'H)=X-Hyi=1..m
* 7 is the homomorphism induced from
aX)=x, nH)=t,i=1...,m
« Fisthe homomorphism defined by
F(f)(p) := F o f(p)

for f € H*(G) and p € V, where F : H*(BT" x BS') — H*(BT") is the
x-forgetful map for the fixed generator x of H>(BS') ~ Zx;
* ¢ is the surjective homomorphism induced from

¢(X)=O, ¢(Hi)=Li, i = 1,...,m;
e 7’ is the homomorphism induced from
a(L)=71,i=1,...,m.

It easily follows from the definitions of homomorphisms as above and Lemma 3.9
that the top diagram is commutative. By Section 5.1, we may choose Hj, . . ., Hy, as
71, = Foty, fori =1,...,m. Therefore, we may assume that the bottom diagram
is also commutative. Therefore, this diag@m is commutative.

By the proof of Theorem 5.1, i.e., Z[G] ~ H*(G), we have that n’ is surjective.
This shows that 7" o ¢ = Foris surjective; therefore, F is also surjective.

6.1 Surjectivity of ¥

We first prove the surjectivity of W. By the commutativity of the top diagram, it is
enough to prove that the homomorphism

n:Z[X,Hy, ..., Hy] = H(G)

is surjective (see Lemma 6.4). To do that, we will prove the following three lemmas.
The following first lemma is about the kernel of F : H*(G) — H*(G).

Lemma 6.1 Let y be the element in H*(G) such that x(p) = x for all p € V, where
x is the residual basis. Then we have Ker F = (), i.e., the ideal generated by y.

Proof Let f € Ker F. By the definition of F, we have f(f)(p) = Fo f(p) = 0forall
p € V.Since F : H'(BT"xBS') = Z[ay, -+ -, ay, x] = Z[B1, - -+, Bn] = H*(BT")
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is defined by F(x) = 0 and F(«;) = B; foralli =1, ---, n, we have
f(p) € Ker F = (x) c H*(BT" x BS").

Therefore, for every p € V, there exists a polynomial g(p) € H*(BT" x BS') such
that

f(p) = g(p)x.

Because f € H*(G), it satisfies the congruence relation

f(i(e)) = f(1(€)) = g(i(€))x — g(1(e))x = (g(i(e)) — g(t(€)))x = 0 (mod a(e))

for every edge €. Because x is the residual basis, by definition of 7*C"-modeled
GKM graph (see Definition 2.4), we see that (€) # x for every edge € € E. Hence,
because the polynomial ring is an integral domain, we have

8(i(e)) — g(t(e)) = 0 (mod a(e))

for every edge €. This implies that g € H*(G). Therefore for all f* € Ker F, there
exists an element g € H*(G) such that f = gx. Hence, Ker F C (). On the other
hand, we can easily check that Ker F O (y). This establishes that Ker F = (). O

The following second lemma is about the degree-wise decomposition of an ele-
ment in H*(G).

Lemma 6.2 For every f € H*(G), there exists a non-negative integer | and an
element fo; € H*(G) for each 0 < i < [ which satisfy

f=ho+ ot + fu

where H*(G) consists of the element, say hy;, which satisfies hyi(p) € H*(BT" x
BSY) forallp € V.

Proof Since f(p) € H*(BT" x BS"), for every p € V there exists a non-negative
integer /(p) and an element f>;(p) € H*(BT" x BS') such that

fp) = fop) + - + fap)(p).

If we take the maximal integer / = max{l(p) | p € V}, then we may write

f) = folp) + -+ fu(p).

for all p € V. Therefore, we can define the map f; : V — H*(BT" x BS') by
p — fi(p) forall 0 < i < I. We claim that f5; € H*(G). Because f satisfies the
congruence relation for all edges €, we see that

f(i(€)) = f(1(e)) = (foli(e)) = fo(t(€))) + - - - + (fau(i(e)) — fu(t(€))) = Aa(e) (8)
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for some A € H*(BT" x BS'). Moreover, there is a monomial Ay; € H*(BT" x BS")
foreach 0 <i <[ —1 such that

A=Ag+ -+ Ay
Comparing the same degree monomials of both sides in (8), we have

fili(e)) — fai(t(e)) = Azira(e) =0 mod a(e).

Because this relation satisfies for all € € E, we have f»; € H*(G) foralli =0, ---, L.
This establishes the statement. O
We call each f>; in Lemma 6.2 a 2i degree homogeneous termof f fori =0, ---, [.

We denote deg f»; = 2i. Of course, f5; € H(G).
The following third lemma is about the map n : Z[X, Hy, ..., Hy,| — H*(G).
This will be a technical part to show that 7 is surjective (Lemma 6.4).

Lemma 6.3 Assume that there exists an element f € H*(G) such that f ¢ Im .
Then there are A € Z[X, Hy, - - - , H,] and some integer ji such that

7A) = f=x ) &
k

where g;, € HYx(G) but g2, ¢ Immx with jo < ji <--- < jp <---.

Proof Assume f ¢ Im n. Recall that the following two homomorphisms in (7) are
surjective by the assumption (1) of Theorem 4.1 and Theorem 5.1:

¢ :Z[X.Hy,...,Hu] — Z[Li,..., Lyl;
7' Z[Ly,...,Ln] — H*G).

Therefore, there exists a non-zero polynomial
BeZ[X,Hy, - ,Hy]
such that for F : H*(G) — H*(é),
F(f)=n"0 ¢(B).
Because 7’ o ¢ = F o x in the diagram (7), we have
7’ o ¢(B) = F o n(B) = F(f).

Hence n(B) — f € Ker F. Because of Lemma 6.1, ie., KerF = (x), there is a
g’ € H*(G) such that

aB)-f=¢g'x. )

Since f ¢ Im 7 and 7n(X) = y, we have
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g ¢Imm.
Because of Lemma 6.2, this element g’ can be divided into
g =go+ - +gu

where go; is a 2i degree homogeneous term, for 0 < i < [. If go; € Im 7, then
g’ — g2 ¢ Im m. Therefore, g’ can be divided into two terms (0 #)g = >, g2, for
all g2, ¢ Im 7 and h = 3} g2, for all g»;,, € Im 7 such that

g =g+h
Since
8'x =gx +hxy =gx+n(CX)
for some C € Z[X, H),-- -, Hy,,], together with (9), we see that there is an element
A=B-CXe€Z[X,Hy,---,Hy]suchthat 7(A) — f = gx. O

Now we may prove Lemma 6.4.
Lemma 6.4 The homomorphism nt : Z[ X, Hy, - - - , Hy,] = H*(G) is surjective.

Proof By Lemma 6.3, it is enough to show that every homogeneous term of f €
H*(@) is an element of Im 7.

Assume that H*(G)\Im n # 0. Let f be a minimal degree homogeneous el-
ement in H*(G)\Im n. Because of Lemma 6.3, there exists a polynomial A €
Z[X,H,,- - ,H,] and an element ¢ € H*(G)\Im 7 such that

f=n(A)-gx.

By using Lemma 6.3 again, we also have that g is a sum of homogeneous elements
in H*(G)\Im r.

We claim that 7(A)(€¢ Im n) and gy(e H*(G)\Im =) are also homogeneous
elements in H*(G) whose degrees are the same with the degree of f. Assume
that 7(A) = X4 hoi, and gy = X 82j, X, where hy;, € H*x(@) N Im 7 for all
ip < iy < -+ and g, € H¥*(@)\ Im x for all jo < j; < ---. Because f is
a minimal homogeneous element in H*(G)\Im &, we see that [g|j, ¥ = |f| and
|hlai, = | f|; moreover, the higher terms of 7(A) € Im 7 and g y ¢ Im 7 are the same,
i.e., they must be 0. Hence, both of 7(A) and g are also homogeneous elements.

However, in this case, we have

lgl = leglx = IxI =1fI=2<|fl.

This gives a contradiction to that f is a minimal homogeneous element in
H*(G)\Im n. Hence, there does not exist any homogeneous elements in H*(G)\Im .
Consequently, by Lemma 6.3, we have that H*(G)\Im 7 = 0, i.e., 7 is surjective. [
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Therefore, by the commutativity of the top diagram in (7), the following lemma
holds:

Lemma 6.5 ¥ is surjective.

6.2 Injectivity of ¥

Finally, in this section, we will prove the injectivity of ¥. In this section we use the
following notation:

Ij:{l’ Y l}_{]}
for j = 1, ---, I. We first prove Lemma 6.7. In order to prove Lemma 6.7, we
prepare the following lemma.
Lemma 6.6 Assume that m§<=1Lk =Qand Ly = Hy N Hy (k =1, ---, ). Then for

all j = 1,...,1, one of the following holds:

* HjN(Nker; L) = 0;
e H;N (mkelek) =0.

Proof Assume ”i:1Lk =0.Forj e {l, ---, I}, if the following relation holds:
L; N (Nier; L) = Nker; L = 0,
then it follows from Ny ¢ 1 Le = 0 that for each H; and FJ we have
H; 0 (Nger; L) = Hj 0 (Oger, Lic) = 0.

So we may take j € {1, ---, [} such that

In this case, there exists a vertex p € V' << Lk Since Li N (Nker, Li) = ﬂi:lLk =0,
we have that p ¢ VLi. Therefore, for all vertices p € V"<l

equation holds:

, the following
_ [0 pg Vi)
7, (p) = {x (if p € Vi)

where TH; is the Thom class of H;.

If there are two vertices p, ¢ € V<% such that

H;(p) = 0; TH;(q) = x.
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By the assumption (2) in Theorem 4.1, there exists a path from p to g in Nger; Li,

i.e., we may take the following sequence in E™%<; *:

N L
€1, -, €6 € E FTH

such that i(¢;) = p and f(e;) = g. By the definition of the 7*C"-modeled GKM
graph, the axial function satisfies that a(e) # x for all € € E. Moreover, 7p; satisfies
the congruence relation. Therefore, there exists an edge € € {ey,.. ., &} such that
r = i(€ ) satisfies that

T, (r) # 0, x.

By the definition of the Thom class of the halfspace H;, the vertex r € H; = L;.
However, this gives that r € L; N (Nge I; Ly) = “§<=1L’<' This gives a contradiction to
that N} _ Ly = 0.

Therefore, we may assume 74, (p) = 0 (resp. x) for all p € V Oker; Lk Thep, by
definition of the halfspace, we have H; NV %< Lk = 0 (resp. H; N Ykl b = ).
This establishes the statement of this lemma. O

From Lemma 6.6, we have the following key fact.

Lemma 6.7 Assume the T*C"-modeled GKM graph G satisfies two assumptions (1),
(2) of Theorem 4.1. IfﬂizlLk =0and Ly = Hy N Hy (k=1, ---, ), then we can
take a halfspace Hy such that ﬂilek =0.

Proof If Nl_ L = 0 and Ly = Hy N Hy (k = 1, ---, I), we can take H; as
Hj 0 (Nger; L) = O forall j =1, -+, [ from Lemma 6.6. Now we may set

H ={H, -, H |H 0 (e, L) =0, j=1,...,1}.

H; .
St

1
We claim that Ny H = ﬁj.lej = (. If there exists a vertex p € Y=
follows from the assumption nf(zlLk = Q that we have 7y, (p) = xforall j = 1,...,[;

therefore,

l

1_[ T, (p) = xl.

j=1

Because Hj’:l T, € HY(G), H;.:l T, satisfies the congruence relations for all
edges € € E. By definition of 7*C"-modeled GKM graph, the axial function satisfies
a(e) # x for all edges € € E. This shows that for all edge € € E, the following
equation holds:

1
[_[ w; (1(€)) = &'

j=1
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Because the graph I is connected, we can apply the same argument for all vertices;
therefore, we have

1

1_[ ™H,(q) = x!

j=1

forall g € V. This showsthatV =V NjrHi . However, by definition of the halfspace,

l .
it is obvious that V # (VﬂfﬂH-’ and this gives a contradiction. Hence, we have

mj.:lHj =NgewH = 0. O

We next will prove Lemma 6.10. In order to prove it, we prepare some notations
and two lemmas: Lemma 6.8 and 6.9.

Let 7 : Z[X, Hy, -+, Hy] — Z[G] be the natural homomorphism such that
7(X)=X,7(H;)=H; fori =1, ---, m. Because H; = X — H; in Z[G], we have

mo¢' =a:Z[X, Hy, - Hp Hi, - Hul = Z[G].
Since 7 is surjective, 7 is also surjective. Moreover we have
Yom=n:Z[X, H, -+, Hy] = H(G)

by definitions of ¥ and . Hence we have the following commutative diagram:

Z[X,H],"',Hm,ﬁl,"',H_m] n—)Z[Q]
l‘bl / l\y
Z[X,H,, -, Hp] ——— H*(G)
| I
Z|Ly,- - Ly| ———— H*(G)
Define the following ideal in Z[ X, Hy, - - -, H,, Hi, - H_m]
I:<Hi+E—X, I H|i: 1o m, H’eI(H)>,
HeH

where IH) = {H’ c H| Ny H = 0}. For this ideal, the following property holds.

Lemma 6.8 For the ideal I c Z[X,H,, - ,Hy Hy, - ,Hp], the Jollowing two
properties hold:

(i) Kerm = ¢'(T);

(ii) Ker i’ = ¢p o ¢'(1).

Proof Since # is the natural projection, it follows from the definition of Z[G] that
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I = Ker 7.
So, by the commutativity of the diagram, we have that
m(¢'(D)) = #(I) = #(Ker ) = {0}.

Hence ¢’(1) c Ker 7. Let A be an element in Ker 7. Because ¢’ is surjective, there

is an element B € Z[X, Hj, --- JH,, Hy, - ,H,,] such that ¢’(B) = A. By the
commutativity of the diagram, we also have

#(B) = T o ¢'(B) = 7(A) = 0.

SoB € Ker# =71.Hence A =¢’(B) € ¢’(I), that is, Ker 7 C ¢’(I). Therefore, we
establish the first property: Ker 7 = ¢’(1).
By Theorem 5.1, we know

Ker ’ = <]—[ L|L € IL)),
Lel/

where I(L) = {L” ¢ L | Npery L = 0}. Take a generator [[; ., L € Ker n’.
From Lemma 6.7, for L’ = {L;, ---, L;} € I(L), there exists a set of halfspaces
H' = {H,, ---, H;} € I(H) such that Hy N Hy = Ly. By the definition of the ideal
7, a product l_[fcz1 Hy is one of the generators of 7. Moreover, by the definitions of
¢’ and ¢, we see that

l l
po¢'(I)3¢o¢(| [Ho==]]Le-
k k=1

=1
Because this satisfies for all generators [[; o, L in Ker 7/, we have that
Kern’ c ¢ o ¢'(T).

On the other hand, because ¢'(H+H —X) = 0and po ¢’ [Ty H) = = [11cr, L €
Ker n’, for all A € T we have

o ¢ o ¢'(A) ={0}.

So we have Ker 7’ O ¢o¢’(1). Therefore we conclude the second property: Ker 7’ =

¢ o ¢'(1). O

In order to prove Lemma 6.10, we also prepare the following technical lemma for
general polynomial rings.

Lemma 6.9 Let I C Z[xy, ---, x;] be an ideal generated by homogeneous poly-
nomials, that is, I = (p1, ---, pm) Where p; is a homogeneous polynomial of
Zlx1, -+, x1] such that deg p; < deg p; fori < j. For every element A € I, if we
denote A = Ay + --- + A, where A; is a homogeneous term (i = 1, ---, n) and
deg A; < deg Aj fori < j, then A; € I foralli=1, ---, n.
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Proof Because A € T = (p, -, pm), there exists Xy € Z[x;, ---, x|, k =
1,..., m, such that

A=X1p1+-'~+mem.

Then we can put X; = X1 + Xio + -+ - + Xis, Where Xi; is a homogeneous term
@i=1, -, sx)and deg X;; < deg X;; fori < j. Hence, by changing the order of
monomials, we may rewrite

A=Xu+-+Xis)p1+- -+ (X1 + - + Xins,, )P
=Xupr + - Xns,, Pm
as
A=A1+---+ A,
where |A|; < |Alj if i < j. Because A; is a homogeneous term, we have
A; = Z Xjn;pj
Jeb;
where D; = {j | |X|jn; + |pl; = |Al;}. Therefore, A; € I foralli=1, ---, n. U
Using two lemmas as above, we have the following lemma.
Lemma 6.10 Ker 7 = Ker 7.

Proof By Lemma 6.8 (i), Ker 7 = ¢’(I). Therefore, by using the commutativity of
the diagram and Ker # = 7, we have

aKerm)=no¢'(T)=¥or(I)=0.

Hence,
Ker 7 = ¢’(J) c Ker n.
We claim that Ker 7 € Ker 7(C Z[X, Hy, - -+, H,,]). Assume that Ker 7\¢'(7) #
0. Let A € Ker 7\¢’(I) C Z[X, Hy, ---, H,,] be a minimal degree homogeneous

polynomial. By the previous diagram,

7’ o ¢(A) = F o m(A) = 0.
Hence, by Lemma 6.8 (ii),

¢(A) e Kern’ = ¢po ¢'(T).

Therefore, we can take B € ¢’(J)(C Ker ) such that ¢(A) = ¢(B). Because ¢’(1)
is an ideal in Z[ X, H, . .., H,,] and A is a homogeneous polynomial, it follows from
Lemma 6.9 that we may also take B as the homogeneous polynomial in ¢’(Z) such
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that
|Al = |B].

By the definition of ¢, it is easy to check that Ker ¢ = (X) c Z[X,Hy, ..., Hpyl;
therefore, we have

A — B € Ker ¢ = (X).
This means that there exists a polynomial C € Z[X, Hy, ---, H,,] such that
A-B=CX.

Because A = B+ CX ¢ ¢'(I) and B € ¢’(J), we have CX ¢ ¢'(I). Moreover,
because we take |A| = |B|, CX is also a homogeneous polynomial with |A| = |B| =
|C|X. Therefore, because A, B € Ker nr, we have CX is a homogeneous polynomial
inKer '\ ¢’(1). Then, we have |A| = |C|X = |C|+|X| = |C|+2. Moreover, because
A is a minimal homogeneous polynomial in Ker 7 \ ¢’(Z), we have that

C e ¢'(I)(c Ker ).
However, because ¢’(1) is an ideal in Z[ X, H, . . ., H;,], we see that
CX e ¢'(T).

This shows that A = B+ CX € ¢’(J) and this gives the contradiction to that
there is an element in Ker 7\¢’(Z). Hence, we have Ker n\¢’(I) = 0, that is,
Ker m = ¢’(I') = Ker 7 by Lemma 6.8 (i). O

So we can prove the injectivity of ‘.
Lemma 6.11 ¥ is injective.

Proof Let A be in Ker W. Since 7 is surjective, there is an element B €

Z|X, Hy, ---, Hy,] such that 7(B) = A. So we have n(B) = ¥ o 1(B) = ¥(A) = 0.
Hence B € Ker 7 = Ker 7 by Lemma 6.10. Therefore, we have A = 7(B) = 0. This
concludes that ¥ is injective. U

Because of Lemma 6.5 and 6.11, we have that ¥ is the isomorphism. Consequently
the proof of Theorem 4.1 is complete, that is, we get

H(G) = Z[G].
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7 Generators of Z[g] as H*(BT")-module

Let G = (T, @, V) be a 2n-valent T*C"-modeled GKM graph and L = {L,, ..., L}
be the set of all hyperplanes in G. Assume that G satisfies the two assumptions of
Theorem 4.1 so that H*(G) =~ Z[G].

7.1 Simplicial complex associated to L

Let L = {Ly,...,Ly}. Let A, denote the simplicial complex associated to L
defined as follows. There is a vertex v; in Ar, corresponding to the hyperplane L;
such that whenever L;, N---NL; # 0in G, the vertices {v;,, . .., v;, } span a simplex
in Ay, In particular, for 1 <i < d, let 0; = (v;;, . .., v;,) be the (n — 1)-dimensional
simplex of Ay, corresponding to a vertex po, := L;; N---NL;, of G.

Note that Ay, is pure i.e., all maximal faces (also called facets) are of the same
dimension n — 1. Let Ar,(n — 1) denote the set of facets of Ag,. Then d = |A(n — 1)]
which is also equal to |'V!| the number of vertices of I'. For simplices 7 and o in
Ay, by T < o we mean that 7 is a face of 0.

We say that Ay, is a shellable simplicial complex if the following holds: There
is an ordering o, 0, ..., 04 of A (n — 1) such that if A; denotes the subcomplex
generated by o,...,0; foreach 1 < j < d, then A; \ A;_1 has a unique minimal
face p; for each 2 < i < d. We further let u; := 0 to be the unique minimal face
of Ay \ Ag where Ay = 0 (see [S96, Section 2.1 p.79]). (Also see [BH93, Definition
5.1.11] for other equivalent definitions of shellability of a pure simplicial complex.)

Example 7.1 In the case when n = 1, G is a 2-valent 7*C-modelled GKM graph
and the set of hyperplanes L = {Ly, ..., L,,} of G coincides with the set of vertices
of G (see Figure 13). Here G corresponds to the hyperplane arrangement of a
4-dimensional toric hyperKéhler manifold. Furthermore, since L; N L; = O for
every i # j, 1 < i,j < m, the associated simplicial complex Ay, is a pure O-
dimensional simplicial complex consisting of a vertex (or 0-dimensional simplex) v;
corresponding to L; for every 1 < i < m. Then Ay, is seen to be trivially shellable

for any ordering of the set of vertices {vy, . . ., v, } Which are also the facets of Ay, in
this case.
* _(el o fl ° 3 3 ®
L Ly Ly L, Ls

Fig. 13: The T*C-modeled GKM graph G defined from a five vertices (hyperplanes) arrangement
on the line. In this case, the hyperplane L; in G corresponds to the 0-dimensional simplex v; in Ay,
fori =1,..., 5. This is defined from a 4-dimensional toric hyperKéhler manifold. Note that we
omit the axial functions which are automatically determined.
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Example 7.2 Consider the simplicial complex Ap, corresponding to the T*C2-
modelled GKM graph given in Figure 10. We label the set of 5 hyperplanes as
Ly,...,Lswhere L; N L;1; # 0 for1 <i <4and LsN L; # 0 (see Figure 14). Then
Ay, consists respectively of the corresponding vertices vy, . . ., v5 and the 1-simplices
[v1, v2], [v2, V3], [v3, V4], [v4, Us], [U5, 1] Which are its facets. For the ordering

o1 = [v1, v2], 02 = [v2, V3], 03 = [v3, 04, 4 = [v4, V5], 05 = [vs, V1]

of Ap(1), we see that A; \ Ag = {0, {v1}, {v2}, [v1, v2]} has the minimal element
ur = 0, Ay \ Ay = {{vs}, [v2, v3]} has the minimal element py = {v3}, Az \ Ap =
{{v4}, [v3, v4]} has the minimal element usz = {v4}, Aq \ Az = {{vs}, [v4, v5]} has
the minimal element w4 = {vs} and As \ A4 = {[vs,v1]} has the minimal element
s = [vs, v1]. Thus Ay, is a shellable simplicial complex.

/
L3 Ly

/Pz P4
Ly Ls

L,

pi1 /5

Fig. 14: The GKM graph G in Figure 10. In this case, the hyperplane L; (resp. vertex p;) in G
corresponds to the O (resp. 1)-dimensional simplex v; (resp. o) in A, fori =1,...,5.

In subsection 7.5, we shall show the shellability of Ay, for a T*C2-modelled GKM
graph G that is induced from the 8-dimensional toric hyperKahler manifold.

Fory € A, let j be the smallest 1 < j < d suchthaty < o;. Theny € Aj\A;_;.
Thus it follows that u; <y < 0. Hence there exists a unique j, 1 < j < d such that
v € [y, o] where [u;, 0] :=={y | p; =7y = o0;}. Inother words we can write

AL = [, o] U - Upa, oql. (10)
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If a simplicial complex Ay, satisfies (10) then it is called partitionable (see [S96,
p-80, Section 2.1]). In particular, shellable simplicial complexes are partitionable.
Moreover,
2o =>j>i 1n

Let
Ep,, = {elflr,... e e, ... €

> S iy > Sy
for 1 <i < d. Recall from Definition 2.4 that the set {a(e;;_), x|j=1,...,n} spans
t7 ®@Zxie.,
(a(g)),...,a(g ), x) = t; ® Zx. (12)

Let G denote the x-forgetful graph associated to G where G = (T, @, V) having
I' and V same as G and « is the x-forgetful axial function defined asa@ = Foa :
& — H*(BT") where F : H*(BT™) PHzx — H?(BT™) is the x-forgetful map
(see Section 5.2). Recall that

— 2Ly Ly
A= o LI e 1y

where I(L) = {L’ C L | ﬂ L =0}
Lel/
Let x, denote the monomial

<
Il

&
i
T
o

where y = (v;,, . . .,vip) € AL.

7.2 The characteristic function associated to the hyperplane L

Definition 7.3 Let L be a connected (2n — 2)-valent hyperplane in G. Let H and H
be the unique halfspace such that L = H N H.
For p € VL,
85 ={e,....6 1 €6,....€,_1}

is the (n — 1)-pairs and
r - —
&, = {ef,....e0.€60,....6,}

is the n-pairs so that ny (p) = €, and ng(p) = €, .

By (12), the axial functions a(e]"), a(€;), . . ., a(e;) form a basis for (17)*. The
characteristic function associated to L is defined as the unique element A(L) € t7
such that
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(@(g"), A(L)) = 6in-

Lemma 7.4 The definition of A(L) is independent of the choice of a vertex p € VL.

Proof Lete = pg € &L, inparticularlete = e; forsome 1 < j < n—1.Herei(e) = p
and t(e) = g. Then under the connection Ve, 8;, the set of edges around p, maps
bijectively onto &L, the set of edges around g. Since the hyperplane L is closed under
the connection V, 85 maps bijectively onto SQL. Moreover, since a halfspace H is
closed under V, it follows that Ve (ng (p)) = ng(q) so that a(Ve(ng(p))) = a(ng(q))
mod a(e). Moreover, since € € EF and V.(€) = € by definition of V. it follows
that the elements a(e]"), ..., a(e!_,) and a(Ve(€))), . .., @(Ve(e,_))) span the same
subspace of (7). Further, since € € &L and (a(e), A(L)) = 0, by the congruence
relation we have
@(Ve(eD) AL)) = (@), AL)).

Thus for the n-pairs 85 ={Ve(€), ..., V(e ), Veler ), . . ., Ve(g, )} we have
(AUL), @(Ve(€))) = in-

Hence without loss of generality we could have started with the vertex g € V% to
define A(L). Moreover, since L is connected, by repeating the above procedure for
an edge €’ such that i(¢”) = g, it follows that the definition of A(L) is independent of
the choice of p € VL. O

7.3 The H*(BT")-algebra structure of H *(é )

Since H*(G) @ Hy(p) =~ EB H*(BT"), the ring H*(G) may be regarded as the
pevV pevV
H*(BT™)-submodule of @ H*(BT"™). In Theorem 7.6 of this section, which is the
peV
second main theorem of this paper, we determine module generators of H *(é) as
a H*(BT"™)-module. For this purpose, we begin with the following lemma (also see
[MMPO7] for the corresponding statement on torus graphs).

Lemma 7.5 (i) The H*(BT")-module structure on H *(é) is obtained from the fol-
lowing map from H*(BT™) to H(G):

m

HXBT™) 3 um Y (w ALy) 71, € H'(G).

i=1

Moreover, ¥’ : H*(g~) — g[é] is an isomorphism of H*(BT™)-algebras where
the algebra structure on Z|G] is obtained by sending u € H*(BT™) to the element

m

D wAL)) - Li € ZIG).

i=1
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(ii) We therefore have the following presentation for H*(G) as an H*(BT")-
algebra:
H*(BT™)[Ly, ..., Ly]
(Mrew L0 €X0): S G ALY) - L~ ¥ u € HABT™)

HY(G) ~

Proof Letp € VL where p= L; n---N L; . Then by Section 5.1 we have

DALY i, (p) = ) ALy, - @y, (P)). (13)
i=1 Jj=1

Note that nu;, (p) = ejff(p) for 1 < j < n so that &(nHil_ (p))forl < j <nforma
basis of t;. Since A(L;;) € tz for 1 < j < nisthe corresponding dual basis, the right
hand side of (13) is nothing but u. Thus

m

(Z(u, A(L)) - 72,)(p) = u forevery p e V. (14)

i=1

Since p € V was arbitrary from Section 5.3 it follows that the H*(BT")-algebra
structure defined above is canonical corresponding to the diagonal inclusion of
H*(BT™) in @2, H*(BT™) = (H*(BT™))".

Finally, by definition of ¥’ in Section 5.2, we also have that the H*(BT")-algebra
structure on Z[G] is obtained as in the statement. O

The following theorem is the second main theorem in this paper.

Theorem 7.6 Let Ay, be the simplicial complex defined by the hyperplanes {Ly, . .., Ly}
of G. Suppose that Ay, is a shellable simplicial complex with respect to ordering
01, .. .,0q of Ar(n). In particular, Ay, is partitionable with partition (10) and (11)
holds. Then the following statements hold:

(i) Fory € Ay, let x, = Lj, --- Lj, € Z[G] where y = (v}, .. .,vj,). Then there
exists an element u € H*>(BT™) such that

Ljy -3y == ) (ALY - Xy + -,
k

where k runs through 1 < k < m such that k & {ji,...,jn} and yx =

(Vs Vjs - - s Ufp>'
(ii) Let n < y < 60 be simplices in Ay,. Then we can write

xy=ch~x,7k+c~x,7
3

for cx,c € H*(BT") and i £ 0.
(iii) The monomials x,,; for 1 <i < d form a basis of Z|G] as H*(BT™)-module.
(iv) Let f € Z|G] and
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F=>ax, (15)
j=1
for unique a; € H*(BT™). Let i = i(f) be the smallest 1 < i < d such that a; # 0.

Then we can determine the coefficients a;, j > i iteratively as follows: We have
Ppo; ()

a; = Prer Gipg)" Suppose a;, a;11, . . ., aj—1 are determined by induction then
i-1
pp(;j (f - Z‘]](:l' ag - x[lk)
a; =
pp{rj (x/Jj)
Proof (i) Let o = (vj,,...,v;,) be an (n — 1)-simplex containing y and let p, =

Lj, N---N Lj, be the corresponding vertex in G. Consider A(Lj,) = e;, € t which
is dual to u := '07(6;). In this case, by Lemma 7.5, we have that

u= i(u, ALy)) - L.

i=1

Since (u, ej,) = 6;1 fori = 1,..., n, we have the relation

L; =—Z(u,/l(Lk))-Lk+u (16)
k

as an H*(BT"™)-module, where the sum on the right hand side is over those 1 < k < m
such that k ¢ {j1,..., ja.}. Multiplying (16) by x, we get

Lj -x, = —Z(u, A(Lk)) * Xy, +u-x, 17

where yx € Ay is spanned by the vertices vk, vj, ..., vj, and xy, = Lg - Lj; -+~ Lj, .
This proves (i)

(i) Let » <y < 0 be simplices in Ar.. Let y = (vj, ..., 05,0, 1 = (0}, -, 0),) €
Ar and 6 = (vj,,...,vj,) and r < p < [. Because the following argument can also
apply for any such /, we can assume that [ = n i.e., 8 is (n — 1)-dimensional. Thus
A(Lj,), ..., A(L;,) is the basis of tz dual to the basis a(e;,), ..., a(e;,) of t;. Let
u := a(e;,) € H*(BT"). Thus, with the similar reason to obtain (16) as in the proof

of (i), we have the following relation in Z[G]:

Lj + Z(u, ML) L —u=0 (18)
k

where k runs through {1,...,m} \ {ji, ..., jn} in the equation. Multiplying (18) by
Lj---L we get

jp—l 4

X, + Z(u, ALg)) - Xy —tt- % =0 (19)
k
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where e = (g, vjys ..o, 05,0, ¥ = (vji,...,Vj,.,) € Ar. Note that 7 £ 6 since
k¢ {ji,....jn}-Alson < nrandn < y’,sincer < p—1.Therefore,n <y’ <y < 6.
Now, proceeding by downward induction on p and repeating the above arguments
for v’ we arrive at (ii). _ _

(iii) By the ring structure of Z[G] defined in Section 5.2, for every element in Z[ G|
can be written by the sum of x,’s for y € Ar, with H*(BT")-coefficients. Therefore,
for every y € Ay, it suffices to show that x, lies in the H*(BT")-submodule of

Z[G] spanned by x,,, for 1 <i < d, where y; is the minimal face which appears in
Ay, = [uy, o] U - - - U g, og]. Since Ay, is a shellable simplicial complex, for every
vy € AL there exists the unique 1 < i < d such that y; <y < 07 (see (11)). We prove
(iii) by downward induction on i.

If y € [uq, 04], we are done since g = 04 = vy, i.e., x, = x,q and hence lies in
the H*(BT")-span of x,,. Assume that for every y € [pi+1, 1] U - - U [ug, 0al,
x, € H*(BT")xy,,, ®---® H*(BT")x,,. If y € [y, 0;], then by (ii) we can write

Xy = Z Cj Xy +C Xy, (20)

Hi <y AT

for ¢;,c € H*(BT™). Now there is the unique r such that u, < y; < o. This implies
by (11) that r > i.

Thus by induction assumption x,, lies in the H*(BT")-span of x,,, for g > r. This
together with (20) implies that x, lies in the H*(BT")-span of x,,, for g > i.

It remains now to show that x,,, for 1 < i < d are linearly independent. Suppose
that there exist a; € H*(BT") for 1 < i < d such that

d
Z ai - Xy, =0 1)
i=1

in Z[G]. Leti € {1,...,n} be the smallest integer such that a; # 0.

Recall that oy = (v;,...,0v;,) where p,, = L;; N---N L;, in G. Consider the
localization map p = (Pp(rj );.’:1 defined in Section 5.3. By (11) and the definition
of pp,,, it follows that pp,, (x,;) = 0 for j > i (since p1; A oy there exists Ly in L
such that the corresponding vertex vy € u; and v ¢ o7 in Ar. Thus pp,. (Lg) =0in

Z[Glp,,)- Thus applying pp,,. on (21) we get

n
Py (O 7+ %) = Ppo, (O @5+ X)) = Py, (@i X) = pp, (@) - Ppyy, () = 0
j=1

j=i
in the integral domain Z[é]p(ri = Z[Ly, ..., L;,]. Since pp, (xy,) is the mono-
mial Li,.... L, where u; = (vl-j], .. .,vijp), and hence a non-zero element of
Z[L;, ..., L;,], we get that Ppo, (a;) = 0. Moreover, p can be seen to be the diagonal

embedding when restricted to the subalgebra H*(BT") of Z[é] (u € H*(BT") is
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equal to Z(u, A(L)) - Lj € Z[G) maps to Z(u, ALy)) - Liy € ZlLy,. .., L]
J=1 J=1
n
which is identified with Z(u, A(Ly;)) - L, in H*(BT") (see Lemma 5.2) which is
=1
equal to u see (14)) and] p is injective by Lemma 5.3, which implies that a¢; = 0.
This contradicts our original assumption that @; # 0. Thus we cannot have a relation
of the type (21) in Z[G] unless a; = 0 in H*(BT") for each 1 < i < d. Hence we
conclude that x,,, for 1 <i < d are linearly independent in Z[G]. This proves (iii).
(iv) As for the proof of linear independence of x, 1 <i<dour idea is to again

use the localization map p = (ppal : @Z Glp,, (= @H (BT™))

defined in Section 5.3. We know that p is injective and by (11) and the deﬁmtlon of
Pp,, We have pp_ (xu,;) = 0 for j > i. Also p is the diagonal map when restricted to

the subalgebra H*(BT") of Z[é]. In particular, this implies that Ppo, (ar) = ay for
1<jk<d.
Applying pp,,, on (15) we get

Poo, (f) = P, <Za, %) = Ppoy (D 7+ Xy) = i Ppy, ()

j=i
in the unique factorization domain Z[L;,...,L; ] where p,, = L;, N --- N L;,.
Thus pp,, (f) is divisible by the irreducible elements Li..... Ly, and hence by
. . Poer; (F)
the monomial pp,, () = Li; -+~ L, in Z[Liy, ..., L;,]. Thus ¢; = sz,- G €

Z[Li], e Li,,]o Now, let

fi=f—aigp)- Xy € Z|G].

Then fi = Z a; - x,;. Moreover, now putting i = i(f1) and repeating the above
J>i(f)
argument given for determining a;s) we get

Pp(ri(fl) (f1)

ai(fi) =
pp"'i(fl) (x/‘i(fl))

in Z[G] ~ H*(BT"™). Proceeding similarly after k steps we get

fe=f- Z aj - Xy; = Z aj - Xy; .

i(fi)<j<i(fic) J>i(fi-1)

P‘ri(fl)

Putting i = i(fx) to be the smallest index in {i(fx—1),i(fx-1) + 1,...,d} such that
a;(5,) # 0 and following similar arguments as above we get
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ai) = Pp(ri(fk)(fk)

i) = ———

g ppui(fk) ('x,ui(fk))

in Z[é]l,oi(fk) =~ H*(BT™). This proves (iv). U

7.4 The ordinary cohomology ring of é and an example

In geometry, if the equivariant cohomology Hj.(M;Z) has the structure of a free
H*(BT)-algebra, then we can compute its ordinary cohomology H*(M;Z) by
H3.(M;Z)®p+pT)Z. By Theorem 7.6, we know that H*(G) is a free H*(BT)-algebra

of rank d. So we may define the “ordinary” cohomology of éby H* (§~)®H*(BT)Z; we

denote itby H} d(é). The precise computation of H); (&) is given as the following
corollary.

Corollary 7.7 (i) The following is the presentation

Z[Ly,...,Ly)
(Mpew LI € XL); X7 (u, A(Ly)) - Li, ¥ u e H>(BT"))

H:;rd(é) =

Jor the ordinary cohomology ring H, d(é) as a Z-algebra. N
(ii) The monomials x,,;, 1 < i < d form a Z-basis for H::rd(g).

Proof (i) The H*(BT")-algebra structure on H *(é) is given by Lemma 7.5 and Z has
H*(BT)-algebra structure given by augmentation which sends each u € H*(BT")
to 0. Since H *(é) is free, the corollary now follows from Lemma 7.5 due to the
H*(BT)-algebra isomorphism ¥’ of Z[G] with H*(G).

(ii) This follows by Theorem 7.6 (iii) and by the isomorphism

H,, /(G) = Z[G] ®n+(BT™") L.

75 H *(é ) for G induced from the 8-dimensional toric hyperKahler
manifold.

By using the fundamental theorem of toric hyperKihler manifolds in [BDOO], the
8 dimensional toric hyperKihler manifold M is completely classified up to equiv-
ariant diffeomorphism by the hyperplane arrangement £ ;,, in R? consisting of
k horizontal lines {Hory,...,Hor;} which is ordered from the bottom, [ vir-
tical lines {Viry,...,Vir;} which is ordered from the left and m diagonal lines
{Diay, ..., Dia,,} which is ordered from the left in R2 (also see Figure 16).
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It is easy to check that every set of hyperplanes in Ly ; ,, have the non-empty
intersections except the following cases:

Hor, NVirgNDia, =0 forl <r<kl<s<landl <t <m
and

HoriNHorj =0 forl <i,j<k;
VirrNVirg=0 forl <r,s <1I;

Dia, N Diag =0 forl < p,qg<m.

This hyperplane arrangement Ly ;.,,, induces the 7*C2-modeled GKM graph G. We
can see that the characteristic functions associated to the hyperplanes are given by
A(Hory) = erforalll < r < k,A(Virg) = exforall 1 <5 <land A(Diay,) = —ej—e>
forall 1 < p < m where Hy(BT?) =Z-e; @ Z- e,. Therefore, the x-forgetful graph
G is given by Figure 15.

¥
i
* *
€1-¢
_e*
-- <7 < >
m *
I €
|
1k .
_eT\r 62 - el

Fig. 15: The x-forgetful graph induced from L ; ,,,. The axial functions on four edges around each
vertex (each intersection of two lines) are defined by choosing the labels in the right figure for each
direction, where {e’l‘, eg} C t; is the dual basis of {e}, e2} C tz. For example, Figure 11 is the
x-forgetfull graph of L; 1,1.

Consider the polynomial ring
R:=Z[X\,... X, Y1,.... 00, Z1, ..., 2]

in k + 1 + m variables. Let I be the ideal in R generated by the following monomials:

X, Y,Z, forl <r<k, 1<s<landl <t <m
X;X; forl<i#j<k;

Y forl <r#s<l;

Z,Z; forl <p+gq<m.
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It follows from Theorem 5.1 that R/I is isomorphic to H *(G) under the map
which is defined by the following correspondences:

X, = TthHor, forl <r <k;
Yo 1y, forl <s <

Z; = Tpig, forl <t <m.

Now we determine the structure of H*(G) as an H *(BT?)-algebra.
Letu € HX(BT?) = Z-¢;Z-¢; and u = a- ¢ + b - e5. Then under the
H*(BT?)-algebra structure on Z[é], u corresponds to the element

k [ m

Za-xr+2b-n—2(a+b)~z,

r=1 s=1 t=1

=a'(X1+"'+Xk—Z1—"'— m)+b'(Y1+"'+Yl—Z1—"'— m)~

LetR := H*(BTZ)[XI, v XY, Y 2y, ..., Zy] and T be the ideal in R gener-
ated by the monomials generating the ideal / in R, together with the following two
linear polynomials:

Xi+ - 4Xo—Zi—=Zp—es Vit Y =Z ==Ly — €.

Then it follows from Lemma 7.5 that the ring R/7 is isomorphic to H *(é) as an
H*(BT?)-algebra.

We now note that the simplicial complex A » dual to the hyperplane arrangement £
has vertices uj, . . ., ux corresponding to the hyperplanes Hory, ..., Hory, vy, ...,0;
corresponding to the hyperplanes Viry,...,Vir; and wy, ..., w, corresponding to
the hyperplanes Diay, . .. Diay,.

Moreover, A s is a 1-dimensional simplicial complex where the number of 1-
simplices, i.e., the vertices of the x-forgetful graph, in A, is kl + km + Im. We
can see that A s is shellable with the following shelling order of the 1-dimensional
simplices:

or=[u,v] <o =[u,n] < <o =[u,v]

<o = [, w] < o = [upwr] < - < Oem = (U1, Wi
< Orem+1 = [U2, v1] < Opeme2 = [uz, v2] < -+ < O214m = [ua, 1]

< O2rm+1 = (U2, W] < O2p4mr2 = (U2, w2] < -+ - < O2pv2m = (U2, Wi ]

< O(k-1)1+(k-1)m+1 = [Uk; V1] < Tty 14k-1)me2 = (e, 02] < -+ < Orire-1)ym = Uk, v1]
< Okir(k-1ym+1 = [, W] < Oppae-1ymr2 = [ w2] < -+ < Okprkem = Uk, Win]

< Orirkm+1 = [V W] < Okiskme2 = [V, w2l < - < Okprkmem = [V1, Win]

< Okitkm+(-1)m+1 = [0 W] < Okiskme-1)yme2 = [V w2] < - -+ < Okivkmrim = [V, Wi .
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For example, we give the order on vertices in é induced from £, i.e., 1-
simplicies in A , as in Figure 16.

U1

) wz\

(]

o7

u
o4 s Y\

up *
§ N

Fig. 16: Ordering the vertices of the x-forgetful graph induced from L5 1». This is equivalent to
choose shelling of Ay.

In order to find the module generators of H *(§~), it is enough to find the minimal
vertices of A; \ A;—1, where A; is the subcomplex generated by o,...,0; in As.
For example, as a set Ay = [uy,v1] = {u,v,01} and Ay = [ug,v1] U [ug, 2] =
{uy, v1, vz, 01, 0 }; therefore, Ay \ A; = {vs, 0»} such that v; < 0 and the minimal
face is up := vp. Similarly, we obtain the following shelling:

1 =0, u0 ={v2}, w3 = {v3h, ...,y = {ui},

s = {wrh iz = {wz}, oo s iem = {wm}

Hiem+1 = {2}, fremsa = [, 02] - . -, pogem = [uz, v1l,
Hatem+1 = (U2, Wi, toremea = [uz, w2l . . ., Harvom = (U2, W),
Harv2m+1 = {ush, porsams2 = (U3, 2, . ., farsom = [us, v,

H312m+1 = (U3, W1, f3rsome2 = [z, wal, . . ., H3rs3m = (U3, W),

Hk=1)-1+(e=1)-m+1 = LUk b P=1) -1 k=1)-m+2 = (Wi V2], - - oy Mkt (e—1)-m = LU, v,
Hict(k=1)-m+1 = [ W1 ], trise=1)-me2 = [ w2l . - -, Prgsiom = [k, W]

Hid+km+1 = [V, Wi ), trrekm+2 = [V, w2l - - o, Mkivkmam = [V1, W],

Mictkm+(=1)-m+1 = [0 W1 L ftskme-1y-me2 = Vo w2l . o, frirkmetm = [V W]

By Theorem 7.6 the monomial basis for R/ as a H*(BT?)-module is as follows
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I’YQ"'-’Yl7zl7"‘,Zm’X27"‘,Xk’
XZYvL- . '5X2Yls Xzzls' . -7X2Zm»

XkY2, AR ] Xle’ XkZl’ R Xkst
Wzi,.. "WZy ... NW2,.. Y12,
For example, in the case when k = 2,/ = 1 andm = 2, the equivariant cohomology
ring H*(G) of G in Figure 16 is isomorphic as H*(BT?)-algebra to

H*(BT?)[X\, X2, Y1, Z1, Z5]
(X1X0, Z1 2o, X\ Z1, X1 2o, Xo V21, XN 205 Xy + X0~ Zy — Zp — e,V = Zy = Zr — €5.)

The shelling order of Ay, |, is given by

o1 = [ur,v1] < oo = [u, wi] < 03 = [u, wa] < oy = [ua, v1]

< 05 = [ug, wi] < 06 = [uz, w2] < o7 = [v1, wy] < o3 = [v1, w2].

Here we have

M1 = 0, M2 = {LUl}, M3 = {I,U2}, M4 = {Mz},
M5 = [M2’ wl]’ He = [u2’ UJZ], H7 = [1)1, LUl], M8 = [Ul, wZ]-

From Theorem 7.6(iii) we have the following basis of H*(é) ~ Z[§~] ~R/T as
a free H*(BT?)-module:

Y =1 X =21 Xy =2, Xy =X, 22)
Xus = XoZy, Xy = XoZo, xu, =NZy, Xy = V125

We shall now apply Theorem 7.6 (iv) to determine some of the multiplicative
8

structure constants of the basis (22). We first consider le. Let le = Z a; - Xy,
i=1

Note first that pp, (Z})=0fori=1,3,4,68sothata; = a3 = a4 = as = ag = 0.

We further see that py,, (Z]) = Z} in H},(xo,) = Z[X1,Zi]. Also x,, = Z; and

Prory (Z])

Ppr,(Z1) = Zi. Thusap = p';azl Z3

the isomorphism H;z (Xgy) = H*(BT?). Thus a; = —e;. Proceeding as in Theorem

7.6(iv) we next consider le+e§~Zl . Using the relation e, =N-Zi-2 andZ,-Z, =0
inR/TwegetZi+ey-Zi =23+ M =Z1—22)- 2y =NZ - 21 2o =N Z) = xu,.

2 _ * _ *
Thus Zi=-ey - L1+ NZi = =€ Xy, + Xy

= Z; which corresponds to the element —e3 under
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8
Next we consider X22. If X22 = Z a; - Xy, then Ppo, (X22) =0fori=1,23,738.

i=1
Thus by Theorem 7.6(iv) we get a; = 0 fori = 1,2,3,7,8. To find a4, as, ag we

first apply pp,, (X22) = X22 in H;z(xm) = Z[X,Y1]. Since x,, = X we get ag =
Prpoy (X22)
Ppa—4 (X2)
X;—e; - Xo=X} - (X1 +X2-Z1 - Z2) - X» = Z1 X, + Z2X; using the relations
ei=X1+Xo-21-2Zand X1 X; = 0in R/I. This implies from Theorem 7.6 that
as = ag = 1 50 that X3 = €] - Xy, + X5 + Xy

Using similar arguments we have the following in the H*(BT?)-algebra, R/ :

= X5 = e} under the isomorphism H;z(xm) ~ H*(BT?). We then consider

X2=e] - Xo+1-XZ1 +1-XaZs;

X271 =1-X,7;;
X2Zy = 1- Xy Zs;
Zl=-e;-Z1+1-1Z;
2172, =0;

Z3=—¢; - Zr+1-Y2,.
By Corollary 7.7 the ordinary cohomology ring H; . d(é) is isomorphic to
R//I, =~ R/I ®H*(BT2) Z

where Z is viewed as a H*(BT?) = Zlej, €5]-module via the augmentation map
which sends e} to 0 for i = 1,2. Hence R’ = Z[ X1, X3, Y1, Z1, Z;] and

I = (X1 X2, 21 25, X1 21, X\ Y1 20, Xo1 21, XoV1 20, X1 + Xo = Z1 = 20, Y1 = 21 - 2).

By Corollary 7.7(ii) and (22) we see that H} d(é) is isomorphic as a graded Z-
module to

LZOLL ®LLy ®LXy) ®LXrZ) ®LX2Zy &IV Z1 © ZY1 Z>.

It therefore follows that the Euler characteristic of M is kI + km + Im = 8 which
is the number of elements in the monomial basis. Also the rank of ng JM;Z) is
k + 1+ m—2 = 3 which are the number of monomials of degree 1 in the basis.
By Theorem 7.6, using the fact that every u € H*(BT?) is equated to zero in the
graded ring R’ /I’ it follows that every monomial of degree r is a linear combination
of the monomials x,,; of degree greater than or equal to r (see 19). Since there are
no monomials x,, of degree greater than or equal to 3 we get that Hg:‘ 4(G) =0 for
all n > 3. This also implies in particular that ng 4M;Z) =0and ng JM;Z) = 0.
Using this fact or directly observing that there are 4 monomial basis elements of
degree 2 it follows that rank((H;‘rd(M; Z)=kl+km+Iim—(k+l+m-2)—-1=4.
Further, the multiplicative structure constants for the basis
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L, Z1, 2y, X5, X221, X0 2o, " Z1, 1 2
of R’/I’ can be derived to be as follows:

X2 =1-X7i +1-XaZo;
X2Zy =1-XoZy;

X2Zy =1+ XoZn;
Zi=1-YZ;

217, =0;

Z3=1-Y2.

More generally, we can compute the multiplicative structure constants of the
Z-algebra H (G) =~ R’/I’ for the x-forgetful graph G induced from Ly, with
repect to the basis

15Y2""9Y1,Zl7""Zm7X2""’Xk7
X0, .. . XY, XoZ,, ..., X022,

: (23)
X Yo, Xk Y, X2y, .., Xi Zy,
nwz.,... NWZ, ... N2,....Y"2,.

Here again we note that the Euler characteristic of M is kI + km + Im which is the
number of elements in the monomial basis. Also the rank of Hzr J(M;Z)is k+1+m=2
which are the number of monomials of degree 1 in the basis. By Theorem 7.6, using
the fact that every u € H*(BT?) is equated to zero in the graded ring R’/I” it follows
that every monomial of degree r is a linear combination of the monomials x,, of
degree greater than or equal to r (see (19)). Since there are no monomials x,, of
degree greater than or equal to 3 we get that Hgf 4(@) = Oforalln > 3. This implies
in particular that ng 4(M;Z) =0 and ng 4(M;Z) = 0. Thus it suffices to compute
the structure constants when we multiply two monomial basis elements of degree 1
which gives us a degree 2 monomial. This can be done as follows.

To compute the structure constants of H;r d(Lk, 1,m) With respect to the basis (23),
firstly we observe by the following steps given in Theorem 7.6(iv) (as explained in
detail above for the case when k = 2/ = 1 and m = 2) that in R/7 we have the
following relations for2 < r < k,2 < s <land1 <t <m:
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m
XP=e) X+ ) 1 XeZys

t=1

m
Yl=e Yo+ ) 1Yz
t=1
1
—e;-Z,+Zl-YSZ,.

s=1

N
o
1l

Other products of degree 1 monomials in R /7 multiply to give square free monomials
of degree 2, X, Y or X,.Z; or Y;Z, which are already part of the basis. Note also that
X, Xy =0,YYy =0and Z;Zy =Oforr #r',s #s"and t #1'.

We therefore arrive at the following relations in R'/I” ~ H} (G):

m
X=X Zs
t=1
m
Y= "1-YZ;
t=1

1
72 =ZI~YSZ,;
s=1

XY, =1-X.Y;

XrZ[ = 1 . Xth;
Yz, =1-Y7,

where2 <r <k,2<s<land1 <t <m.
We have the following corollary of Theorem 7.6 for the hyperplane arrangements
Lk 1.m classifying the 8-dimensional toric hyperKéhler manifolds.

Corollary 7.8 The ordinary cohomology H;,_ ,(Ly1.m) is isomorphic to a free Z-
module generated by the elements (23). Furthermore, all structure constants of their
multiplications are 1 except for the case when they are equal to 0.

Acknowledgements The first author is grateful to Professors Megumi Harada and Mikiya Masuda
for their invaluable advice and comments for the previous version of this paper [K10]. The first
author was supported by JSPS KAKENHI Grant Number 17K14196 and 21K03262.

References

[BDOO] R. Bielowski, A. Dancer: The geometry and topology of toric hyperKéler, Comm. Anal.
Geom., 8, 727-759 (2000)



228 Shintaré Kuroki and Vikraman Uma

[BH93] W.Bruns,J. Herzog: Cohen-Macaulay rings, Cambridge studies in advanced mathematics,
39, Cambridge University Press (1993)

[BP15] V. M. Buchstaber, T. E. Panov: Toric topology, Mathematical Surveys and Monographs,
204, American Mathematical Society, Providence, RI, (2015)

[CS74] T. Chang, T. Skjelbret: The topological Schur lemma and related result, Ann. Math., 100,
307-321 (1974)

[DKS20] A. Darby, S. Kuroki, J. Song: Equivariant cohomology of torus orbifolds, Canadian J.
of Math., First view, 1-30 (2020)

[D88] T. Delzant: Hamiltoniens périodiques et images convexes de I’application moment, Bull.
Soc. Math. France, 116, 315-339 (1988)

[FY19] M. Franz, H. Yamanaka: Graph equivariant cohomological rigidity for GKM graphs, Proc.
of the Japan Acad., Ser. A, Mathematical Sciences, 95, 107-110 (2019)

[FIM14] Y. Fukukawa, H. Ishida, M. Masuda: The cohomology ring of the GKM graph of a flag
manifold of classical type, Kyoto J. Math., 54, 653-677 (2014)

[GKM98] M. Goresky, R. Kottwitz, R. MacPherson: Equivariant cohomology, Koszul duality, and
the localization theorem, Invent. Math., 131, 25-83 (1998)

[GSZ13] V. Guillemin, S. Sabatini, C. Zara: Balanced fiber bundles and GKM theory, Int. Math.
Res. Not., 17, 3886-3910 (2013)

[GHZ06] V. Guillemin, T. S. Holm, C. Zara: A GKM description of the equivariant cohomology
ring of a homogeneous space, J. Algebraic Combin., 23, 21-41, (2006)

[G92] R. Goto: On toric hyper-Kéhler manifolds given by the hyper-Kéhler quotient method,
Infinite analysis, Part A, B (Kyoto, 1991), Adv. Ser. Math. Phys., 16, 317-338, World Sci.
Publ., River Edge, NJ, (1992)

[GZ01] V. Guillemin, C. Zara: 1-skeleta, Betti numbers, and equivariant cohomology, Duke Math.
J., 107, 283-349, (2001)

[HHO5] M. Harada, T. S. Holm: The equivariant cohomology of hypertoric varieties and their real
loci, Comm. Anal. Geom., 13, 645-677, (2005)

[HPO4] M. Harada, N. Proudfoot: Properties of the residual circle action on a hypertoric variety,
Pacific J. of Math, 214, 263-284, (2004)

[HMO3] A. Hattori, M. Masuda: Theory of Multi-fans, Osaka. J. Math., 40, 1-68, (2003)

[K99] H. Konno: Equivariant cohomology rings of toric hyperkahler manifolds, Quaternionic
structures in mathematics and physics (Rome, 1999), 231-240 (electronic), Univ. Studi Roma
“La Sapienza”’, Rome, (1999).

[KOO] H. Konno: Cohomology rings of toric hyperKihler manifolds, Int. J. of Math., 11, 1001-
1026, (2000)

[KO3] H. Konno: Variation of toric hyperKéhler manifolds, Int. J. of Math., 14, 289-311, (2003)

[K10] S. Kuroki: Hypertorus graphs and graph equivariant cohomologies, preprint, (2010)

[K11] S. Kuroki: Equivariant cohomology distinguishes the geometric structures of toric hyper-
Kihler manifolds, Proc. the Steklov Inst. of Math., 275, 251-283, (2011)

[K19] S. Kuroki: Upper bounds for the dimension of tori acting on GKM manifolds, Journal of
the Math. Soc. J., 71, 483-513, (2019)

[MMPO07] H. Maeda, M. Masuda, T. Panov: Torus graphs and simplicial posets, Adv. Math., 212,
458-483, (2007)

[MPO6] M. Masuda, T. Panov: On the cohomology of torus manifolds, Osaka J. Math., 43, 711-
746, (2006)

[PO8] N. Proudfoot: A survey of hypertoric geometry and topology, Proc. of Toric topology,
Contemp. Math., 460, 323-338, (2008)

[S96] R.P. Stanley: Combinatorics and Commutative Algebra Progress in Mathematics 41 Second
Edition, Birkhauser, (1996)

[U06] V. Uma, K-theory of torus manifolds, Toric Topology International Conference May 28-
June 3, 2006 Osaka City University, Osaka, Japan, Contemporary Mathematics, 460, 385389,
AMS (2006).



On the genera of moment-angle manifolds
associated to dual-neighborly polytopes:
combinatorial formulas and sequences®

Santiago Lopez de Medrano

Abstract For a family of polytopes of even dimension 2p, known as dual-neighborly,
it has been shown for p # 2 that the associated intersection of quadrics is a connected
sum of sphere products S” x SP. In this article we give formulas for the number
of terms in that connected sum. Certain combinatorial operations produce new
polytopes whose associated intersections are also connected sums of sphere products
and we give also formulas for their number. These include a large amount of simple
polytopes, including many odd-dimensional ones.

Introduction

To every simple polytope P there is associated a manifold Z(P) of the same dimension
known in different works as its (real) moment-angle manifold, universal abelian cover
([D-1)), polyhedral product ([B-B-C-G]) or intersection of quadrics (more precisely,
of coaxial ellipsoids) ([LAM], [LdAM3]).

The topology of Z(P) cannot be described in full generality, but it has been
described for some large families of polytopes P. One of them is the family of dual-
neighborly polytopes P of even dimension 2p for which it was conjectured in [B-M]
that they are connected sums of copies of the sphere product S” x SP. This has been
shown to be true if p > 2 ([Gi-LdM]), for a sub-family of those polytopes if p = 2
([Go]) and is evident for p = 1. For P of odd dimension 2p + 1 it was proved for
p > 2 (under a certain additional hypothesis, probably unnecessary) that they are
connected sums of copies of the sphere product S x SPH([Gi-LdM)).
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Together with them, for each such polytope P of dimension at least 5 there is an
infinite lattice of polytopes obtained by applying iteratively in all possible ways a
well-known operation P +— P’, known as the book? construction for which it was
shown that the associated manifold is a connected sum of sphere products S¢ x S?
with factors of different dimensions. The number of combinatorially different dual-
neighborly polytopes of even dimension grows enormously fast with their dimension
and number of facets ([P]) and all their corresponding infinite lattices are disjoint, so
we know that a huge part of the simple polytopes have associated manifolds which
are connected sums of sphere products.

However, only when p = 1 or when the number of facets of the polytope is at
most 2p + 3 did we know the exact number of summands and precisely which sphere
products appear. For p = 1 and P the n-gon the number of those summands (i.e.,
the genus of the surface Z(P)) is known to be 2"~3(n — 4) + 1. The same sequence
of numbers appears in many other geometric and combinatorial questions, see [S1]
and [Go-LdM]. It appeared for the first time (to our knowledge) in a 1935 paper by
Coxeter as the genera of surfaces obtained by a certain construction of his ([Co]) and
was found independently around 1980 by Hirzebruch (unpublished, but see [Hi])
as the genera of a certain family of real surfaces that are intersections of quadrics.
Only much later was Coxeter’s construction recognized as a precursor of what is
now called a polyhedral product and that intersections of quadrics of the type that
Hirzebruch had considered are another instance of the same construction. I have seen
no evidence that these two great geometers were ever conscious of that coincidence.

We will give now a generalization of this formula for all even dimensions that
gives the number of terms in the connected sum, which is natural to call the genus of
Z(P). The formula is actually valid homologically even in those cases where it can
be conjectured (but not yet proved) that Z is a connected sum of sphere products and
can be extended to all the polytopes obtained from P through the book construction.
It is still not understood how the combinatorics of P determines the precise products
that appear in the connected sum after several applications of the book construction
and not only their number.

The genus formula follows, in the case of a dual-neighborly polytope of dimension
d = 2p and n facets, from known combinatorial formulas for the number of the faces
of a neighborly polytope in each dimension. One can obtain from them the Euler
characteristic of Z(P) and therefore its genus.

This direct result is useful for computations, but very messy and not too useful.
The real work consisted in the search of a better formula. After several failed attempts,
two elements opened the road for a solution. First, the appearance of the sequences
of genera for a few small values of p in the Sloane Encyclopedia of Sequences ([S1]),
which included generating functions for them that suggested immediately a nice
and simple conjecture for all dimensions. Secondly, a specific direct formula for the
number of faces of a dual-neighborly polytope in the book by Brgndsted ([Br]) that
was more suited for our computations. From these facts, a long computation led us
to a proof of the conjecture (Theorems 2.1 and 3.1).

2 This name has been used for many years in the theory of intersection of quadrics. In the literature
on polytopes this construction is called the wedge on P.
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This gave a collateral proof of various combinatorial identities that we had tried
to prove in our first attempts. Other by-products are a new interpretation and some
new formulas for the cases appearing in the Sloane Encyclopedia of Sequences, as
well as an infinite generalization of them. One could search for extensions of the
various interpretations of those few cases.

Additionally, it was shown in [Gi-LdM] that other geometric operations on the
polytopes, such as truncation of vertices, induce in the associated manifolds opera-
tions that preserve connected sums of sphere products. We give the genus also for all
P obtained from the ones above by iterated vertex truncations and book constructions
in any order.

So this work is a quantitative continuation of [Gi-LdM], giving the explicit number
of sphere products in the connected sums. Alas, this time Samuel Gitler was no more
among us to participate and enjoy this extension of our work.

1 Background

The construction of Z(P) for a simple d-polytope P with n facets can be described
as follows: one can assume that P is embedded in a d-dimensional affine subspace A
of R™ in such a way that AN R’} = P and A intersects transversely every coordinate
subspace of R’}. Then Z(P) is the union of all the images of P under all compositions
of reflections of R” on its coordinate subspaces {x; = 0}. Z(P) is a combinatorial
d-manifold that can be easily smoothed as a transversal intersection of ellipsoids
([LdM], [Go-LdM2]). Z(P) can also be constructed abstractly as a quotient of P X Zg
under the identifications in the facets of P corresponding to the fixed points under
the reflections on the coordinate subspaces ([LdM],[D-J]).

The book construction consists in taking the product P x [0, 1] and one of its
facets F and, for each given point x € F, identifying all points (x, ) for ¢ € [0, 1]
into a single point. Under this operation, the dimension and the number of facets of
the polytope increases by 1 and we denote by P’ the polytope so obtained and by
Z’ the corresponding manifold. A geometric construction of Z’ and manipulations
with homology exact sequences shows that the total homology (i.e., the direct sum
of the homology groups) of Z and Z’ is the same.

One can consider compositions of an arbitrary number of book constructions
along different facets. Following [B-B-C-G2] we denote by P/, Z’/, where J =
(J1s j2s - - -» jn), the result of applying j; times the book construction on the i-th facet
of Pfori =1,...,n. See [B-B-C-G2] for details of a more general construction and
a combinatorial description of P/ in the dual context of simplicial complexes.

The simple polytope P is called dual-neighborly if every collection of k facets of
P has a non-empty intersection, for all k£ < d/2 (Cf. [Br, p.92] and [B-M, p.114]).
They are dual to the much studied neighborly ones. It can be proved that Z(P) is
[d/2 — 1]-connected if, and only if, P is dual-neighborly. So, for a 2p-dimensional
(respectively, (2p + 1)-dimensional dual-neighborly P), Z(P) has homology only
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in dimension p (respectively, in dimensions p and p + 1), other than the 0 and top
dimensional ones.

It is known that if two dual-neighborly polytopes have the same dimension d and
the same number of facets n, then they have the same number of k-dimensional faces
for all k& from O to d (see [Br, p.113] and [Gr, p.124], for the neighborly polytopes).
Various explicit formulas are known for this number of k—faces as a function of
(d, n), one of which will be more suited to our purposes. We will give this formula
in the next section.

Now suppose that P is dual-neighborly polytope and of even dimension d = 2p
and n facets. Then the homology of Z(P) is free and is non-trivial only in the middle
dimension p, so it has the homology? of a connected sum of copies of the sphere
product SP x SP. It was shown in [Gi-LdM] that it is actually diffeomorphic to such
a connected sum if d > 4 (but the number of those products was not given) and that
the book construction preserves connected sums of sphere products. Applied once
gives also a dual-neighborly polytope P’ of dimension 2p + 1 and the manifold Z(P”)
is a connected sum of copies of S¢ x S9*! (even in the case d = 4) and after any
number of further applications of it one obtains again manifolds that are connected
sums of products §¢ x S? for various pairs of dimensions (g, b).

2 The Euler characteristic y (Z (P)) for dual-neighborly
polytopes P of even dimension

Let P be a dual-neighborly polytope of even dimension d = 2p with n facets. Since
n > d + 1 (with equality only for the simplex) it is better to use the parameters
p = d/2 and m defined as

m=n—-d-1=n-2p-1

that starts with m = 0. The number f; of k-faces of P (for k = 0,...,d) are
determined only by the numbers p, m. Explicit formulas for them can be deduced
from the formulas for the number of k-faces of a neighborly d-polytope with n
vertices in [Gr, section 9.2]. A direct explicit formula for f; is given in [Br, p.113],
which in our notation becomes:

SHOT)-S)

Jj=0 Jj=0

3 The homology of Z(P) can be computed by splitting it in terms of the combinatorics of P. The
proof in [LdM] for those with d + 3 facets is equally valid in general (see also [LdM2]). Several
proofs of this splitting have been given in the more general context of moment-angle complexes,
culminating in the geometric splitting of the their suspension proved in [B-B-C-G], giving a splitting
for any generalized homology theory.
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Now, the polytope P is reflected on the coordinate hyperplanes of R” to give a
cell decomposition of Z(P) formed by 2" cells of dimension d which are all copies
of P. A face of dimension k has d — k coordinates equal to zero so it is reflected only
on n — d + k hyperplanes and therefore produces 2""~9+k = 2m+k+1 ce][s,

Thus, the total number of k-cells of Z(P) is fi x 2"***! and therefore, the Euler
characteristic of Z(P), which we denote by y(p, m)), is the alternating sum

2p Py n p-l . .
)= (L1 (])(m'_*‘J)+ (ZP—J)(m{rJ)
X(p.m) ;( ) jZO I ,Zo I

This formula is useful for computations, even for d, m in the thousands, since
it can be easily programmed in the computer. It also shows that, for any fixed p,
x(p, m) is of the form 2*! times a polynomial in m of degree p. But otherwise it is
quite messy and opaque. For example, it is easy to see directly that y(p, 0) = 2 (P is
the simplex A%” and Z(P) is the sphere S?7), x(p, 1) = 2(1 + (=1)?) (P is AP x AP
and Z(P) = SP x SP) and it is known that y(p,2) = 2+ (-=1)P(4p + 6) ([LdM]). But
these facts are not clear from the formula.

In any case, it is convenient to simplify it: factoring 2!, our formula can be
re-arranged as follows:

e (S S5 )

7=0 k=0 =0 k=0

Now, since (i) =0if k > j, we have:

2p . J .
D2 (i) = > (-2 (i) =(=2+1Y = (-1)
k=0 k=0

And, since (Zpk—]) =0if k > 2p — j, we have:

J k(2p—J £l k(2p—1J 2p-j 2p-j j
_ — _ —(— P=J — (_1\2P~J — (_1V
22 ( . )—Z( 2) ( L )—( 24 17 = (-1 = (-1)
k=0 k=0
And therefore we obtain a better formula
m+ = m+j
x(p,m) = 2! Z( 1)f( ’) Z(—l)f( jf)
j=0

An even simpler formula can be obtained by computing the generating function
of the above expression parametrized by m for a fixed p:
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D x(p,myz"

m>0

Since the formula for y(p, m) involves two sums which differ only in their length,
we can cover both cases with the general sequence

S(r,m) = 22(—1)!’2’“ (’"J”)
=0

and its corresponding generating function

Z S(r,m)z™

m>0
which is the sum for j = 0,...r, of the generating functions
jAm [T +j m j m+ ] m
2 -1y2 ) =2(-1Y ; 27)".
Y (") e <oy 3 () e
m>0 m=>0
Now, it is well known (and easy to prove) that
N ¢
N\ (1= yy+!
which gives
- 1 - 1
Sr,m)z" =2 (-1 ———— =2y ——————

This is a geometric progression with sum

1 ___1 1 1
5 Qz—1y*2 " 21 _ (2z-1y "

_ (22_])r+1
1 T (.- _
S 1-(2z-1) 2-2z
1 1

TU-2 " G-D@z-1

The generating function for y(p,m) is the sum of two instances of the above
expression evaluated ar = p and r = p — 1, which add up to

2 N 1 1 N 1
1-z (z-D\Qz-1pPt  (Q2z-1)P
2 2z
= +
-z (2= 1)(2z- 1+

We can obtain another expression for the general term of this series, by working
each part separately:
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The first term & is Z 27™M.
m>0
And the second term has two factors: 2z/(z — 1) and 1/(2z — 1)P*!. The first one
is simply ZZTZI so in its series the coefficient of z* is —2 for i > 1 and for the second
factor (using formula (*) again):

L e o (4D sy
Gt - a2t -V ,26( P )QZ)]

so the coefficient of z/ is (=1)P*! (] ;p) 2
So, in the product, the coefficient of z'" is

m—1

_ i1 [J+DP
Y capa (7]

j=0

since for j > m the coefficient of the first factor is 0.
To which we still have to add the first term. So, finally, the coefficient of 7", which

is x(p,m), is

m=1 .
)((1!7,111)=2+(—1)”Z:Zf+l (]+p) :

j=0 b
We have proved:
Theorem 2.1 If P is a dual-neighborly polytope of even dimension d = 2p and

n = d+m+1 facets, then y(p, m), the Euler characteristic of Z(P), can be expressed
in any of the following equivalent forms:

P . p-1 .
i xtom =2 Sy (")« S (7]

j=0 = g
m—1 ] P4

(it) x(p,m) = (1) )" 27! (’ p”) +2
j=0

(iii) x(p, m), as a sequence parametrized by m, has generating function

2 2z
+
-z (z-1)(Q2z-1)p*!

These formulas are valid for any p and m, and in the cases where we know that
Z(P) is a connected sum of sphere products S” x SP, we can derive the number of
products in the connected sum from the formulas.

But these formulas do not extend to the manifolds obtained by the book construc-
tion on P: already the first application gives an odd dimensional manifold with y = 0.
And also, the even dimensional ones obtained by iteration of the book construction
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on P may include products of two odd-dimensional spheres that contribute negative
terms to y, so y will not depend only on the dimension and number of facets of the
corresponding polytope.

We will solve these problems by the introduction of the concept of genus of such
a connected sum.

3 The genus g(Z (P)) for dual-neighborly polytopes P of even
dimension and associated polytopes

For a connected sum of sphere products M, we can naturally define its genus g(M),
as the number of products in the sum, as in the case of surfaces.

Let B(M) the sum of the Betti numbers ;(M), then B(M) = 2g(M) + 2, or

son =290y,

This definition can be extended to any manifold or even any topological space
with finite 8 by the above formula. In some cases this may not be an integer (if X is
a point then g(X) = —1/2). Some properties of this generalized genus (for example,
that it is additive with respect to the connected sum of manifolds) will be considered
elsewhere.

In the case that all the summands are of the form S” x S”, there is a simple relation
between g(M) and the Euler characteristic of M:

X(M) =2+ (-1)"2¢(M)
or

gp.m) = (=1 x(p.m)/2 - (-1)”

and again, this relation is valid for any manifold with the same homology groups.
This includes the manifolds Z(P) where P is a dual-neighborly polytope and for
which the formulas for the Euler characteristic are still valid. So with this extension
of the concept of genus we can state:

Theorem 3.1 If P is a dual-neighborly polytope of even dimension d = 2p and
n=d+m+ 1 facets, then g(p, m), the genus of Z(P), can be expressed in any of the
following equivalent forms:

P z  p-l .
(i) gp.m) = (-1 2" [ Y (-1y (’"J“ ) £y (1Y (’" Y ) — (-1

=0 =0 /

m-1 /.
(ii) g(p,m) = . (] ;”) 2

Jj=
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(iii) g(p, m), as a sequence parametrized by m, has generating function

z
(1 = 2)(1 =2z)P+1

The same expressions are valid for any polytope P’ obtained from P by iterated
book operations, where J is any n-tuple of non-negative integers.

The last part of the theorem follows from the fact that the book construction
preserves the total homology of the manifold Z. In particular, in the first application
P’ is a dual-neighborly polytope of dimension 2p + 1 the homology of Z(P’) is
concentrated in dimensions p and p + 1 and the above formula also gives its genus.
This includes many odd-dimensional dual-neighborly polytopes, including all the
cyclic ones.

Probably this is true also for any dual-neighborly polytope of odd dimension
greater than 3, but we do not know yet how the genus of Z(P) depends only on the
combinatorics of P.

For a 3-dimensional simple polytope P the genus of Z(P) is not determined
by the number of facets (the simplest examples are the cube and the pentagonal
book), but this is a particularity of this dimension where every simple polyhedron is
dual-neighborly.

It must be mentioned that the experts in the field consider that, viewed from
different angles, a large proportion of the simple polytopes are dual-neighborly. See
[Gr, pp.129, 129a, 129b], [Z, section 4] and [P, section 1]. And these are only the
roots of infinite lattices of polytopes P/ stemming from them, latices that can be
shown to be disjoint for two non-combinatorially equivalent roots P.

The formula for the genus of other polytopes obtained from P and its derivates by
applying other operations, such as the truncation of vertices or edges (see [Gi-LdM]),
can be derived from the same formulas. So the result applies to a large number of
simple polytopes. We illustrate this with the case of the operation of truncating a
vertex:

If P with associated manifold Z(P) is any simple d-polytope with n facets, and
PV the result of truncating one of its vertices, then ([Gi-LdM])

Z(PY) = 2Z(P)#(2" 4 - 1)(S' x §¢471)

so the genus is duplicated and then increased by 2"~¢ — 1.
A simple induction shows that if the number of vertex truncations is ¢ then the
genus of the resulting Z is

21(g(Z(P)) — 1) + r2"*1=d=1 4 ]
or, in terms of the parameter m = n — d — 1 used in section 2:
2M(g(Z(P)) = 1) + 2™ + 1

showing that the result depends only on the parameters m and ¢.
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Observe that P’ is a (d + 1)-polytope with n + 1 facets, so truncating one of its
vertices duplicates the genus and increases it by 2”~'=@~1 — 1_So it produces the
same effect on the genus of Z(P’) as the truncation of a vertex of P on the genus of
Z(P). Since the book construction P’ does not affect the genus of Z(P) it follows
that the effect of compositions of both operations in any order has the same effect
on the genus of Z(P) as the application of the truncations only. The combinatorial
type of the result of such a chain of operations on P depends on the choice of facets
for the book constructions, the choice of vertices to be truncated and the order of
their application. The dimension of the associated manifold depends only on the
number of book constructions while its genus depends only on the number of vertex
truncations.

We illustrate this with some examples: when P is a d-simplex, the result of ¢
vertex truncations and any number of book constructions in any order is

Z(P)= 2t =1+ 1)(S" x §971

which gives the same sequence of genera g(1,m) of surfaces (which can all be
obtained by vertex truncation of the triangle) as well as that of many 3-dimensional
polytopes for which Z(P) is connected sums of copies of S! x S2. The fact that the
topology of the manifold obtained as the result of several vertex truncations does not
depend on the vertices chosen, while in dimension greater than 2 one can get many
combinatorially different polytopes, was first observed (in the context of intersection
of real quadrics in complex space) in [B-M].

When P is the square, Z(P) is the torus, and applying to P the book construction
any number of times one gets a product of simplices whose corresponding manifold
is a product of spheres S x S”, so in a given dimension we get many combinatorial
types of polyhedra and many topological types of manifolds with one truncation
of the triangle and the same number of book constructions. If we start with the
pentagon we get many different connected sums of five sphere products and in
this case it may happen that combinatorially different polytopes give topologically
equivalent manifolds (cf. [LdM]).

Cutting off an edge of the polytope is a more complicated operation and the
resulting manifold may depend on which edge is chosen. A simple example is
when P is a triangular prism (a vertex truncation of the tetrahedron and therefore
Z(P) = S' x §?): if we slice a vertical edge of P (i.e., one joining the top and bottom
triangles), we obtain a polyhedron combinatorially equivalent to the cube and the
corresponding manifold is S' x S x S'. If we slice one of the sides of a triangle
one sees easily that combinatorially we get the same result as if we had truncated a
vertex, so the corresponding manifold is the connected sum of five copies of S! x §2,
by our previous formula (cf. remark (2) before Theorem 2.4 in [Gi-LdM]). The first
one is not a connected sum and its genus (in the generalized sense defined above)
is different from that of the second one. In [Gi-LdM] we showed that if Z(P) is
simply connected then this operation does preserve connected sums, the topology
of the result does not depend on the edge chosen and the genus of the result can be
computed from that of Z(P). Also that, combined carefully with book constructions
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and vertex truncations, it gives many more examples of connected sums of sphere
products, including many whose genus we can now compute explicitly, starting from
even-dimensional dual-neighborly polytopes using Theorem 3.1. The same must be
true in the non-simply connected case if the edge generates a trivial homology class
of Z(P) when reflected on the coordinate hyperplanes containing its boundary, and
one can envisage similar results for deeper truncations (with more hypotheses), but
all of this has not been studied.

4 On the sequences of genera

Formula (i) for the sequence of genera in Theorem 3.1 shows that g(p, m) is of the
form 2™ times a polynomial R,,(mm) of degree p minus (—1)”. For any value of p this
polynomial can be computed easily. Formulas (ii) and (iii) are more compact, but do
not immediately reflect this property.

For p = 1, P is a polygon and formula (i) gives g(1,m) = 2"(m — 1) + 1,
which in terms of the number of sides n of P (n = m + 3) gives the usual formula
2"3(n — 4) + 1 for the genus of Z(P) ([Go-LdM]). Formula (ii) gives the sum
g(l,m) = Z’” 1( j + 1)2/. Both formulas and the generating function appear in the
Sloane Encyclopedza of Sequences ([Sl, https://oeis.org/A000337]) together with a
long list of appearances of this sequence in questions of Topology, Combinatorics,
Polytope Theory and Algebraic Geometry.

For p = 2, 3,4 and 5 the corresponding sequences also appear as entries /A055580,
/A027608, /A211386 and /A21138, of [S1] with their generating sequences, some
formulas and various appearances in combinatorial problems.

Sequences for higher values of p do not seem to appear. It is a curious fact that
the sequences of the Euler characteristics that we have obtained above, do not seem
to appear at all in the Sloane Encyclopedia of Sequences.

The generating functions given in the Sloane Encyclopedia of Sequences for those
few cases gave us the clue to solve our problem. Our debt to the Encyclopedia is
partially covered by giving new formulas and a new topological interpretation to
some of its sequences, as well as an infinite family of sequences generalizing them
and, hopefully, by suggesting generalizations of their interpretations.

As a by-product of our computations we have also obtained some combinato-
rial identities. For example, from the formula for the number of faces of a given
dimension of a neighborly polytope in [Gr, p.166], after dualizing and taking their
alternating sum we get the following formula for the Euler characteristic of the
manifold associated to the dual-neighborly one:

2p+1 (m+2p—j\ [ m+k+1
1k2m+k+l m+ )
Z( ) ;m+k+1 2p—k—-j)\2j-2p+k
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So this expression is equal to any of the three versions of y(p,m) given in
Theorem 2.1 above. Perhaps this is easy to see for the experts on combinatorial
identities, which is not the case of this author.

The article [O-S], which solved a topological problem by daring to deal with
complicated combinatorial identities, was very stimulating for not giving up in our
struggle with them.
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Homeomorphic Model for the Polyhedral Smash
Product of Disks and Spheres

Arnaud Ngopnang Ngompé

Abstract In this paper we present unpublished work by David Stone on polyhe-
dral smash products. He proved that the polyhedral smash product of the CW-pair
(D?, 8" over a simplicial complex K is homeomorphic to an iterated suspension
of the geometric realization of K. Here we generalize his technique to the CW-pair
(D**1, §%), for an arbitrary k. We generalize the result further to a set of disks and
spheres of different dimensions.

1 Introduction

In all the following, m € N is any natural number and [m] = {1,---,m}. Also, we
set K to be an abstract simplicial complex whose vertex set is contained in [m], that
is K is a family of subsets o= C [m], called simplices, such that whenever o € K and
T Co,thent € K.

Definition 1.1 (Polyhedral smash product) [3, Construction 8.3.1] Let

(X, 4) = {(Xi, Ai)}ie[m) be a family of pointed CW-pairs, that is, the X; are CW-
complexes and A; < X; are subcomplexes, for all i € [m]. The polyhedral smash
product of (X, A) over K, denoted Z(K; (X, A) € A, X;, is the space given by

Z(K; (X, A)) = U D(c), where
ek

D)= )\ ¥, (1)

i=1
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. X[ ifi € ag,
with Y; = . , VYo eKk. 2)
A; otherwise

Using categorical language, consider Cat(K) to be the face category of K, that is,
objects are simplices and morphisms are inclusions. Define the Cat(K)-diagram
given by

D: Car(K) — Top
o = D(o), (3)

where ﬁ(q) is given by (1) and the functor D maps the morphism p C o to the
inclusion D(p) C D(o). Then

Z(K;(X, A) = colim D(0). 4)

Below we recall some well-known operations on spaces.

Definition 1.2 [4, §0] Forn € N, let (X, xp) and (Y, yg) be two pointed topological
spaces.

e The join X =Y of X and Y is the quotient space defined by X «Y = X XY X I/~,
where I = [0, 1] and ~ is the equivalence relation generated by

(x,5,0) ~ (x,¥,0), Vx € X and Yy, y’ € Y,
(x, 3, 1) ~(x",y, 1), Vx,x" € X and Vy € Y.

e The wedge sum X VY of X and Y is the quotient space defined by
XVY=X1Y/(xo ~ yo).
¢ The smash product X A Y of X and Y is the quotient space defined by
XAY=XxY/XVY.

 The (unreduced) suspension X of X is the space defined by X = S X,
where S° denotes the O-sphere.

* The (unreduced) cone CX of X is the space defined by CX = ¢ * X, where c is
a single point.

David stone made the following conjecture.
Conjecture 1.3 If F is a compact subspace of R", then there is a homeomorphism
Z(K;(c «XF,XF)) = = (%™F) * |K|,

where %" F is defined as the m-fold join of m copies of F.
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Asitis mentioned in [1, Remark 2.20], David Stone used a geometrical argument
to prove a particular case of his conjecture by taking F = S°. Hence he proved the
following [5].

Theorem 1.4 There is a homeomorphism
Z(K; (D% SY)) = 2" |K].

In this paper we apply the same technique to a more general case. For k € N, we
consider F = S*~!, which is compact (as a closed and bounded subspace of Rk),
and we have XF = SK ¢ « XF = DK*! and x™F = Sk~ (since §* % §/ = §i+/+1),
Hence

(xMF) x |K| = Sk« K|
= (70« |K|
= ykmK|.
So we can state a generalization of Stone’s result.

Theorem 1.5 For any k € N U {0}, there is a homeomorphism
Z(K, (Dk+l, Sk)) ~ ykm+l IK]|.

The goal of this paper is first to generalize David Stone’s technique for the proof
of Theorem 1.5 and secondly to provide a further generalization (see Theorem 6.6)
of the latter result for a set of disks and spheres of different dimensions.

Theorem 1.6 For any m-tuple J = (jy, -+ , jm) in (NU{0})™, there is a homeomor-
phism _ _ _
Z(K; (D', §7)) = /it K

where (D7*1,87) = {(D/*1,80), .-, (Din*1, Sim)},

In order to prove Theorem 1.5 we need to put together some topological and
combinatorial tools, hence the rest of the paper is organized as follows. In Sections
2 and 3, we describe respectively the necessary topological and combinatorial tools.
Section 4 is devoted to the proof of Theorem 1.5, for k > 1. The case k = 0, namely
Theorem 5.1, is treated in Section 5 using a more categorical argument. Finally,
in Section 6 we prove the main result, Theorem 6.6, using an inductive argument
based on the case k = 0.
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2 Topological tools

Among the tools we use in the proof of Theorem 1.5, the homeomorphisms
¥ CA"™! - C"and ¥ : A" — D", described below, are both playing an
important role. They were defined by David Stone in [5] and we recycle them here to
prove this more general case. Before we introduce them, let us first recall the usual
homeomorphism ® : CX/X — XX.

Given a space X, we identify X with the base ¢ X X X {1} of CX = ¢ * X. Set
S9 = {51, 52} to be the O-sphere and consider the map

O:CX - 2X

(s1,x,242), if0 < A
[c,x,A] = O[c, x, ] = |
2

2 (5)
(s2, x,2 — 24), if A

<A<

Then ® factors through a map 0:CX /X — XX; see Figure 1.

cx 2 .3x
q =/

| >~

D

Lemma 2.1 The map Oisa homeomorphism.

Notation 2.2 In R”,

o let ¢; be the i standard basis vector. Let ¢ denote the origin and let 71, - - ,1,

denote the coordinates of a point x € R”. We identify x ~ cx and so x = i tiei.
e Set C = [0, 2], with based point 2 and consider

c"=10,2]" = {Zl'.l:] tie, eR":0<1 < 2}, the n-cube of side 2.

0,.C" = {Z?:l tie; € C" : maxt; = 2}, the outer boundary of C".

d_C" = {X¥" tie; € C" : mint; = 0}, the inner boundary of C".

oC" = 0,C™ U 9_C", the boundary of C".

D" = C"/8,C", with the quotient map w : C" — D".
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c S1

CX X

52

Fig. 1: Factorization of ® through 0.

Lemma 2.3 The quotient space D"isa topological disk.
Proof Considering the CW-pair (C", 9,C"), we have

(Cn’ 0,C") = (c* 0.C", 6+Cn)
~ (C % Dn—l,Dn—l)’

where the latter pair is the inclusion of the base of the cone
ex D" x {1} = D" C (¢« D" ).
Hence collapsing the respective subspaces yields a homeomorphism

5n — Cn/a+cn ~ (C*Dn_l)/Dn_l
= ypm!
= D"

Therefore D" is a topological disk. (]

Notation 2.4 Let us consider the following setup.

* ForanysetX = {x1,---,xp,} CR", let cx(X) denote the convex hull of X, that is
P )4
cx(X) = Ztixi eR": 4, > O,Zti =1;.
i=1 i=1
o Set A" ! =cx{ey,---,en} to be the standard (n — 1)-simplex.

e Forany J C [n], set A(J) = cx({e; :i € J}) = AVI7!, where |J| denotes the
cardinality of J.
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Remark 2.5 The abstract cone CA"~! can be realized as a subspace of R”, a subspace
which is homeomorphic to the n-cube C" by reparametrization as we can observe in
Figure 2. This motivates the existence of a bijection ¥ : CA"~! — C", defined by
equation (6).

) C*CR?
—_—

et —
v U:ex Al x1+— 9,02

T:ex Al x1/2+— A

U:cxS'— 9.C?

Fig. 2: Tlustration of the map ¥ : CA! — C?, that is for n = 2.

For x = Y/ tie; € A", set7 = max{t;}, so 7 > 0. Define the map

¥.cA S e

1
2Ax,if0 <A < =

e, x, 4] - W[, x, 4] = 2, : ©6)
2-20+@1- D= |xif 7 <A<,
t

where C" = [0, 2]" is the n-cube of side 2 set in Notation 2.2.

Remark 2.6 As mentioned in Notation 2.2, the basepoint of C = [0,2] is 2. The
above defined map ¥ does not send the cone point to the basepoint (2, - - -, 2) of the
n-cube C", as one might expect, but to the origin ¢ of R" for convenience.

By Lemma 2.1, we have CA"~! /A1 = SA"! = A", Also
P(c x A" ! x {1}) = 0,C" and hence, ¥ factors through the map
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¥ xAmt o pn,
where D" = C"/8,C" is the topological disk introduced in Notation 2.2.

cart L e

|k

LA —— D"
¥

Lemma 2.7 The maps ¥ and ¥ are both homeomorphisms.

Proof As a continuous bijection from the compact space CA"~! to the Hausdorff
space C", ¥ is a homeomorphism. Hence, ¥ gives us the homeomorphism of the
pairs (CA™ 1, A"1) = (C™, ,C™), so that the induced map ¥ : A" — D"isa
homeomorphism. (]

Remark 2.8 If we consider ([0, 2], 2) to be a pointed space, then collapsing 9. C2k+1)
in C2k+D) = Ck+1 5 Ok we get

5k+1 /\5k+1 = Dk+1 /\Dk+l
= pAk+l)

This can be generalized to the case of CP*+1) = Ck+1 x ... x C¥*! and so collapsing

p times
8,CcP*+D) corresponds to AP D¥*! = AP Dk = prk+D) Hence

p p p
w (1_[ Ck+l) = /\5k+l = /\Dk+l and

p p P
w (l_[ G_Ck”) x /\ oDF =~ /\ Sk, where dD* denotes the boundary of DK+,

(Hp Ck+l) /aJGC(kH)E—) /\p Dk+1

|

/\p 5k+1

Lemma 2.9 For any compact and Hausdorf{f spaces X and Y, there is a homeomor-
phism
p:C(X*Y)—> CXxCY.

Proof We follow the proof of [2, Lemma 8.1]. We can represent a point in C(X =Y
by [c, [x, y,t], A]. We define the homeomorphism ¢ by
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o([c, [x, y,t], 2]) = ([¢, x,24 - min{z, 1/2}], [c, ¥,2A - min{1 — £, 1/2}]) € CX X CY,

where the cone point is at = 0. At A = 1, ¢ reduces to the usual homeomorphism
XY =2 (CXXY)U(X XCY).

The map ¢ is a homeomorphism as a continuous bijection from the compact space
C(X = Y) to the Hausdorff space CX x CY. (|

3 Combinatorial tools

One of the main goals of this section is to embed the simplicial complex K in a bigger
simplex with vertex set [(k + 1)m]. We start by introducing a linearized version of
the join of spaces.

Definition 3.1 (Geometrically joinable)

* Two compact subspaces X and Y of R" are said to be geometrically joinable if
whenever x, x’ € X, y,y’ € Y and A, A’ € I are such that
Ax+ (1 =)y = A’x" + (1 — A")y’, then we have one of the three following
possibilities

- A1=A1"=0,andsoy =y";
— A=A"=1,and so x = x’;
- 0#A=2#1,x=x"andy=y".

* More generally, p compact subspaces Xi,---, X, € R" are geometrically join-
able if whenever we have an equality between two convex combinations of points
of Xy, -, X), that is, whenever

P p
S t= S,
i=1 i=1

for some x;,x] € X; and A;, 4] € [ with Zle A =1= Zle A7, then for all
i=1,--,psuchthat 4; # 0 or A] # 0, we have A4; = A/ and x; = x/.

* If p compact subspaces Xj,---,X, C R" are geometrically joinable, then we
define their geometric join _ X; to be the set of all convex combinations of
elements of X;, that is,

P p
%?:]Xi = {Z/lixi € R" : x; € X; and A; € I such that Z/li = 1}

i=1 i=1

The notion of geometrically joinable introduced here is also called “in general
position”. In the following, when we use the notation X*Y, it is to be understood that
X and Y are indeed geometrically joinable.
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Example 3.2 Single points X; = {x1},---,X, = {x,} in R" are geometrically
joinable if and only if they are affinely independent. In that case, their geometric join
%ﬁ’:lXi is their convex hull, which is a (p — 1)-simplex, that is,

S X = ex{xy, e, xp) = AP

Lemma 3.3

1. Let X and Y be geometrical joinable subspaces of R"". The map

O:XxY > XxY
[x,y,2] > Ax + (1 =)y

is a homeomorphism.
2. More generally, for geometrically joinable subspaces X1, - - - , Xp of R", the map

N
Q) %, Xi — %X
P
P
[xi, il Z/lixi
=1

is a homeomorphism.

Remark 3.4 Observe that if U and V are respective subspaces of geometrically
joinable spaces X and Y, then U is geometrically joinable to V.

Lemma 3.5 Let X, Y| and Y be three compact subspaces of R". If X is geometrically
Jjoinable to each Y; and

XY N XxY, = X;(Yl N Yz), @)

then X is geometrically joinable to Y1 U Y5.

Proof Letx,x’ € X,w,w’ € YUY, and A, A’ € I be such that
Ax+(1=-Dw=x"+(1-21)w'. (8)

If we have either w, w’ € Y] or w, w’ € Y,, then there is nothing to show since X is
geometrically joinable to both Y; and Y. Without lost of generality suppose w € Y;
and w’ € Y, and so (8) gives us

X512 Ax+(1 = Dw =A'x"+ (1 - )w’ € XxY>.
Then by (7), there are x”" € X, w” € ¥ NY; and A" € I such that

Ax+(1-Dw=2"x"+1-2")w", ©)
X +(1-A)w =2"x"+(1-2")w". (10)

If A" = 0 (respectively A" = 1) then
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e A =0 (respectively 4 = 1) and w = w”’ (respectively x = x’’) by (9), since X and
Y) are geometrically joinable.

e A" =0 (respectively A’ = 1) and w’ = w”’ (respectively x’ = x”’) by (10), since X
and ¥, are geometrically joinable.

Thus A =0 = 2" and w = w’ (respectively A =1 = 2" and x = x’).
If0+# A" # 1 then

e A1=2"and, x = x” and w = w” by (9), since X and ¥ are geometrically joinable.
e A =2"and, x’ = x” and w’ = w” by (10), since X and ¥, are geometrically
joinable.

Thus 4 = A’ and, x = x" and w = w’. Therefore X is geometrically joinable to
Yubl,. O

Notation 3.6 Now letn = (k + 1)m and for i € [m], consider the following notations:

. vf = e(k+1)(i-1)+¢> forany £ = 1,---  k+ 1,
1
© 4= YhH v =bar{v/ }**1, that is, g is the barycenter of {v/ }¥*1,
e Aj=cx {vf}];]l,
e S =

Lemma 3.7 For any subset o C [m], the collections {A;}ico, {Sitico and {a;}ico
are respectively families of geometrically joinable compact subspaces of R".

Proof Consider the following identity of convex combinations

o] o]

Z/lx, Za, x, (11)

for some x;, x; € A; and A;, A] € I with Zle A=1= Zle A!. The equation (11) is
equivalent to

where x; = Z'(f*]] tfvf and x/ = Zlgﬂl s vf are convex combinations. Since
{uf cieo,t=1,---,k+1}is afﬁnely independent, then /litf = /llfsf, for all
ieo,l=1--,k+1 Without loss of generality if A; # O (the proof is similar if

we assume A’ # 0), then t[ /1 ¢ Hence we have
L

k+1 . k+1 /ll{
t:=1= —s: =
i A i
=1 =1""
A/ k+1
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k+1 ’ k+1

Al
fo:]z/l—’zl, sinceZsf=1
=1 ! =1
=>/11{=/li
:tfzsf,foralliEO',€=1,"',k+1
k+1 k+1
_ ¢ _ .6 _
=>x,-—Ztivi _Zsivi =X
= =1
= X =X

Therefore the collection {A;};cs is geometrically joinable. As the collection of
boundaries of disjoint k-simplices A; in R" respectively, {S;};co is a family of geo-
metrically joinable compact subspaces of R". Likewise, the collection of barycenters
{a;}ico of the k-simplices A; is geometrically joinable. O

Notation 3.8 For any o C [m] and by Lemma 3.7, consider the setting

© J(0) = Uieo {(k + )i = 1) + £}52] < [n],
* Ay =é(~](0-)) = giE(rAi’

e So = ﬁiE(TSi?

. S:;_ = %jgg—S]’,

e ay=cx{aq; i €0}

An example of this setup is illustrated in Figure 3.

(a) For o = {1,2} (b) For o = {1}

Fig. 3: Examples of a;, S;i, as, S and S}, for m =2 and k = 1, thatis n = 4.

Lemma 3.9 For any o C [m], the compact spaces a, and S, are geometrically
Jjoinable, and we have
Ay = a5*Sy.

Proof Let us prove a, and S, are geometrically joinable for k = 1 and for
o = {1, 2}; the general case can be proved similarly. Hence S, can be split as follows
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So = [er, e3]Uer, e4] U[er, e3]U[er, e4] and
—_— = Y= =
Fy F, F3 Fy

LR
ag = 261 262,263 264 .

The complexes a, and F;, for each i = 1,2, 3,4, are both 1-simplices and all their
four vertices are not coplanar. So a, and F;, for each i = 1, 2, 3, 4, are geometrically
joinable and their join a, *F; is a 3-simplex. Also we have

ac¥(F1 N ) = ag*{e1} = (ag*F1) N (ag*F).
Hence by Lemma 3.5, a, is geometrically joinable to F; U F;. Similarly, we have

ag*((F1 U F2) N F3) = ag*{e3}

(GO';(FI U FZ)) N (aO';F:")'

Hence a, is geometrically joinable to F; U F> U F3. Similarly, we have

ac*((F1 U F, U F3) N Fy) = ag*{ez, es}
(ag*(F1 U F2 U F3)) N (ag*Fy).

Hence a, is geometrically joinable to S = F1 U F, U F3 U Fy. For any i € [m],

S; = 0A; and a; = bar{vf}lg;“ll. Then a; and S; are geometrically joinable, and we

have A; = a;*S;. We deduce
Ao‘ = giE(TAi
= *ico(ai*S;)
= (¥icoti)¥(¥icoSi)
= a,*S,. O

4 Proof of Theorem 1.5

Now we have all the tools to write down the proof of Theorem 1.5 for k > 1. The
case of kK = 0 will be treated in the next section. In the following, we consider the
notations introduced in Sections 2 and 3.

Proof Setting W, = A,*S}; for each o € K, we have

U Wo = | (Ricoth) ¥ (%j¢0S)) - (12)

ek oekK
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Consider the collection of simplices A(K) = {as }seck, Which is a geometric real-
ization of the simplicial complex K and

AK)| = | ar (13)

oekK

to be the underlying subspace of R” = R&*D™ The complexes a[m) and S, are
geometrically joinable by Lemma 3.9, and also A(K) is a subcomplex of aj,,.
Therefore |A(K)| and S|,,,) are geometrically joinable by Remark 3.4, and we have
Spm ¥ A(K)| = Skm=1 s |K| = £km|K|, since Sim) = Skm=1_Then

Wo = As%S),
as*(Sy*S).) by Lemma 3.9

= ag;S[m] .

This is illustrated by Figure 4, where W, is the union of the two blue triangular
surfaces. In this example, we have S|,,) = dW,-. Hence from equation (13) we also

So

Uy

A,

Fig. 4: Examples of W, form =2, 0 = {1} and k = 1, thatis n = 4.

have
U W, = skm|K|. (14)
oeK
Therefore we have
v won = | wiew,)
ogekK ogeK

| ¥ (C(Fieot) % (RjewrS)))) by (12)

oekK
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vl Jwen = | (] Jeanx] sy

oekK oekK ieo Jj¢o

¥

oeK

J

by Lemma 2.9

I3

[ ]k x ]_[a_cj’?“) by Lemma 2.7,  (15)

i€o j¢o

where CF*! and Cj’-‘Jrl are copies of the (k + 1)-cube.

Then we get
P U W,) = U P(EW,,)
oekK ek
= U w ]—[ ' x ]_[ a_cj’f“) by (15) and Lemma 2.7
ek i€o Jjéo
= U /\ DA /\ dD**! | by Remark 2.8, where D**!
oeK \ieo Jj¢o

are copies of the nonstandard (k + 1)-disk Dk,

P U W,) = U A\ DEE AN Sk

by Lemma 2.3, where D}*' and S}

oekK oeK \ieo jé¢o
are (resp.) copies of the (k + 1)-disk D**! and the k-sphere S*.
= Z(K; (D1, 5%). (16)

On the other hand, we obtain

L7 U W,) = P(ZZ¢"|K]|) by (14)

oekK
= ¥ (zhm )
=~ ykm+1| K| by Lemma 2.7. (17)
Therefore by (16) and (17), we have
Z(K; (D", sK)) = skm+l k|

Hence we have the result. O

5 Thecasek =0

In the previous section, we have proved Theorem 1.5 for k > 1. Here we prove the
remaining case, namely k£ = 0, given by the following.
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Theorem 5.1 There is a homeomorphism
Z(K; (D', s") = |K].

For the purpose of the proof, we will consider the categorical definition of the
polyhedral smash product given by (4). As in the third bullet of Notation 2.4,
consider the functor

A : Cat(K) — Top
o Ao) = Al

The geometric realization of K is given by
|K| = colim A(o). (18)
oekK
Proof Consider the composite functor ZA given by

YA : Cat(K) — Top
o ZA(o) = Al
Let 7 C o be a face inclusion in K, with |7| = p < € = |o"|. We will look at the case

7T ={l,---,p} € {l,---,¢} = o for simplicity; the same argument works for the
general case. Consider the two following maps

¢1 : CAP™! — CA!

[C,(tl,"',tp),ﬁ]H c?(tl7...’tp707...’0)’l
——
{—p times
and
¢r: CP — C*
(tl"" ’tp)|_) (th"' ,tp’()’... ’0)
———
{—p times

The transformation ¥ : SA = D, where the functor D is defined by (3) for the pair
(D', 8%), is a natural isomorphism if the diagram (19) commutes since it induces the
commutative diagram (20) below:

CAP! % cP (19)

J e

CAt —— ¢t
Y,
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v,
APl 2, pp (20)

1 F

AN —— DY,
Y

where ¢, ([s, x, A]) = [¢1([c, x, A])], for all [s;, x, A] € TAP~L, DP =C'A---AC!
— ————
p times

and 50 ¢,([y]) = [¢2(y)]. for all y € CP. For [c, (11, - , 1), A] € CAP™! we have

‘P{"pl ([C, (th ) tp)» ﬂ])
= \P{’([C’ (tl"" ,tp,0,~~~ ’0)’/”)
———

{—p times
1
24(ty, -+ -, tp, 0,---,0), if0 <A< =
R p—— 2
— £—p times 5 . by (6)
((2—2/l)+(2/1— )——————| (1, -+, 0,---,0), if = <A <1
maxi<i<p {ti } ———— 2

{—p times

¢2lyp ([C7 (tl’ ) tp)& /l])

1
$2Q2At1, -+, 1p)), IO AS S
— 2
= y) 1 by (6)
ml[C-20+Q21-1)——————— |1, - -, tp)|, if - <A <1
maxi<i<p {ti } 2
1
2A(t1, -+ 1, 0, -, 0), if0< A< =
—_— 2
_ £—p times
- 1
((2—2/1)+(2/1—1)—)(t1,-~-,tp,0,-~-,0), if - <A<,
maxi<i<p {ti } _— 2

{—p times

Then the two diagrams commute and therefore ¥ is a natural isomorphism. Passing
to the colimit, we have

colim¥ : colim TA(o) — colim 5(0'). 2D
oekK oekK

But we have
colim2A(0) = Z colim A(o) = X£|K| by (18)
oekK oekK

and also considering identity (4), the homeomorphism (21) yields a homeomorphism
ZIK| = Z(K: (X, A)).

Hence we have the result. U
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6 Generalization of Theorem 1.5

In this section, we generalize Theorem 1.5 further, using an argument kindly pro-
vided by the referee. Instead of doubling all the vertices of K simultaneously as
in David Stone’s original construction, we double one vertex at a time and argue
inductively, starting from the case k = 0 in Theorem 5.1. Let us start by setting
some notation and stating intermediate results.

Notation 6.1 In this section, we consider the following set up

e ForJ = (ji, -, jm) an m-tuple from (N U {0})™, denote the family of CW-pairs
(DJ+1’SJ) _ {(Dj]+1,Sj1)’_“ ’ (Djm+1’Sjm)}'

e SetJ; =(0,---,1,---,0) to be the m-tuple having 1 only at the i-th position and
0 elsewhere. For a simplicial complex K over [m] and i € [m], consider the new
simplicial complex K(J;) with m + 1 vertices labeled
{1,---,i—1,igip,i + 1,---,m} and defined by

K(J;) := {(c\{i}) U {igip} |0 € Kandi € o}
U{oU{is} |oceKandi ¢ o}
U{ocU{ip} | o € Kandi ¢ o} U {all their subsets}.

The meaning behind the introduction of K(J;) is illustrated in the following
example.

Example 6.2 For m = 2, consider K = {0, {1}, {2}} and J; = (1,0). We have

Z(K: (D", 8™) = Z(K: {(D*. S"). (D', $°)})
= 5({1}) v 5({2}) as a subspace of D> A D!
=D>*AS'uUs! AD!
=(D'ADHYASOUMD' ASUS A DY A D!
= (D1 A D! /\SO) U (D1 /\SO/\DI) U (SO/\D1 /\Dl)
= D({1a 15}) UD({2} U {1,}) U D({2} U {1, })
= Z(K(J): {(D", 5%, (D", $°).(D", s")})
= Z(K(J);(D", 5%)), see Figure 5.

The next lemma suggests that the polyhedral smash product Z(K; (D', S7)) can be
computed iteratively with steps involving K(J;) for some i € [m].

Lemma 6.3 Let J = (ji,- -, jm) to be an m-tuple and i € [m] such that j; # O.
There is a homeomorphism

Z(K; (D", 87)) = Z(K(J;); (D7), 877)),
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1b

[ K ()]

Fig. 5: K(J1) = {{la, 1p }, {14, 2}, {15, 2}, their subsets }.

where J' is the (m + 1)-tuple J' = (1, -+, ji — 1,0, -+, jm).

Proof The polyhedral smash product Z(K ;(D’*1, 87)) is defined as follows

Z(K; (D, 7))

IR

Z(K:A(DM™, §7), o (DI, 87, oo (DI, §7m)})

oeK

U (/m\ Yg) , where Y, is given by (2)
U (Ao U (A
oeK,ieo \(=1 oeK,i¢o \l=1

U (Y]/\.../\Dfi+1/\.../\ym)

oekK,ieo

U U (Yl/\--~/\Sj"/\~~~/\Ym)

oekK,i¢o

Yl/\.../\(Dji/\Dl)/\...Ym
U )

ek, ieo

] U (Yl/\-«-/\(Df"/\SOUSff‘l/\Dl)/\---Ym)

oekK,i¢o

g (YlA--~AD7iAD1A---Ym)

oeK,ieo

U U (YlA---ADfi/\SOA---Ym)

oekK,i¢o

U U (Yl/\---/\Sff“/\D'/\mYm)

oekK,i¢o

U (5(0')) as a subspace of /m\ pietl = pirtetimtm
=1
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Z(Kk;@* M) = () Do) UlieisDU ) Do Ufiad)
oekK,ieo oekK,i¢o
u |J Dyl
oekK,i¢o

Z(K(Ji); (D", 87)),
where J’ is the (m + 1)-tuple J' = (ji, -+, ji — L0, -+, jm). O

Example 6.4
1. For m = 3, consider K = {{1, 2}, {3}, their subsets} and J = (1, 1,0). We have

Z(K; (D™, 7)) = Z(K;{(D% 8", (D% s, (D', s°)})

= 5({1, 2Hu 5({3}) as a subspace of D> A D> A D!

= D*AD*AS'US'AS'AD!

= D’AD'ADYASUS'A(D'ASCUS’ A DY
AD!

= (DZ/\D1 A D! /\SO) U (S1 A D! /\SO/\Dl)
U(Sl ASOAD! /\Dl)

= D(({1,24:25}) U D({24,3}) U D({25, 3})

= Z(K(J): {(D% 8N, (D", 8%, (D', 8°), (D', s°)})

= Z(K(h); (D!, 81)), with J; = (1,0,0,0)

= Z(K(J)(J1); (D', %)

= Z(K(J);(D",S°), where K(J) = K(J)(J)).

See Figure 6.
21)
1 2 3
—— o ° 3
1 24
K| |K (J2)]

Fig. 6: K(J2) = {{1,24,2b }, {24, 3}, {25, 3}, their subsets }.

2. For m = 3, consider K = {{1,2}, {1, 3}, {2, 3}, their subsets} and J = (2,1, 1).
We have
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Z(K; (D!, 7)) = Z(K; {(D?, §7), (D% §"), (D%, S")})
= Z(K(J1);(D”*, 87, where J' = (1,0,1, 1).
With
K(J1) = {14 15,2}, {14 15,3}, {14, 2,3}, {15, 2, 3}, their subsets},

which is a simplicial complex with m + 1 = 4 vertices.

The second intermediate result in given by the following lemma, which states
that the geometric realization of the simplicial complex K(J;) can be obtained just
by considering a single suspension of the geometric realization of the simplicial
complex K.

Lemma 6.5 For any i € [m], we have
|K(Ji)| = ZIK].

Proof Set S° = {51, 52} to be the O-sphere. We have

YKl = S%x|K]
= {sl,sz}*(Um)
oekK
= | J WsusdsloD
oeK
- U <{s1,s2}*|a|>)u( U ({sl,sz}wn)
oekK,ieo oek,i¢o
= | | <|a\{i}U{s1,s2}|))u( g (|ou{s1}|u|<w{sz}|>)
oekK,ieo oekK,i¢o
= | U <|a\{i}U{s1,s2}|))u( g (|<ru{s1}|))
oekK,ieo oekK,i¢o
u( U (|0'U{S2}|))
oekK,i¢o
= ( | (|a\{i}U{ia,ib}|))u( g <|(ru{ia}|))
oekK,ieo oekK,i¢o
u( U <|au{ib}|>)
oekK,i¢o
= | n
7eK(J;)

|K(Ji)l. 0
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The lemma is illustrated in Figure 7 for the simplicial complex K from Example
6.4(1). Now we can state and prove the main result.

9 21)
1 2 3
——o . 1 3
1 % 3
S1
|K| I|K| = K ()]
Fig. 7: |[K(J»)| = Z|K]|.
Theorem 6.6 For any m-tuple J = (ji, - , jm) in NU{O})™, there is a homeomor-
phism

Z(K; (D', 7)) = wivtrimtl K
Proof Applying Lemma 6.3 3" | j; times, we get
Z(K; (D', 87)) = Z(K(J); (D", 82)), (22)

where K(J) is a simplicial complex obtained by applying the basic move (doubling
a single vertex) >, j; times. By the base case k = 0 in Theorem 5.1, we have

Z(K(J): (DL 8%) = ZIK()]. (23)
Also, applying Lemma 6.5 3" | j; times, we have

TIK(J)| = ZX/Hm K|
= pitHmt g 24)

Therefore, by putting equations (22), (23) and (24) together, we obtain
Z(K; (D", §7)) = 5K,

Hence we have the result. O
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Invariance of Polarization Induced by
Symplectomorphisms

Ethan Ross

Abstract A variant of the Kirillov-Kostant-Souriau approach to quantizing a sym-
plectic manifold (M, w) requires associating a prequantum line bundle (L, V) —» M
and a Lagrangian foliation to M. One then uses these data to define a vector space
called the quantization. In this paper, I introduce an action of the symplectomor-
phisms of (M, w) on the Lagrangian foliations of M. I then show that a symplec-
tomorphism ® : M — M will preserve the quantization if it admits a connection-
preserving lift to the prequantum line bundle. Finally, I give a topological condition
on M which guarantees the existence of such a lift of a symplectomorphism.

1 Introduction

Geometric quantization roughly amounts to associating complex vector spaces
(preferably Hilbert spaces) to symplectic manifolds. The terminology arises from the
realization of a symplectic manifold as a classical phase space and a Hilbert space
as the space of quantum wave functions. One fruitful direction in quantization has
been the Kirillov-Kostant-Souriau picture in which one associates to a given sym-
plectic manifold (M, w) a complex Hermitian line bundle with compatible covariant
derivative (L, V) — M so that the curvature curv(V) is given by the symplectic
form w. The Hilbert space of L? sections then satisfies many of the naive axioms of
quantization given by Dirac [12, axioms Q1-Q3, page 155], but it can be “too large"
in some sense. In order to correct this issue with size, one possible approach is to
introduce an object called a polarization. In this paper I shall only be considering real
polarizations, which are possibly singular Lagrangian foliations P of the symplec-
tic manifold (M, w). Kéhler polarizations, given by complex structures compatible

Ethan Ross
Department of Mathematics, University of Toronto, Toronto, Ontario M5S 2E4, Canada
e-mail: ethan.ross @mail.utoronto.ca
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with the symplectic form w, are also widely used in the literature, but shall not be
considered in this paper.

From here, one has at least two choices for what a quantization could be. One
option uses the covariant derivative V, to define a sheaf of polarized sections S(p,v)
of L. I then define the sheaf quantization to be

Quy (M, P,V) = D H"(M, S v)), (1)

where H" (M, Sp,v)) are the Cech cohomology groups associated to the sheaf. The
other option makes use of the fact that P is a foliation to define distinguished leaves
Lt : B — M, called Bohr-Sommerfeld leaves, which admit non-trivial covariantly
constant sections, that is, sections s of the pull back bundle (:*L,*V) satisfying
t*Vs = 0 along TB. Writing BS(P) for the Bohr-Sommerfeld leaves of P, I then
define the other quantization, Bohr-Sommerfeld quantization, by

0ss(M,P,V)= () H(B,Sp.v)ls), @)
BeBS(P)

where S(p,v)|s denotes the sheaf of covariantly constant sections on B. Sometimes
these two quantizations agree as shown by Sniatycki [9, Theorems 1.1 and 1.2], and
other times they do not as shown by Hamilton [6, Theorem 8.10]. Since both are of
interest, I will consider both in this paper.

A famous body of results in geometric quantization are the “invariance of po-
larization" results, where it can be shown that two naturally arising polarizations
induce the same quantization. Standard examples include the Gelfand-Zeitlin sys-
tem [5, Theorem 6.1] and the moduli space of flat SU(2) connections [7, Theorem
8.3]. In this paper, I show a new kind of invariance theorem arising from the action
of a symplectomorphism on the polarizations. The reason this invariance is “new" is
due to the fact that I am comparing quantizations coming from two real polarizations.
The more classic results cited above arose from comparing the quantizations of a
real polarization with a Kéhler polarization.

In particular, given a real polarization P and a symplectomorphism ® on (M, w),
I define a new real polarization @* P via the pushforward of the inverse of ®. It then
appears to be a tautology that the quantizations of M with respect to P and ®*P
should agree, however I could only show this holds if the symplectomorphism © lifts
to a connection-preserving isomorphism on the prequantum line bundle (L, V) — M.
It is not known to the author if this condition is necessary.

To set up the statements of the main results, let C}, denote the sheaf of locally
constant, non-vanishing complex functions on M. I then obtain the following two
theorems.

Theorem 1.1 Let (M, w) be a symplectic manifold, P a real polarization, ® :
M — M a symplectomorphism, and (L,V) — M a prequantum line bundle. If
H' (M, Chy) = 0, then ® induces an isomorphism between the sheaf quantizations
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OQshf(M,P,V) = Qpp(M,d"P,V),
where Qspr(M, P, V) is defined in Equation 1.

Theorem 1.2 Let (M, w) be a symplectic manifold, P a real polarization, @ :
M — M a symplectomorphism, and (L,V) — M a prequantum line bundle. If
H'(M, QJXVI) = 0, then ® induces an isomorphism between the Bohr-Sommerfeld
quantizations

Ops(M,P,V) — Qps(M,D"P, V),

where Qps(M, P, V) is defined in Equation 2.

The upshot of the proofs of these theorems is that the isomorphism can explicitly
be defined via lifts of the symplectomorphism @ to the prequantum line bundle.
Historically, most invariance results arise from counting the dimensions of the quan-
tizations with respect to two choices of polarization, then showing these agree. So,
even though the isomorphisms of Theorems 1.1 and 1.2 depend on choices, they
could be considered more “canonical” in some sense.

Once again, it should be noted here that although Theorems 1.1 and 1.2 are
invariance of polarization results, they are of a different nature than the classical
results cited above. In particular, I am only comparing the quantizations arising from
two real polarizations. There is a more general notion of polarization where one
consider subbundles P of the complexified tangent bundle 7c M. This gives rise to
three classes of polarizations: real (which I am considering in this paper), mixed,
and complex. In the cases of the Gelfand-Zeitlin system and the moduli space of flat
SU(2) connections, the main point of interest is that quantization by naturally arising
real and complex polarizations give the same quantization. The ideas in this paper do
not apply to those results since symplectomorphisms do not change the “type" of a
polarization. An interesting future direction of research could involve finding larger
classes of symmetries than just symplectomorphisms which interpolate between
the various kinds of polarizations and investigating if similar invariance results can
be obtained. I am also unaware of any example of a symplectic manifold (M, w)
with H'(M, C};) # 0 such that quantization is not preserved under the action of
symplectomorphisms. This could also be an interesting area of future research.

I'would like to thank Dr. Lisa Jeffrey, Dan Hudson, Carrie Clark, and the referee for
reading through the drafts of this paper and pointing out the numerous grammatical
mistakes.

2 Quantization

Let (M, w) be a symplectic manifold.

Definition 2.1 A prequantum line bundle over M is a complex Hermitian line bundle
with compatible connection (L, V) — M such that
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curv(V) = w.

Naively, a quantization should attach to a symplectic manifold (thought of as a
classical phase space) a Hilbert space and a map taking the classical observables
C*®(M) to self-adjoint operators on the Hilbert space. Prequantum line bundles
achieve both of these objectives. The Hermitian structure of the complex line bundle
together with the canonical volume form w" /n! allows us to equip the space I'c(L) of
compactly supported sections with the structure of a pre-Hilbert space. Then, using
the compatible covariant derivative V, one can construct the desired map between
classical and quantum observables. See Woodhouse [12, Chapter 8] for more details.

The reason why these are called “prequantum” line bundles and not “quantum”
line bundles is due to the fact that even in the simplest cases, the resulting Hilbert
space is too large in some sense. For example, equip R>" with standard coordinates
(X1, .+ +sXn Y1, - - -, ¥n) and the standard symplectic structure

wo = dej Adyj.
J

Also define the prequantum line bundle (L, V) over (R>", wg) by

L=RxC, V=d+i) xdyj,
j=1

where I identify the sections of L with smooth complex-valued functions on R?".
It’s then an easy exercise to show that the resulting Hilbert space is L>(R>"). This is
unsatisfactory since the quantization of symplectic R?" should be L?>(R"). Further-
more, important properties like the Heisenberg uncertainty relations between the
coordinates will not hold in this Hilbert space.

An easy remedy for these problems would be to only consider functions f which
only depend on half the variables, say f = f(y1,...,y,). Observe that these are
precisely the functions which obey

Vo f=0

for each j, that is, functions which are covariantly constant along the Lagrangian

subbundle
0

Oxn

}.

Generalizing this idea is where the concept of a polarization arises.

0
P=span{a—x1,...,

Definition 2.2 A (singular, real) polarization of (M, w) is a singular subbundle P C
T M such that its sheaf of sections §p satisfies the following axioms.

(i) (Involutivity) If X,Y € §p, then sois [X,Y].
(ii)(Locally Finitely Generated) For any x € M, there exists an open neighbourhood
U C M of x and sections X1, ..., X; € &p(U) such that
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&p(U) = spanceqn{ X1, .., Xi}-

(iiifLagrangian) There exists open dense subset U C M such that for each x € U,
Py c Ty M is Lagrangian.

Remark 2.3 (i) Involutivity and the Locally Finitely Generated property of P means
that it defines a singular foliation in the sense of [2]. It then automatically follows
that there exists an open dense subset U c M such that P|y is an involutive
smooth subbundle of TU.

(ii)As was noted in the introduction, there are other kinds of polarizations. In the non-
singular case, a polarization is an involutive Lagrangian subbundle P ¢ TcM,
where TcM is the complexified tangent bundle. Usually it is also demanded that
E=(P+P)NTM and D = PN P NTM are also subbundles. P is called real if
D = E, complex if E = TM and D = 0, and mixed otherwise. See Andersen [1]
for a more in depth discussion.

Since Lagrangian subspaces have half the dimension of the symplectic manifold,
demanding sections be covariantly constant along the directions associated to P is
one mechanism for cutting down the variables on which the Hilbert space depends.
With this motivation, define the sheaf of covariantly constant sections S(p,v) by

Sp,wyU) ={s€l'(UL)|Vxs=0V X € gp(U)}, 3)

foropen U Cc M.
This enables us to formally define the sheaf quantization for the purposes of this

paper.

Definition 2.4 Define the sheaf quantization of (M, w) with respect to the prequan-
tum line bundle (L, V) — M and the polarization P ¢ TM by

Osnf(M, P, V) := @H"(M, Se,v)); “4)

where H"(M, S(p,v)) denotes the n-th Cech cohomology group of M with respect
to the sheaf S(p v).

As alluded to in the introduction, another common way of quantizing a symplectic
manifold is by a Bohr-Sommerfeld quantization. To do this, observe that if P ¢ TM
is a polarization, then P induces a decomposition of M into disjoint immersed
submanifolds called leaves [10, Theorem 4.2]. If M is connected, the leaves of
maximal dimension are immersed Lagrangian submanifolds.

Now, if ¢t : B — M is a leaf of P, one can pull back the covariant derivative
V on L to the pull back bundle ¢*L — B and write (*V for the resulting covariant
derivative. Thus, define a sheaf S(p v)|p on B by

Sp.w)|s(U) = {s e (U, L) | 'Vxs = 0 VX € ¥(U)}, )

for open U C B.
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Definition 2.5 A leaf B of P is called Bohr-Sommerfeld if
H°(B,Sp,v)|8) # 0.

Writing BS(P) for the set of Bohr-Sommerfeld leaves of P, define the Bohr-
Sommerfeld quantization of (M, w) with respect to the prequantum line bundle
(L, V) — M and the polarization P by

Ops(M,P,V):= (P H(B,Sirv)ls). (©)
BeBS(P)

Remark 2.6 (i) An equivalent definition of a Bohr-Sommerfeld leaf used in the
literature is as follows. A Bohr-Sommerfeld leaf is a leaf ¢ : B — M that admits
a non-trivial covariantly constant section s : B — (*L, i.e. a covariantly constant
section which is not identically the zero section.

(ii)If B is a Bohr-Sommerfeld leaf and is connected, then it follows that

H°(B,S(p.v)l5) = C.

3 Lifts of Symplectomorphisms

The main mechanism for comparing the quantizations by various polarizations is by
lifts of symplectomorphisms to automorphisms of the line bundle. For the following

discussion, fix a prequantum line bundle (L, V) 5 (M, w), with M connected, and a
symplectomorphism ® : M — M.

Definition 3.1 A lift of the symplectomorphism @ is a diffeomorphism F : L — L
such that

(i)moF =®on.
(ii)For each x € M, the map
FX . Lx — L<I>(x)

is a linear isomorphism.

Example 3.2 If L = M x C is a trivial line bundle, then a lift of ® : M — M is
given by
F:L—L; (x,2) (Ox), f(x)2),

where f € C*(M, C*) is a non-vanishing smooth function.

Remark 3.3 Let X and Y be topological spaces and f : X — Y a continuous map.
f then defines a functor between the category of sheaves on X to the category of
sheaves on Y. Indeed, let S be a sheaf of X and define sheaf f.S on Y by

£SWU) = S(f7(U)) )
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for open U C Y. Similarly, given a natural transformation

n:8—8’
between sheaves S and S’ on X, we can define natural transformation

fn: f.S - £S5

by
fn@) =n(f~ ') : S - S'(F1(U) (®)

foropenU CY.

Write I'; for the sheaf of sections of L. A lift FF of @ then defines a natural
isomorphism
F,:0.0;, —>Ty, )

where for each open U ¢ M and each s € T (®~'(U)), define F,s € Tz (U) by
F.s(x) := F(Dfl(x)(s((I)_l(x))), xeU.

It’s easy to see that F. respects restrictions and hence is indeed a natural transforma-
tion. The inverse to F thus also induces a natural transformation

(F_l)* : (q)_l)*rL - I—‘L'
Pushing this forward by @,
O (F), : Ty — O,I7p,

we thus get our inverse to F,.
Now, let X, denote the sheaf of vector fields on M. Since @ is a diffeomorphism,
its derivative d® also defines a natural isomorphism

D, : D Xp — Xy

Thus, since the covariant derivative V is a natural transformation X; ® I';, — I'z,
the natural isomorphisms @, and F are then used to define a pullback covariant
derivative.

Definition 3.4 Given a lift ' : L — L of @, define the pullback covariant derivative
F*V to be the unique natural transformation

F'V:XyI'p -I

so that the diagram commutes
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(D*(fM ® FL) - > @I
O . XF, F.

Xyl — T}

Remark 3.5 For any lift ' of ®, F*V is a prequantum covariant derivative for
L — (M, w), that is, the curvature of F V is the symplectic form w,

curv(F*V) = w.

This can be shown as follows. Let U ¢ M be open and s € I'r (U) non-vanishing,
then there exists unique @ € Q!(U) such that

Vs =ia®s. (10)

Since curv(V) = w, it follows that da = w|y. Now, define ¢ € I'; (&~ (U)) uniquely
by F.t = s. It’s then a matter of unfolding the above definitions to see that 7 is
non-vanishing and that

F'Vit =i®d'a 1. (11)

Thus, since @ is a symplectomorphism,
d(I)*a = w'@’](U)'
Hence, curv(F*V) = w.

It will be important later to determine when a symplectomorphism ® admits a
covariant derivative preserving lift, that is, a lift ' : L — L satisfying

F*V=V.

If @ does admit such a lift, then ® will always preserve the quantization with respect
to any polarization.

Lemma 3.6 Let QK/[ be the sheaf of locally constant C*-valued functions on M. If
I-VII(M,QXJ) = 0, then ® admits a lift F : L — L satisfying F*V = V.

Proof Choose a good cover {U;}[3], that is, for any finite collection of indices
j1» ... jk, the intersection

Ujj.j = Uj N0 U, 12)

is either empty or contractible. One can always choose such a cover since contractible
covers are cofinal among all covers. Furthermore, since U; is contractible for each
J, there exists a non-vanishing section s; € I'L (U;).

Since each of the s; are non-vanishing, we obtain useful local data.
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* (Local primitives of w) As was noted above, on each U; there exists unique
a; € Q'(U;) such that
Vs; =iaj ®s;. (13)

These «; all satisfy
d(lj =w|Uj. (]4)

* (Transition Functions) If Ujx # 0, then there exists unique A;x € C*(Uj, C*)
satisfying
Ajkseluge = $jluj - (15)
It’s a straightforward calculation to show that on overlaps Uj, the local primitives
«; and the transition functions A are related by
@; — oy = —idlog(A;x) (16)

for any choice of branch of log.

Now, using the inverse image of ®, we obtain another good cover {®~ (U i)},
and so we can choose a new collection of non-vanishing local sections where ¢; €
r (@' (U 1)). Write §; for the associated local primitives of w and write uj; for
the associated transition functions. The sections #; will now be suitably re-scaled to
define the lift F.

First, we may assume that g; = ®*«;. Otherwise, since U; is contractible and
since 8; and ®*«; are local primitives of w, there exists f; € Ce(@ (U 1)) such that

Bj - <I)*aj = df]
Now redefine 7/ := e”'fit;. 1t then follows that

Y X
th—l(I) @; ®t;.

Next, we may assume that the transition functions ;. for the #; are related to the
transition functions of the s; by

Hjx = Ajx o D.
Indeed, otherwise using equation (16), we have
—idlog(Ajx) = aj — ay
and, by assumption, we also have
—idlog(ujx) = ®*a; — P ax.

Thus,
dlog(ujx) = d log(@" Aj1).

Thus, since Ujy is contractible, there exists Cjx € C* such that
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Hjk = Cjre®* Aj.

Observe that on triple overlaps Ujx, the following cocycle condition holds
/lkg/l;gl/ljk =1.

Thus, the constants Cjy satisfy an analogous cocycle condition
CkgCJ-_glek =1.

Hence, the constants C;; define a closed 2-cocycle {Cjx} € Z'{U i}, C3,). Since
H'({U i}, C3,) = 0, there exists a collection of constants {e;} € C* such that

Cik = ex e;] .
Now, redefine tj’. := e;t;. It’s then straightforward to check that
O Aty = tJ’.
and the local primitives are still ®*q;
Vlj = i(l)*aj ® l‘j.
Thus, we may locally define lifts F; of ®@. For each j, set
Fy + Llo-1wy) = Llu

uniquely by (Fj).t; = s;. Since the transition functions for #; are given by the
pullbacks of the transition functions of the s;, it follows that F; = Fy on overlaps
Ujx. Thus, we obtain a global lift ' : L — L of ®. By construction, we have

V[j = i(D*Qj ® 1.

Further,
F*V[j = iCD*O/j ® 1.

Therefore, F*V = V.

4 Action by Symplectomorphisms on Polarizations

Consider the motivating example for polarizations, R?" with the standard prequantum
line bundle introduced in the beginning of section 2. Physicists will (implicitly) use
one of two polarizations to cut down on the number of variables. Recall, R*" is given
coordinates xi, ..., Xu, Y1, - - ., ¥n, then there are two naturally arising polarizations:
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0 0
P = —_— ., —
Span{axl, ,axn}
and P p
=span{—oi,...,—}.
Q=sp {ayl 6y,,}

Using P as the polarization gives the “momentum representation” Qy, f(RZ", P) and
Q returns the “position representation" Qg f(RZ", Q). If one were to equip these
vector spaces with a Hilbert space structure, this can be done using half-forms [1],
then both would be isomorphic to L>(R™). In particular, they could be viewed as the
same quantization.

Another, perhaps more geometric approach would be to realize that

@ : R¥™ — R™: Xty os X Y1 oo s V) B> (V1 v e oy Yo = X1y e o oy —Xn)
is a symplectomorphism which fibrewise swaps the polarizations
(I)*P = Q, (D*Q = P.

Furthermore, if U c R?" is open, then it’s easy to see that precomposition by ®
defines an isomorphism of sheaves

(ORI S(p,v) — (D*S(Q,V).
Hence, ® induces an isomorphism

Osnf(R*™, P) = Qunr(R™, Q)

between the momentum and position representations as desired.
I now want to generalize the above construction to more general prequantum line
bundles and polarizations.

Definition 4.1 Fix a symplectic manifold (M, w), a symplectomorphism ® : M —
M, and a polarization P C TM. Define a new polarization ®*P c TM point-wise
by

O*Py = do @ (Paqy)- (17)

Since © is a diffeomorphism it easily follows that ®*P is an involutive, locally
finitely generated, smooth singular subbundle of 7M. Further, ® being a symplec-
tomorphism gives us that ®*P is generically Lagrangian in the sense of Definition
2.2.
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4.1 Symplectomorphisms and Sheaf Quantization

For this section, fix a prequantum line bundle (L,V) — (M, w), a polarization
P c TM, and a symplectomorphism @ : M — M. Recall that §p denotes the sheaf
of sections of P.

Proposition 4.2 Let F' : L — L be a lift of ®. Then the inverse of F defines a natural
isomorphism
(D*(F_] )* N S(P,V) — (D*S(d)*P,F*V)’

where ®,(F™), is the pushforward of the natural isomorphism (F~'), by ® as in
Equation (8).

Proof Let U C M be open. Recall that the lift F' defines an isomorphism
F :T(@7'(U) = I (V)

from equation (9). Fix s € S¢p,v)(U).Iwill now show that (F).s € S p.F V)((D_l 0)),
that is, for any X € Fo-p(®~'(U)), I want to show

(F*V)xF's = 0.
This is quite straightforward since by definition of F*V, we have
(F*'V)xF's = F'(Vo,xs).

By construction of ®*P, we have ®,.X € Fp(U). Hence, Vxs = 0 and thus
(F*V)xF's = 0. Clearly F, : D.S@+p,F+v) — S(p,v) is the inverse. O

Corollary 4.3 For any lift F : L — L of ©, there exists a canonical isomorphism
Qsnf(M, P,V) — Qg p(M, ®*P, F*V).
Proof The natural isomorphisms of Proposition 4.2 give an isomorphism
H* (M, S(p,v)) = H*(M, ©.S(@ p.Fv))
All that’s left to show is that there is an isomorphism between cohomology groups
H*(M, .S p,F+v)) = H (M, S0+ p,F+v))-

For sake of convenience, set S = S+ p,F+v). For any open cover {U;} we have
equality of chain complexes

C*({U;}, S) = C* ({07 (U)), .5).
Thus, we get an isomorphism of cohomologies

H {U;},S) —» H (o (U))}, ..9).
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It’s easy to check that this isomorphism is compatible with refinement, hence induces
a map
H*(M,S) - H*(M, ®..S).

It follows since @ is a diffeomorphism that it is a bijection on open covers, hence
the above map is in fact an isomorphism. See chapter 10 of Wedhorn[11] for more
details. O

Proof (Of Theorem 1.1 ) Applying Lemma 3.6 there exists a lift F : L — L of ®
such that F*V = V. Corollary 4.3 then gives the desired isomorphism

QShf(M7 P’ V) - QShf(M’ (D*P, V)

4.2 Symplectomorphisms and Bohr-Sommerfeld Leaves

As before, fix a polarization P ¢ TM and a symplectomorphism ® : M — M.
Lemma 4.4 Ift: B — M is a leaf of P, then ®' o« : B — M is a leaf of ®*P.

Proof By construction of @*P it is clear that if « : B — M is an immersed integral
submanifold of P, then ® ! o ¢ : B — M is an immersed integral submanifold of
@*P. Indeed, for any x € B, by definition

l*(TxB) = PL()C)'

Hence,
(@7 0 1)u(TxB) = ©;' P,y = D" Py

ou(x)*

The only issue now is maximality of ®~! o : B — M. Suppose ¢’ : B’ — M is
another integral submanifold of ®*P through ®~! o «(x) for some x € B. Then, by
the same argument, ® o ¢’ : B — M is an integral submanifold of P through ¢(x).
Thus, by the maximality of ¢ : B — M there exists an open embedding

H:B — B

making the diagram commute

PN

B(—B’

Since @ is a diffeomorphism, it then follows that the below diagram commutes
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B(—B’

Hence, ® ! o ¢ : B — M is a maximal integral submanifold of ®*P. O

For the sake of convenience, simply write B for the data of aleaf ¢ : B — M of
P and ®*B for the data of ®~! o1 : B — M. It then becomes clear that ® induces a
bijection between the leaves of P and ®*P.

Corollary 4.5 If L f(P) denotes the set of leaves of P, then the map
Lf(P) - Lf(®*P); B> ®*B
is a bijection.

Lemma 4.6 Let @ be a symplectomorphism and F : L — L a lift. Then, for any leaf
t: B — M, F induces an isomorphism

(Fg). : H(B, S p.r+v)lo8) — H(B, S(p.v)|5)- (18)

Proof Fix aleaf t : B — M and alift F : L — L of ®. Define an isomorphism of
line bundles

(@! OL)L—)LL

>~

Fp(x,z) = (x, FL(X)(Z))'
One then checks that the following identity holds

by

Fp('V) = (@' 0 ) (F*V).
Thus, if s : B — (@' 0 ¢)*L is a section satisfying
(@ o) (F'V)xs =0
for all vector fields X on B, then
(V)x(FB)s = (Fg).(®7' 0 )" (F*V)xs) = (Fz).(0) = 0
Hence, one obtains a map
(Fg). : H(B, S p,r+v)lor5) = H(B, S(p,v)|5).

It’s clear that (Fg 1), is the inverse. O
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Proof (Of Theorem 1.2) By Lemma 3.6, ® admits a lift 7/ : L — L such that
F*V = V. Due to Lemma 4.6, the bijection in Corollary 4.5 restricts to a bijection

BS(P) — BS(®*P).

Furthermore, taking the direct sum of the isomorphisms in equation (18), the desired
isomorphism is given by

P (Fs). : Qns(M. ®P.V) > Qps(M. P.V)
BeBS(P)

5 Application to Toric Geometry

To finish off, let’s discuss an application to toric varieties. There are easier proofs
that don’t require the machinery developed above, but it at least illustrates how the
vanishing of the first cohomology with coefficients C* can appear.

Theorem 5.1 Let (M, w) be a smooth compact symplectic toric variety together with
a prequantum line bundle (L, V) — M. Then, for any choice of symplectomorphism
® : M — M and any choice of real polarization P C T M, there exists isomorphisms

Qshf(Mv P, V) S Qshf(Mv o P, V)
QBS(M7 P7 V) = QBS(Mv (D*P’ V)

Proof Since M is a compact toric variety, it follows that m(M) = 0 [4, First
Proposition, Section 3.2]. Since

H'(M,C*) = Hom(m (M), C"),

it then follows that H 1(M, C*) = 0. Thus, the hypotheses of Theorems 1.1 and 1.2
hold. O

As an application of this result, I obtained a kind of universality for quantization
of toric manifolds under twisting. In more detail, let 7 = (S')" be an n-torus with
t = Lie(T) and u : (M, w) — t* be a compact T-toric manifold. The momentum
map u naturally defines a polarization P(u) c TM on (M, w), where for each x € M
we define

P(W)x := Topr™ (u(x)). (19)

Given a symplectomorphism @ : M — M, one can twist the action of 7 on M by
TxM—M; (tx)- O@F- -0 (x)).

This is clearly a symplectic action. Furthermore, define
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uq) = puo ol

Then, u® : (M, w) — t* is a T-toric manifold once again. Call this the twisting of
u: (M, w) — t* by @.

Thus, each symplectomorphism @ of a toric manifold generates a new polarization
P(1®) defined as in equation 19, but with u® replacing p. It is a triviality to unwind
the definitions to show that

P(u®) = ®*P(u).

This computation together with the previous theorem provides us with the following
result.

Corollary 5.2 Quantization of a compact toric manifold is invariant under twisting
by symplectomorphisms.

Of course this is nothing new as Hamilton in [6, Theorem 8.10] showed for any
compact toric manifold u : (M, w) — t* that

QusM. PV = P C

Anu(M)°

where A is the dual of the lattice ker(exp : t — T) and pu(M)° is the interior
of the associated Delzant polytope to M. Since the cardinality of A N u(M)° is a
isomorphism invariant of a toric manifold, we immediately arrive at Corollary 5.2.
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Polyhedral products for wheel graphs and their
generalizations

Stephen Theriault

Abstract A general homotopy decomposition is established for the based loops on
certain polyhedral products. This is then specialized to obtain an explicit homotopy
decomposition for the loops on the moment-angle complex Zg, where K is a wheel
graph or a generalization thereof.

1 Introduction

Polyhedral products have emerged as an important class of topological spaces and
a key problem is identifying their homotopy type. While there has been a certain
amount of success in doing this in special cases it is a very difficult problem in
general. In this paper we make the case that it is sometimes, perhaps paradoxically,
easier to determine the homotopy type of the loop space. This may be a new way
forward in the analysis of the homotopy theory of polyhedral products.

Let K be an abstract simplicial complex on the vertex set [m] = {1,2,...,m}. In
other words, K is a collection of subsets o= C [m] such that for any o~ € K all subsets
of o also belong to K. We refer to K as a simplicial complex rather than an abstract
simplicial complex. A subset o € K is a simplex or face of K. The emptyset 0 is
assumed to belong to K.

Given a simplicial complex K on the vertex set [m], for 1 < i < m let (X;, A;)
be a pair of pointed CW-complexes, where A; is a pointed subspace of X;. Let
(X, A) = {(X;, A}, be the sequence of CW-pairs. For each simplex (face) o € K,
let (X, A)” be the subspace of []Z, X; defined by

X;ifieo

m
g _ i g—
(Xsé) - ]:[Yl Where Yt - {Al lfl ¢ o.

Stephen Theriault
School of Mathematical Sciences, University of Southampton SO17 1BJ, United Kingdom
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The polyhedral product determined by (X,A) and K is

@af - Jxar e[ ]x.
i=1

oeK

A fundamental case is the moment-angle complex Zk thatis central to toric topology,
which occurs when each pair of spaces (X;, A;) is (D?, V).

We first give a general decomposition for the loops on certain polyhedral products
that generalizes work of Félix and Tanré [6]. Let K, L and M be simplicial complexes
with L a sub-complex of K, and let K be the pushout of the simplicial maps L —
K and L — L % M, where L * M is the join of L and M. In Theorem 2.6 a
homotopy equivalence for Q(X, A)X is given in terms of Q(X, A)X, Q(X, A)F and
two related spaces. This is then specialized considerably in order to get concrete,
explicit homotopy equivalences for a family of moment-angle complexes. Taking
K = P, as the boundary of the m-gon, L = V,, as its vertex set, and M a single
vertex, the simplicial complex K = W,, is known as a wheel graph. With the same
K and L but taking M to be any simplicial complex we obtain what will be called
a wheel complex W,,,(M) (as it need no longer be a graph). In Theorem 5.9 explicit
homotopy equivalences for QZp, and the homotopy fibre of Zy,, — Zp,, are
used to give an explicit homotopy equivalence for QZw, (v in terms of spheres,
loops on spheres, and Q). In particular, QZyw,, is homotopy equivalent to a
product of spheres and loops on spheres.

This suggests there may be a wide class of simplicial complexes K with the
property that QZk is homotopy equivalent to a product of spheres and loops on
spheres. It would be interesting to investigate this problem further.

The author would like to thank the referee for several comments that have improved
the paper.

2 A general decomposition for the loops on certain polyhedral
products

This section generalizes work of Félix and Tanré [6] on the homotopy theory of
certain polyhedral products. The main result is Theorem 2.6; it requires two tools,
presented in Lemmas 2.1 and 2.3. The first is Mather’s Cube Lemma [15].

Lemma 2.1 Suppose that there is a homotopy commutative diagram of spaces and
maps
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E——F

N\

|\
G——

l 1[
A—|—B
N N
C——D

where the bottom face is a homotopy pushout and the four sides are homotopy
pullbacks. Then the top face is a homotopy pushout. O

A typical construction of such a cube is to start with a homotopy pushout A-B-
C-D and amap f: D — Z. Define the space H as the homotopy fibre of f and
define F, G and E by pulling back with the map H — D. This gives a homotopy
commutative cube with the bottom face a homotopy pushout and all four sides being
homotopy pullbacks, so Lemma 2.1 implies that the top face is also a homotopy
pushout.

The second tool requires some setup. In general, if L and M are simplicial
complexes the join of L and M is the simplicial complex

L+«M={cUt|oce€Landt e M}.
By the definitions of the join and the polyhedral product, there is a homeomorphism
X, HFM = (X A x (X, Y.

Let K be a simplicial complex on the vertex set {1,...,m} and let M be a
simplicial complex on the vertex set {m+1,...,n}.Let L be a subcomplex of K and
define the simplicial complex K by the pushout

L——LxM

l l ey

K—K.
Note that K has vertex set {1,...,n}.

Example 2.2 If M = {v} has only a single vertex then (1) attaches a cone to the
subcomplex L of K. In terms of the standard star-link-restriction pushout with respect
to the vertex v we have K = K\v, L * M = star¢ (v) and L = link& (v).

The pushout (1) induces a commutative diagram of polyhedral products but
this can be strengthened to a pushout of polyhedral products if correctly interpreted.
Regard K, L and M as simplicial complexes on the vertex set {1, . . ., n}. In particular,
K has ghost vertices m + 1, ..., n, and the simplicial map K — K induces a map
of polyhedral products (X, A)K x Hf’jl A; — (X, A)X. While L, as a subcomplex
of K, may have fewer vertices it will be convenient to distinguish the ghost vertices
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m+1,...,nand regard the simplicial map L — K as inducing a map of polyhedral
ox1
products (X, A) x 17 A; lak X, AKX x 1" A; where g is the map of

polyhedral products ir;&ITc+ezld when restricted to tﬁé”\l/grtex set {1,...,m} and 1 is
the identity map on [];_, ., A;. The simplicial map L + M — K induces the map
X, A x (X, A — (X, A)E and the simplicial inclusion L — L % M induces
the map (X, A)* X [17,,,.1 Ai i (X, A)E x (X, AYM where 1 is the identity map on
(X, A) and £ is induced by the simplicial map @ —s M (where 0 is the simplicial
complex on ghost vertices {m + 1, ...,n}). By [9, Proposition 3.1] all this combines

to give the following.

Lemma 2.3 There is a (point-set) pushout

X, A XTI Al 2 (X, A)E x (X, AM

S

(X, A XTI,y A ——— (X, AK. O

i=m+1

The pushout in Lemma 2.3 will serve as the starting point for a cube that lets us
apply Lemma 2.1. To produce the four sides of the cube we will construct a map

from (X, A)X to an appropriate polyhedral product and take fibres.
Including K and L * M into K * M, by (1) there is a pushout map

K—K=+M.

Since the composite K —> K — K * M is the inclusion of the first factor the
composite and L * M — K — K % M is the join of the inclusion of L into K and
the identity map on M, there are induced maps of polyhedral products

XA x [ A5 @A x (X, A

i=m+1

1
(X A" x (X AM 55 (X K x (X, A

Therefore, if the four corners of the diagram in Lemma 2.3 are composed with the

map (X, A)X — (X, A)X x (X, A)M we obtain homotopy fibrations

F— (X, AF — (X, HF x (X, AV
n 1xh
H— XA [ 4= XA xx M
i=m+1

1
G — (X, AF x (X, A" £S5 (X, X x (X, AM
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z xh
g
GxH— X,0"x [] 4 X% x (X, A
i=m+1
where the first fibration defines F, and G and H are defined as the homotopy fibres

of the maps g and A respectively. Since all homotopy fibres are given by composing
into a common base, we obtain a homotopy commutative cube

T, ‘\F
| @

(X AF XTI A — XA x X, A

~ N

(X, AKX T, | A —— (X, AF

i=m+1

GxH

Ixh

where the bottom face is a pushout and the four sides are homotopy pullbacks.
Therefore, by Lemma 2.1 the top face is also a homotopy pushout.
The (reduced) join of two spaces A and B is the quotient space

AxB=(Ax][0,1] x B)/~

where (a,0,b) ~ (a’,0,b), (a,1,b) ~ (a,1,b’) and (*,1, *) ~ (*,0, %) for all a,a’ € A,
b,b’ € B and t € [0,1]. It is well known that there is a homotopy equivalence
AxB~YAAB.

Lemma 2.4 The maps G X H — G and G X H — H in (2) can be chosen to be
the projections. Consequently, there is a homotopy equivalence F ~ G = H.

Proof Consider the homotopy fibration diagram

oxh
Gx H—— (X, AL XTI, 1 A —s (X, AK x (X, AM

i=m+1

l lgxl
1xh

H——— (X, A% XTI, A — (X, A x (X, A,

=m+1

Regarding H as * X H, this fibration diagram is the product of the fibration diagrams
for the lefthand and righthand factors. Thus one choice of the map between fibres is
G X H — = x H is the product = X 1. That is, this is the projection G x H — H.
The argument that G x H — G can be chosen to be a projection is similar.

In general, it is well known that the homotopy pushout of projections S X7 — S
and S X T —> T is the joint S = 7. So in our case, we obtain F' ~ G * H. O

Remark 2.5 Félix and Tanré [6] considered the special case of (2) when M is a
single vertex.

We now identify a homotopy decomposition for Q(X, A)K
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Theorem 2.6 Let K be a pushout as in (1). Then there is a homotopy fibration
G+H — (X.AF — (XA x (X, AV

where G is the homotopy fibre of (X, A) — (X, A)K and H is the homotopy fibre
of I, Ai — (X, AWM . Further, this fibration splits after looping, giving a
homotopy equivalence

Q(X. AHX = (X, AHX x Q(X, AM x QG * H).

Proof Consider the homotopy fibration F — (X, A)X — (X, A)X x (X, A)YM that
defines F. By Lemma 2.4, F ~ G * H, proving the first statement.

For the splitting, we have seen that the composite (X, A)X — (X, )X —
(X, A)X x (X, A)M is the inclusion of the left factor while (X, A)F x (X,AM —
(X, AKX — (X, A)X x (X, AYM is g x 1. Restricting the latter case to (X, A)M is the
inclusion of the right factor. Taking the wedge sum therefore gives a composite

X, AF V(X AM — (X, HF — X, A x (X, AHM

which is the inclusion of the wedge into the product. It is well known that the
inclusion of the wedge into a product has a right homotopy inverse after looping.
Hence the fibration G « H —> (X, A)K — (X, A)X x (X, A)M splits after looping,
and the asserted homotopy equivalence for Q(X, A)E follows. U

3 An initial analysis of Theorem 2.6

The decomposition for Q(X, A)X in Theorem 2.6 has four ingredients: (i) Q(X, A)X,
(i) Q(X, A)M, (iii) the homotopy fibre of (X, A)r — (X, A)K, and (iv) the homotopy
fibre of []7",,,, Ai — (X, A To go further, we would like to identify some or
all of these components.

It will be helpful to reduce to analyzing a special case of polyhedral products.
In general, for 1 < i < m, letY; be the homotopy fibre of the inclusion A; — X;.
In [10] the following was proved when each pair (X;, A;) has both X; and A; path-
connected, but the same argument works in the more general case when only X; is
path-connected.

Theorem 3.1 Let K be a simplicial complex on the vertex set [m] and let (X, A) be

any sequence of pointed pairs (X;, A;) where each X; is path-connected. Then there
is a homotopy fibration

m
Cer.p* —x A" —[[x
i=1
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Further, this fibration splits after looping to give a homotopy equivalence

m

]_[ Qx;

i=1
In our case, we obtain Q(X, f_\)f =~ ([T, QX;) x Q(CY, X)f, so to determine
the homotopy type of Q(X, A)X it is equivalent to determine the homotopy type of

QX, A ~ xQ(cy, vk

O

Q(CY, Z)K Put another way, in the context of Theorem 2.6 it suffices to consider the
case when (X, A) is of the form (CA, A).

Now, from the point of view of (CA, A), the decomposition for Q(CA, A)K
in Theorem 2.6 has four ingredients: (i)’ Q(CA, A)K, (ii)’ Q(CA, A)M, (iii)’ the
homotopy fibre of (CA, A — (CA, A)K, and (iv)’ the homotopy fibre of

"ome1 Ai — (CA, A)M . Component (iv)’ can be handled generically. In general,
in [9, Corollary 3.4] the following was proved.

Proposition 3.2 If K is a simplicial complex on the vertex set [m] then the inclusion
" A; — (CA, A)X is null homotopic. O

In our case, we immediately obtain the following.

Corollary 3.3 The homotopy fibre of the map [17_,, ., Ai — (CA, AWM is homotopy
equivalent to ([T, Ai) X Q(CA, AM. O

Consequently, (iv)” has been rewritten in terms of (ii)’. Components (i)’ to (iii)’
cannot be handled generically, so special cases need to be identified. In particular,
(iii)’ is particularly contentious.

In what follows we will specialize considerably. The polyhedral products will be
taken to be moment-angle complexes. The simplicial complex K will be the boundary
of an m-gon and L will be the vertex set of the m-gon. The point in specializing
so much is that then the homotopy types of Zx and Z; are known, and with a
nontrivial amount of work we will be able to identify the homotopy types of QZx
and the homotopy fibre of the map Z; — Zk.

4 Spaces having the homotopy type of a wedge of spheres

This section establishes some preliminary properties for spaces having the homotopy
type of a wedge of spheres.

Lemma 4.1 If X is homotopy equivalent to a finite type product of path-connected
spheres and loops on simply-connected spheres then £X is homotopy equivalent to
a wedge of simply-connected spheres.
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Proof By hypothesis,

Xz(HS"“)x(HQS"B)

ael BeET

for some index sets 7 and g, with each n, > 1 and each ng > 2. By the James
construction [13], Q8" is homotopy equivalent to a wedge of spheres if n > 2 and
it is well known that (S X T) ~ XS V £T V (XS A T). Iteratively using these two
properties implies that XX is homotopy equivalent to a wedge of simply-connected
spheres. O

The right half-smash of pointed spaces A and B is the quotient space
AXB=(AXB)/~

where (a, *) ~ (%, *) forall a € A.Itis well known that if A is a co-H-space then there
is a homotopy equivalence A x B ~ AV (A A B). A modest variation on Lemma 4.1
is the following.

Lemma 4.2 If X is homotopy equivalent to a finite type product of path-connected
spheres and loops on simpy-connected spheres, and Y is homotopy equivalent to a
wedge of simply-connected spheres, then Y x X is homotopy equivalent to a wedge
of simply-connected spheres.

Proof Since Y is homotopy equivalent to a wedge of simply-connected spheres
we have Y =~ XY’ for some wedge of path-connected spheres Y’. Therefore Y is
a co-H-space so there is a homotopy equivalence ¥ x X =~ Y v (Y A X). Further,
YAX =Y A(ZX)and by Lemma 4.1 £X is homotopy equivalent to a wedge of
simply-connected spheres. Hence as Y’ is a wedge of spheres sois Y’ A (£X), and the
spheres are all simply-connected because X is. Thus Y x X is homotopy equivalent
to a wedge of simply-connected spheres. O

Lemma 4.3 Suppose that R and S are wedges of simply-connected spheres and

R L> S induces an epimorphism in homology. Then f has a right homotopy
inverse.

Proof Take homology with integral coefficients. Since f. is an epimorphism, for
each generator x, € H.(S) there is an element y, € H.(R) such that f.(yy) = Xq.
Since R is a wedge of spheres, the basis for H.(R) induced by including each
sphere into the wedge implies that each basis generator is in the image of the
Hurewicz homomorphism. As the Hurewicz homomorphism is a homomorphism,
any linear combination of basis elements in H.(R) is also in the image of the Hurewicz
homomorphism. In particular, y, is in the image of the Hurewicz homomorphism
and so there is a map s, : $"* — R whose Hurewicz image is y, . Let

S \/S"“ — R

a
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be the wedge sum of the maps s, as @ runs over a basis for H.(S). Then the

composite \/, S" =5 R L S induces an isomorphism in homology. As all
spaces are simply-connected, this isomorphism in homology implies that f o s is
a homotopy equivalence by Whitehead’s Theorem. Thus f has a right homotopy
inverse. O

Improving on Lemma 4.3, the next lemma shows that the map R L S is obtained
by taking the cofibre of some map T “5 R

Lemma 4.4 Suppose that R and S are wedges of simply-connected spheres and

R L) S induces an epimorphism in homology. Then there is a wedge of simply-

connected spheres T and amap u: T — R such that there is a homotopy cofibration
f

T RIS,

Proof Lets: S — R be the right homotopy inverse of f in Lemma 4.3. Define the
space T and the map ¢ by the homotopy cofibration

s SR 3)

As R is a wedge of spheres it is a co-H-space so it has a comultiplication o. The
right homotopy inverse for f implies that the composite

e R-SRVRIS svT

is a homotopy equivalence. Note that as T retracts off a simply-connected space it is
simply-connected, and as it retracts off a wedge of spheres it is homotopy equivalent
to a wedge of spheres.

Define the map u by the composite

: -1
w:T—>SVT <5 R
where i is the inclusion of the second wedge summand. Let C be the homotopy

cofibre of u. By definition of u, the composite e o u =~ i,. Therefore there is a
homotopy pushout diagram

T R c
|
T—2,svr—ys

where p; is the pinch map to the first wedge summand and e’ is an induced map
of cofibres. Since e is a homotopy equivalence, the Five-Lemma implies that e’
induces an isomorphism in homology so as all spaces are simply-connected, e’
is a homotopy equivalence by Whitehead’s Theorem. Thus there is a homotopy
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cofibration T — R 25 §. It remains to show that p1oe = f.Butthis follows from
the definition of e and the naturality of the pinch map p;. t

S Wheel graphs

Let P,, be the boundary of an m-gon and let V,, be its vertex set, so V;,, consists of
m disjoint points. Define the simplicial complex W,, by the pushout

Vin —— Vi = {v}

| ]

Pyp—W,

where {v} is a vertex disjoint from those in V},,. The simplicial complex W,, is called
a wheel graph, where v is regarded as a hub with spokes (edges) connecting it to
each vertex in the n-gon. Pictorially, representations of Ps and Ws are as follows:

The homotopy type of Zp,, is known. In fact, a much stronger identification was
proved by MacGavran [14] in work that predated moment-angle complexes. Since
P,, is a triangulation of a sphere, it is known [4] that the corresponding moment-
angle complex Zp,, is a manifold. Reformulating MacGavran’s result in terms of
moment-angle complexes, he showed that for m > 4 there is a diffeomorphism

Zp, = #Z:; (Sk % Sm+2—k)#(k—2)(',?_'12 (4)

where the right side is an iterated connected sum of products of two spheres.

It would be ideal to identify the homotopy type of Zw,, as well. However, this
seems to be difficult, but it is possible to determine the homotopy type of QZw,,.
In fact, we will do more. Let M be any simplicial complex. Define the simplicial
complex W,,,(M) by the pushout

Vin—— Vi xM

N

Py —— Wi(M).

The wheel graph W,, is the special case when M is a single point. We will determine
the homotopy type of Zw,, (), provided the homotopy type of QZy is known.
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It is worth mentioning two facts that give some context to the homotopy type of
Wi (M).

e Observe that Py, is the full subcomplex of W,,,(M) on the vertex set V,,,. Therefore,
by [5], Zp,, is a retract of Zw,, am). That is, Zw,, () has the connected sum of
products of two spheres in (4) retracting off it.

* Removing an edge from P,, and also the corresponding edge from W,, gives
simplicial complexes that pictorially look like:

PL:

p w!:

5

Observe that P,, can be formed by iteratively gluing an edge to the previous
one along a common endpoint, and W,, can be formed by iteratively gluing a 2-
simplex to the previous one along a common edge. By [18], both Zp; and Zw;,
are homotopy equivalent to wedges of spheres. So inserting the final edge to form
Py, from P,, and W,,, from W,, dramatically changes the homotopy type, and also
significantly changes cohomology by introducing nontrivial cup products.

To get started, suppose that M is on the vertex set {m+1,...,n}. By Theorem 2.6
applied to (5) there is a homotopy equivalence

X, A ~ (X, AP x (X, AM x QG * H) (6)

where G is the homotopy fibre of the map (X, A)V” —s (X, A)P» and H is the
homotopy fibre of the map []},,,, Ai — (X, A)™. Specialize to the case when
each pair (X;, A;) is (D%, S'). Then the polyhedral products in (6) are moment-angle
complexes, Corollary 3.3 applies to identify H, and we obtain the following.

Lemma 5.1 Let V,,,, P, and M be as in (5) and suppose that M is on the vertex set
{m+1,...,n}. Then there is a homotopy equivalence

QZw,, ) = QZp,, X QZy X QG * H)

i=m+1

where G is the homotopy fibre of Zv,, — Zp,, and H ~ ( n Sl) XQZy. O

Lemma 5.1 implies that to understand the homotopy type of Zw,, (a) we need to
understand the homotopy type of (i) QZp,,, (ii) Qs and (iii) G. Both (i) and (iii)
depend only on V,,, and P,,, so the next few lemmas will focus solely on these cases.

While Zp,, is a connected sum of products of two spheres, the homotopy type
of the loops on a connected sum is not easy to explicitly identify. However, in this
case, by [2, Example 3.1] we have the following.

Lemma 5.2 For m > 4 there is a homotopy equivalence

QZp, ~ QS xQS™ x QS(P,,)
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where S(P,,) is a wedge of simply-connected spheres. O

The construction in [2] describes the wedge S(P,,) explicitly. In general, let AY?
be the wedge sum of ¢ copies of A. Let

m—1
R, = ( \/( sk v Sm+2—k)v(k—2)(';'j,2) .
k=3
Observe that Ry, is the (m+1)-skeleton of #21:‘31 (Sk x gm+2—k ik -2(37), Equivalently,
R, is homotopy equivalent to the connected sum with a puncture. Define R}, by the
cofibration
svsmtl R, — R;,

where the left map is the inclusion of one copy of §* v §”"~! into R,,. Then R/, is a
wedge of simply-connected spheres and

S(Py) = R, % (QS* x Qs™,

By Lemma 4.2, S(P,,) is homotopy equivalent to a wedge of simply-connected
spheres.

Next, we aim towards Lemma 5.7, which identifies the space G in Lemma 5.1.
Since V,,, is m disjoint points, by [8, 17] the following holds.

Lemma 5.3 For m > 4 there is a homotopy equivalence

m+1

Zv,, = \/(Sk)v(k_%(k'ill)_ O

k=3

Observe that the dimensions of Zy,, and Zp,, are m + 1 and m + 2 respectively,
so the map Zy,, — Zp,, factors through the (m + 1)-skeleton R,,, of Zp,, , giving
a homotopy commutative diagram

v, — Zp,

P

Rm E— ZPm

)

for some map 6.

Lemma 5.4 The map 0 induces a surjection in homology.

Proof In general, by [1, Corollary 2.23] there is a homotopy equivalence

2Zx = \/ 2K

I¢K
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where I = {iy, ..., i} is a subsequence of [m] with 1 <ij < --- <ix < m, Kj is the
full subcomplex of K on the vertex set /, |K;| is the geometric realization of K;, and
|1] is the number of vertices in /. This homotopy equivalence is natural for simplicial
maps L — K and induces a Z-module decomposition in integral homology,

HA(Zk) = P HE VK ). ®)
I¢K
In our case, if I = [m] then |(P,,);| = |P,| = S' and this case accounts for the

generator of H,,,»(Zp,,). Therefore, as R, is the (m + 1)-skeleton of Zp,,, there is

an isomorphism

m?

H.(Ry) = () HE (P ).
1¢Py,
I#£[m]

In general, the inclusion of the vertex set V into a simplicial complex K induces
an epimorphism Hy(|V|) — Hp(|K]) since Hy counts the number of connected
components, |K| has at most m components where m is the number of vertices in
V, and each connected component of |K| contains at least one of the vertices of V.
Consequently, if | K| is homotopy equivalent to some number of disjoint points then
the inclusion V — K induces an epimorphism H.(|V|) — H.(|K|).

In our case, consider (8) applied to the simplicial map V;,, — K,,,. Assume that
I ¢ P,, and I # [m]. Observe that I ¢ V,,, as well. Since I is a proper subset of [m]
we have |(P,,);| homotopy equivalent to some number of disjoint points. Therefore,
as the vertex set of (Py,); is (V;,,)1, the simplicial map (V,,); — (P,,); induces an
epimorphism H.(|(V;;,)1|) — H.(|(P.)1])- Hence there is an epimorphism

P BNV — P HE NP = HoR).
1¢Viy, 1¢Pp,
I#[m] I#[m]

Observe that the left side is a submodule of H.(Zy,,) by (8), and therefore the
homotopy commutativity of (7) implies that 6, is an epimorphism. (|

Observe that Zy,, is a wedge of simply-connected spheres by Lemma 5.3, R,

is a wedge of simply-connected spheres by definition, and Zy,, 2, R, induces an
epimorphism in homology by Lemma 5.4. Therefore Lemmas 4.3 and 4.4 imply that
6 has a right homotopy inverse and there is a homotopy cofibration

6
Ton — Zy,, —> R

where T,,, is a wedge of simply-connected spheres.
By definition, R, is the (m + 1)-skeleton of #7'} (S* x §m+27 PR-2(D), Writing
the connected sum as Zp,, , there is a homotopy cofibration

"5 Ry — Zo, )
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where g attaches the top cell. Since 6 has a right homotopy inverse, g lifts to a map
g/: Sm+1 — va .

v
Lemma 5.5 There is a homotopy cofibration S™' v T,, £ Zv, — Zp,,

Proof Consider the diagram

T, T,
]
NLAVE LA Zp,
[
(AT—— Zp,, .

The upper left square clearly commutes. Taking cofibres vertically gives the lower
left square. The lower left square is therefore a homotopy pushout, so taking cofibres
horizontally we obtain the lower right square (which matches (7)). (]

We will use the following result proved in [3].

h
Proposition 5.6 Suppose that A — X — Z is a homotopy cofibration and Qh
has a right homotopy inverse. Then there is a homotopy fibration
O

AxQZ — X257

. . h
In our case, consider the homotopy cofibration S”*! v T,,, — Zv,, — Zp,,

from Lemma 5.5, where £ is simply a label for the right map. Since P, is a flag
simplicial complex and V,,, is its vertex set, by [16] the map Q4 has a right homotopy
inverse. Therefore the hypotheses of Proposition 5.6 are satisfied, implying that the
homotopy fibre G of i can be identified.

Lemma 5.7 There is a homotopy equivalence G =~ (S™' v T,,) x QZp, . O

Remark 5.8 By definition, 7, is a wedge of simply-connected spheres, and by
Lemma5.2,QQZp,, ishomotopy equivalent to a product of loops on simply-connected
spheres. Therefore, Lemma 4.2 implies that G ~ (S™*! vV T,,,)) x QZp, is homotopy
equivalent to a wedge of simply-connected spheres.

The homotopy equivalence for QZw,,(v) in Lemma 5.1 can now be refined by
substituting in the homotopy equivalences for QZp, and G in Lemmas 5.2 and 5.7
respectively.

Theorem 5.9 For m > 4 there is a homotopy equivalence
QZw, ) = QS* x Q5™ x QS(P,y) X QZwm X QG * H)

where G = (S"™*' v T,,) x QZp,, and H = ([} SHxQZw. |

i=m+1
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Corollary 5.10 If QZy is homotopy equivalent to a product of path-connected
spheres and loops on simply-connected spheres then so is QZw,, .

Proof Since QZj, is homotopy equivalent to a product of path-connected spheres
and loops on simply-connected spheres, so is H = ([1},,,,; S Y x QZys. Therefore,
by Lemma 4.1, ¥H homotopy equivalent to a wedge of simply-connected spheres.
Since G is also homotopy equivalent to a wedge of simply-connected spheres by
Remark 5.8, so is G * H. The Hilton-Milnor Theorem then implies that Q(G = H) is
homotopy equivalent to a product of loops on simply-connected spheres. Thus in the
homotopy equivalence for QZw,, (a) in Theorem 5.9, each of the factors is homotopy
equivalent to a product of path-connected spheres and loops on simply-connected

spheres and hence so is QZw,, (m)- g

Example 5.11 Return to the wheel graph W, itself. This is W,,,(M) with M = {v}
being a single vertex. By definition of the polyhedral product, Z,} = D?, which is
contractible, so Theorem 5.9 implies that there is a homotopy equivalence

QZw, = Q8> x QS"™! x QS(P,,) x QG * H)
where G =~ (S™*! v T,,) x QZp, and H = S'. In particular, G * H ~ 22G.

Example 5.12 Take M = {u, v} be two disjoint points. A pictorial representation of
Ws({u, v}) is:

Ws({u, v}):

7

By Lemma 5.3, Zy; =~ S3. Theorem 5.9 therefore implies that there is a homotopy
equivalence

QZw,, (o) = QS® x QS x QS(P,,) x QS? x QG * H)
where G =~ (™1 v T,,) x QZp, and H = S' x S' x Q3.

More generally, there is a wide class of simplicial complexes M with the property
that Z», is homotopy equivalent to a wedge of simply-connected spheres, implying by
the Hilton-Milnor Theorem that QZ, is homotopy equivalent to a product of loops
on simply-connected spheres, and hence Corollary 5.10 can be applied to decompose
QZw,, (v This class of simplicial complexes includes shifted complexes [9, 11], or
more generally extractible simplicial complexes [12], and flag simplicial complexes
whose 1-skeleton is a chordal graph [7].
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On the Cohomology Ring of Real Moment-Angle
Complexes

Elizabeth Vidaurre

Abstract In this article, we study the cohomology ring of real moment-angle com-
plexes over a simplicial complex K. Combinatorial generators for the cohomology
can be given in terms of K. For K the boundary of an n-gon, we give a full description
of the multiplicative structure of the cohomology ring in terms of the combinato-
rial generators. As a consequence, it is evident that these generators do not form a
symplectic basis, unlike the case for moment-angle complexes.

1 Introduction

Fixing a pair of topological spaces (X, A), polyhedral product spaces Zx (X, A) give
a family of spaces where K is a simplicial complex (see Definition 2.1). Examples
include moment-angle complexes, complements of complex coordinate subspace
arrangements, and intersections of quadrics among others. In certain cases, polyhe-
dral products provide geometric realizations of right-angled Artin groups and the
Stanley-Reisner ring (see Definition 2.5).

The real moment-angle complex, Zx (D', S°), and its complex analog (arising
from the pair of spaces, the unit disc D? and the circle S!) feature in toric topology, as
they have been key in showing applications in combinatorics and algebraic geometry,
among others [5]. The cohomology ring of the moment-angle complex is shown to
be isomorphic to the Tor-algebra Torzyy,,... 1, (Z[K], Z) in [4], where Z[K] is the
Stanley-Reisner (or face ring) of K and the indeterminates v; are of degree two
(see Section 2). The generators correspond to certain subsets of integers and the
product of two generators corresponding to non-disjoint subsets is trivial, forming a
symplectic basis.

Elizabeth Vidaurre
Molloy College, Rockville Centre, NY 11570, USA
e-mail: evidaurre @molloy.edu
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On the other hand, the cohomology ring of the real moment-angle complex
is not completely understood. The group structure is known to be given by
Torgyy,,...v,,](Z[K], Z) with indeterminates v; of degree one. Theorem 3.5 gives the
ring structure for real moment-angle complexes over certain simplicial complexes.
A consequence of Theorem 3.5 is that the multiplicative structure does not have the
same nice closed form as that of moment-angle complexes. In other words, generators
corresponding to non-disjoint subsets do not necessarily have trivial product.

This set of combinatorially defined generators can be identified using Bahri-
Bendersky-Cohen-Gitler’s Splitting Theorem [1] and Welker-Ziegler-Zivaljevi¢’s
wedge lemma [13]. In this paper, we consider the case when the simplicial complex
K is the boundary of an n-gon, and describe the ring structure in terms of the
combinatorial generators in Theorem 3.5.

In full generality, for a simplicial complex K on m vertices, polyhedral product
spaces Zk (X, A) are defined in terms of a collection of pairs of spaces (X, A) =
{Xi, A}, The ring structure for the real moment-angle complex Zk (D', 8%) is
particularly useful in that the cohomology ring of the more general polyhedral
product Zx(CA, A) when CA; is the cone on A;, can be described in terms of the
ring structure of H*(Zx (D', $%)) and H*(A) [3].

Moreover, this problem of understanding the cohomology ring of a real moment-
angle complex has connections to studying the topology of intersections of quadrics
associated to simple polytopes, as well as that of real coordinate subspace arrange-
ments. In particular, the case when K is the pentagon is discussed in [10]. The
cohomology of real moment-angle complexes and related spaces has also been stud-
ied in [7], in the case of rational coeflicients.

In Section 3.2, we will illustrate the main theorem with some examples. As a
corollary we will see that, even though real moment-angle complexes over an n-gon
are orientable surfaces, the combinatorial generators do not form a symplectic basis.

Acknowledgements. This work is part of the author’s doctoral dissertation at the
City University of New York Graduate Center. The author would like to thank Martin
Bendersky for his guidance throughout this research.

2 Polyhedral Product Spaces

In this section, we will give a brief introduction to polyhedral products, moment-angle
complexes, and real moment-angle complexes, with an emphasis on the multiplica-
tive structure of their respective cohomology rings.

Let [m] = {1,2,...,m} denote the set of integers from 1 to m. An abstract
simplicial complex, K, on [m] is a subset of the power set of [m], such that:
1. 0 e K.

2. Ifc e Kwitht Cc o,thent € K.
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An n-simplex is the full power set of [ + 1] and is denoted A™. Associated to an
abstract simplicial complex is its geometric realization, denoted K or | K| (also called
a geometric simplicial complex). A (geometric) n-simplex, A", is the convex hull of
n + 1 points.

We do not assume m is minimal, i.e. there may exist [n] C [m] such that K is
contained in the power set of [n].

Let I be a subset of [m]. The full subcomplex of K in I is denoted K. It is a
simplicial complex on the set / and defined

K; :={oc € K|o C I}.

It is often called the restriction of K to [ in the literature.

Given an abstract simplicial complex K, let Sk be the category with simplices of
K as the objects and inclusions as the morphisms. In particular, for o, 7 € 0b(Sk),
there is a morphism o — 7 whenever o C 7. Define C‘W to be the category of
CW-complexes and continuous maps. Define (X, A) to be a collection of pairs of
CW-complexes {(X;, A;)}! |, where A; is a subspace of X; for all i.

Definition 2.1 Given an abstract simplicial complex K on [m], simplices o, T of K
and a collection of pairs of CW-complexes (X, A), define a diagram D : Sy — CW
given by

X, ieo

D(o) = H]Yi where ¥; = {Ai iem\o

i€[lm

For a morphism f : o — 7, the functor D maps f to ¢ : D(0-) — D(t) where ¢ is
the canonical injection.
The polyhedral product space is defined as

Zk(X, A) = colimD(e) = | ) D(o)

oek

and is topologized as a subspace of 1_[ X;.

i€[m]

Notice that it suffices to take the colimit over the maximal simplices of K. In fact,
simplicial complexes can be defined by their maximal simplices and this description
will be used throughout. In the case where (X;, A;) = (X, A) for all i, we write
Zk(X, A).

Some examples of polyhedral products are moment-angle complexes Zg (D, S'),
which have the homotopy type of the complement of a complex coordinate subspace
arrangement, and Davis-Januszkiewicz spaces Zg (CP*, x), which have the Stanley-
Reisner ring as cohomology ring. For a simple example, consider the following. Let
K be the boundary of a 2-simplex with vertices labelled 1, 2, 3.
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Zg(D', 8% = D({1,2}) U D({1,3}) U D({2,3})
=D'xD'xSPuUD' xS°x D' uS®x D! x D!
= d(D' x D' x D)
=] S2

In general, Zspm (Dl, SO) =~ §™ (see examples in [1]). Next we will define the
polyhedral smash product, a space analogous to the polyhedral product with the
smash product operation in place of the Cartesian product. Define C‘W .. to be the
category of based CW-complexes and based continuous maps.

Definition 2.2 Let the CW-pairs (X, A) be pointed. Likewise, define a functor D(o):
Sk — CW. by

Xi i€eo

5(0’) = AY; where ¥; = { i .
Ai i1¢0

Then the polyhedral smash product is

Zx(x, 8 = | D(o).

For the remainder of the paper, we will assume that (X;, A;) is a pair of pointed
CW-complexes where A; is a subspace of X;.

The following theorem of Bahri, Bendersky, Cohen and Gitler (BBCG) gives a
stable decomposition of a polyhedral product.
Theorem 2.3 (Splitting Theorem, [1])

Let (X1, Ar) = {(Xi, Ai)}ier. Then

SZk(X,A) =3 \/ Zi, (X1, An)
Ic[m]
where X denotes the reduced suspension.

In [1], the authors apply the wedge lemma from [13] to polyhedral smash products
and obtain the following:

Theorem 2.4 (Wedge Lemma, [13])
If X; is contractible for all i, then

Zr(X, A) =~ ZIK| A AN ~ K| 5 AN

where ANM = A A LA A,

Since S serves as an identity for the smash product operation, computing the co-
homology groups of real moment-angle complexes becomes a combinatorial process
that involves examining only the simplicial complex. This follows from the previous
two theorems.
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H*(Zk(D',$%) = @5 H'(2K7) (1)

I1c[m]

The generators of the cohomology ring are given by the subsets of [m] that yield a
noncontractible full subcomplex of K after suspension, which we call the combina-
torial generators.

To describe the ring structure of the cohomology of the moment-angle complex,
we will introduce some notation. The graded ring Z[m] is the polynomial ring on m
variables Z[vy, vy, . . ., U] With |(v;) = 2.

Definition 2.5 The Stanley-Reisner ring (or face ring) of the simplicial complex K
is the quotient of Z[m] by the ideal generated by square-free monomials associated
to nonfaces of K

Z[K] = Z[m]/{vi,vi, . . . vy, | {i1, 02, .. ., ik} € K).

The following was first proved by Franz in [9] and stated in terms of smooth toric
varieties. Another proof was later given by Baskakov, Buchstaber, Panov in [4].

Theorem 2.6 (Franz, [9])
The cohomology ring of the moment-angle complex Zx(D?, S') is given by

H*(Zx(D?, SY)) = Torg,n(Z[K], Z).

A description of the multiplicative structure in terms of full subcomplexes comes
from Hochster’s theorem in commutative algebra on the Tor-module [11]. We obtain
the following analogous formula

H*(Zx (D%, ) = €D B V(K.
Jc[m]

__ For the multiplicative structure, take classes @ € H {(Zx(D?, 8")) and B €
H*(Zg(D?* S")). Then a corresponds to some class in H =MI=1(K;) for some subset
J c [m] , and similarly 8 to some class in H*~I1=1(K} ) for some L c [m]. Their

product is
y ifJNL=0
(yvﬁ:
0 ifJNL+#0

for some y coming from H**~ILI=MI=1(K ;). See [12] for more details.

2.1 The BBCG spectral sequence

We will use a spectral sequence developed by BBCG [3]. It gives a Kiinneth-like
formula for the cohomology of a polyhedral product as long as the pairs (X, A) satisfy
the following freeness condition.
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Definition 2.7 Given the pair (Xj, A;), the associated long exact sequence is given
by

S G AN S X DAY S BTG A) S L
The pair is said to satisfy the strong h* freeness condition if there are free 4*—modules
E;, B;, C; and W; satisfying

H*(A;)) = B;®E;
H*(X;) B, & C;
H*(X;/A)=CioW,;

where W; is sE;, the suspension of E;. Additionally, assume 1 € B;, and for b €
B;,c € Ci,e € E;,w € W; = sE;, we have

vabriO, cvianO, eriwvio.
Before defining the spectral sequence, we will give some notation and recall the
definition of a half smash product:

1. foro = {1'1,...,ik},del‘ine?‘T =Xy A AKX, and AT = A; XL XA
2. the complement of a set o= C [m] is o€ = [m]\o
3. given a basepoint xy € X, the right half smash product X xY = (X xY)/(xo XY)
4. for a subset I and a simplex o such that o C I, define

yho .= ®Ci ® ® B;.

ieo iel-o

ik

Choosing a lexicographical ordering for the simplices of K gives a filtration of the
associated polyhedral product space and polyhedral smash product, which in turn
leads to a spectral sequence converging to the reduced cohomology of Zk (X, A) and
a spectral sequence converging to the reduced cohomology of ZK(X, A). The Ef”
term for Zg (X, A) has the following description.

Theorem 2.8 (Bahri, Bendersky, Cohen and Gitler [3])

There exist spectral sequences
E}' — H'(Zk(X, A)

EP' — H'(Zk(X, A))

with E' = H'(X/A)” x A7) and E** = H'(X/A)” A A7) where s is the index
of o in the lexicographical ordering and the differential d, : ES' — ES* '™ js
induced by the coboundary map 6 : E — W = sE. Moreover, the spectral sequence
is natural for embeddings of simplicial maps with the same number of vertices and

with respect to maps of pairs. The natural quotient map

ZK@’ A) - ZK@’ A)
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induces a morphism of spectral sequences and the Splitting Theorem (2.3) induces
a morphism of spectral sequences.

Following [3], Definition 2.7 and the Kiinneth Theorem imply that the entries
H' (()?/7\)‘7 A ;\\‘TC) in the first page of the spectral sequence for Zx (X, A) decompose
as a direct sum of spaces WY ® CS @ BT ® E/ suchthat NUS = o, TU J = ¢
and N, S, J,T are disjoint. We have that S is a simplex in K as N U § is a simplex
in K. Since the differential is induced by the coboundary 6 : E — W, consider all
the possible summands W» ® C5 ® BT ® E’ for S and T fixed. It must be the case
that N is a simplex in K and that N is a subset of [m]\(S U T'). Therefore all such N
correspond to simplices in the link of S in K restricted to the vertex set [m]\(S UT).

Theorem 2.9 (Bahri, Bendersky, Cohen and Gitler [3])
Let (X, A) satisfy the decomposition described in Definition 2.7

H*(Al) =B, ®E;
H*(X;))=B;®C;’
Then . _
H'(Zx(X )= P E" oY & H'(Zllk(o)])
Ic[m],ocI
where:

1. o is a simplex in K,

2. lk(o)je ={r c [m]\I | T U o € K} is the link of o in K restricted to the set
[m]\1,

3. ybe = ® C® ® B;, and

_ ico iel-o
4. H*(Z0) = 1.
Theorem 2.10 (Bahri, Bendersky, Cohen and Gitler [3])
Let _ _
H*(A;) = B; ® E;
H*(Xl) =B, &( '
Then R ) _
H'(ZxX,A)= P E" v e H Eliko)e)
Ic[m],ocI
where:

1. o is a simplex in K,
2. lk(o)je ={r c [m]\I | T Uo € K} is the link of o in K restricted to the set
[m]\I, _ _
359 =R C;® X B; where B; = B;\{1},
ieo iel-o

4. H(20) = 1.
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A description of the ring structure in H*(Zg (X, A)) is given using the decompo-
sition from Theorems 2.9 and 2.10. It is induced by a pairing involving links

H'(Slk(o) i) ® H' (Elk(o2)lig) — H' (Elk(03)ie)

defined in terms of the s-product, introduced in [2], where I3 and o3 are defined in
terms of o7, 0, I} and I».

Theorem 2.11 (Theorem 6.1 in [3]) Two classes

a, B EH*(ZK(X’ é))
= @ E"T @7 @ B @ H*(Slk(c)e),

Ic[ml),ocl

are of the form
a=a1@a®...Q0a,; ny
ﬁ=b1®b2®...®bm®nﬁ

where ng € H*(Slk(o) <) and ng € H*(Zlk(7) ).
The cup product of & and B is given in terms of the x-product and a componentwise
product induced by the multiplicative structure of H*(X;) and H*(A;).

For the pair of spaces (CA;, A;), where CA; is the cone on A;, the modules are
given by B; = 1, C; = 0 and E; = ﬁ*(A). The links are all of the form K; for
I c [m]. Therefore, it can be seen from Theorem 2.9 that the product structure in
H*(Zk(CA, A)) can be described in terms of the product structure in H*(A) and
H*(ZK;).

Due to the decomposition in Equation 1 and work in [2], the ring structure
in H*(Zx(CA, A)) can be described in terms of the ring structure in H*(A) and
H*(Zg (D', 8°)).

Theorem 2.12 (Theorem 1.9 in [2])

Assume that any finite product of A; with Zk, (D", S°) for all I satisfies the strong
Jform of the Kiinneth Theorem. Then the cup product structure for the cohomology al-
gebra H*(Zx (CA, A)) is a functor of the cohomology algebras of A;, and Zk, (D", S°)
forall I.

3 Multiplicative structure of H*(Zx (D', S°))

Recall from Equation 1 that each subset / of [m] such that the full subcomplex K is
not contractible corresponds to a generator of H*(Zg (D', $9)).

To compute the cohomology of a real moment-angle complex, we will use a
filtered chain complex induced by the long exact sequence of the pair (D', S°),
denoted Ck and constructed in [3]. For (X;, A;) = (D', 89), let H*(Ax) = H*(S°) be
generated by 7 and H*(Xy /Ay) = H*(S') be generated by s.
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Definition 3.1 The chain complex C(K7) is generated by y, := ®y; where o € K;
and
si i€eo
yi=9t; iel-o.
1 kel

The differential is defined by

(o) = D (=1)" Dy

where o C 7 € Kj and 7 = o U v for some vertex v € I. The integer n(7) is defined
by the usual sign convention of a graded derivation. In particular, the coboundary ¢
acts on each factor of y, by 6(s;) = 0 and 6(¢;) = s;, and every time it passes an s; a
factor of (—1) is introduced.

Then
Ck = C(Ky)
I1c[n]

and H*(Cg) = H*(Zg (D", 59)).
It follows from work of Li Cai in [6] that the chain level cup product of two
generators is induced by the following

si— i =0, i — t;i =1, si — 1 = si, ti— i =0.

3.1 Boundary of a polygon

We will consider the case of K the boundary of a polygon. By Theorem 1, we need
to consider all subsets of [n] to find the cohomology groups. By convention, when 1
is the empty set, H*(XK7) = 1. The suspension of the whole complex K is a degree
two generator. The following lemma gives the generators of degree one.

Lemma 3.2 Suppose K is the boundary of an n-gon. Let I = L uhL U ... U1,

be a subset of [n] such that K; has exactly p maximal connected components,
K= Vp- SO, Then

Hl(z(](‘]):<zy{l}szy{l}’9Zy{l}>/ .
iel ich ielp <Z Y{i}>

i€l

Proof Let I = {i1,...,ic}. If i1 = ic, then d(yg,;) = 0 and yg;y is clearly a
cocycle. If iy # i, then the differential will not be trivial. If +y ., for some edge
e € Ky, appears as a summand in the image of d(yy,}) for some vertex v € I, then
e = {v—1,v} or e = {1,n} (since y() was positive, we could not have passed
an s). Additionally, since y(.y was in the image of yy,}, it must be the case that
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v —1 € I, 50 —y{) is a term in the image of y(,_{ under d. If it had been the case
that e = {1,n}, then {1} € K; and —y(.) would be in the image of y;;. Since it is
only possible for y(.) to be in the image of y(,_1} or y(,}, the terms y(.} cancel.
This means that d(yg,; + ... + ygi,.y) = 0 since iy, ..., i are all the vertices in a
connected component of K;. Without loss of generality, the same is true for the other
connected components. Lastly, d(0) is the sum of y; fori € 1. O

Corollary 3.3 If I = Iy U L U ... U I, is a subset of [n] such that Ky has exactly
p maximal connected components with p > 1, then H (2|%;|) has rank p — 1 and
a basis of generators can be chosen by picking any p — 1 of the p disjoint subsets
b, .. 1,

Next, the following lemma will show how generators coming from different subsets
of [n] multiply. Consider subsets 7, J C [n] such that I U J = [n]. We will employ
a slight change in notation: replacing y’s associated to I with a’s and y’s associated
to J with b’s to differentiate between generators in C(K;) and generators in C(Kj).
Recall that ay;) is the generator associated to the vertex i, whereas q; is the ith factor
of a generator.

Lemma 3.4 Suppose ay;y € C(Ky)and b(jy € C(Ky). Thenagy = a1®a;®...Q a,
where

Si k=i
ar =t kel\{i}.
1 kel
Define byjy similarly. Then
0 jelori—j+# =l (modn)
agy = by = vy J >
—Yg.iy J<i

Proof 1f i - j| # 1, then {i, j} is not a simplex in K and ay;) — by;} = 0. Therefore,
we will now consider cases where |i — j| = 1.

Recall thats — t =s — 1 =sandt — s = 0.

Suppose j € I. Since j € I, aj = t;. In particular, in the jth coordinate of
agy — bjy, we willhave a; — b; =t; — s; =0soagy — by =0.

Next suppose j € I. Thena; =1 anda; — b; = s;.If j =i + 1, then
agy — by
=(a—b)®...® (a; — b,-)®(aj Vbj) ®...Q® (a, — by)

= 1 ®...0 si—b; ® IVSJ' ®...® I
= n ®...® Si ® Sj ®...® In
= Vi)

since the only coordinate of b}y thatis an s is b; and all other coordinates are 7 or 1.
If j =i—1,since a; — b;_; = (=1)/Pi=illail(p,_; — a;), we have
agy — by
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=(a; — b)) ®...® (-Dbillaila; — b)) ® (a; — b)) ®...® (an — by)
= t ®...® (=1 — s5) ® si—b ®...9 Iy

= 131 ®...0 (-1)s; ® Si ®...80 t,

= YU

The following theorem uses the previous lemmas to show what the only non-trivial
products in H*(Zx (D', §9)) are.

Theorem 3.5 Let K be the boundary of an n-gon. Let I = Iy UL U ... U1, and
J=JiuhU...UJ, be nonempty subsets of [n] such that 1 UJ = [n] and
K; =~ \/’1’_1 S and Ky = \/(11_1 SO, Given generators a and B of H*(Zx (D', $°))
such that one is associated to some I, for 1 < g < p and the other is associated to
some Jy, for some 1 < h < q. If y is the second degree generator of H*(Zx (D', S°)),
then @ — [ = xvy if and only if the following conditions are met

e Iy Ly
« Wil
* Krus, is contractible.

Proof We will compute H*(Zx (D", $°)) using the chain complex described previ-
ously.

dyo) = ym+...+Ym
d(ygy) = =ya.2) = Yny
d(ypy) = Y2y —ye3)
d(yzy) = Y3y~ Y34

d(Y(n-1}) = Y{n-2.n-1} = Y{n-1.n}
dymy) = Ym-Ln} +Y{Ln)

Therefore, all the classes in H*(Z(K; (D', §°))) represented by an edge are cohomol-
ogous, except y1,,}, Which is the negative. Note that if 1 and » are in /, then 1 and
n are in I; for some 1 < i < p (since Kj = \/f*l SO, it cannot be that 1 and n are in
different subsets of I). By Corollary 3.3, we only need to consider all but one of the
disjoint subset of / and all but one of the disjoint subsets of J. Therefore, it suffices
to only consider when 1,n ¢ I, U Jj,. As a consequence, the class y{j , cannot occur
in the product @ — .
Let Iy = {i1,...,ic} and J, = {j1,..., ja}. By Lemma 3.2, we have that

a = Za{i}

i€l

Since I U J = [n], we have that i} # j; and i, # jg.

First, suppose I, N J;, = 0. In the case that i. < j;, we must have i. = j; — 150
that there is at least one edge after expanding the product. Then there is only one
nonzero term

a—p= Z afiy = by = Vet

i€lg,jely
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by Lemma 3.4. Similarly, if j; = i; — 1, then

a—p= Z agiy = byy = agy — bijay = ~Yjair)

i€lg,jely

Secondly, suppose I, N J, # (O and that neither set is contained in the other. If
Jj1 < ic, then there exists j € Jj such that j = i.. Note that j + 1 € J, (because
ic # jgandso j # jg).Since {ic,j+ 1} isanedgeand j+1 =i. +1 ¢ I, by Lemma
3.4 we have only one nonzero term

@ — B=agi.y = b1y = Yicic+1}

Similarly, if ij < j; and j =i forsome j € J,,then j—1¢ Tandi; —(j—1)=1.
Then
@ — B=agy = by =YL
If J, C Ig, then @ — B = 0 by Lemma 3.4. If I, C Jj, then there are only two

possible nonzero products between the summands of @ and S. There exists j € Jp,
such that j = 7. Then

@ — B = agybij-1y + agicybyjee
_y{il—l,il} + y{ic,ic"'l}
= =Y +'y
- 0

3.2 Example and related consequences

To illustrate an application of the theorem and some important consequences, we
will consider the case when K is the boundary of the pentagon, denoted Ks. Let
the 1-simplices of Ks be labeled {1, 2}, {2,3}, {3,4},{4,5}, {1,5}. It follows from
[8] that the real moment-angle complex over the boundary of an n-gon is a closed
orientable surface of genus 1 + (n — 4)2"73, which means that in this example the
associated real moment-angle complex has genus five.

For the combinatorial generators, there are ten subsets / of [5] that yield a full
subcomplex K; equivalent to a wedge of 0-spheres. The cohomology of Zg, (D', S°)
has an identity, ten degree one generators X, . . ., X4, Wo, . - ., W4, and a degree two
generator z, subject to a graded commutative product. The identity corresponds to the
empty set. The generators x; correspond to the subsets that yield a full subcomplex of
K of an edge and the opposite vertex, such as the subset I = {1,2,4}. The generators
w; correspond to the subsets that produce a full subcomplex of two disjoint vertices.
Lastly, z corresponds to the full vertex set [S] = {1,2, 3,4, 5}.

H*(Zk, (D", 8°)) = (L, wo, . . ., W4y X0s - - -» X4, 2| Xi X} = 26,441, i) = 26;)
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Fig. 1 Real moment-angle
complex over the boundary of
a pentagon. An edge {i, j} of
the pentagon contributes 23
copies of D' x D' The copies
of D! x D! are labeled in the
picture by which edge of the
pentagon they come from.

where 0 is the Kronecker delta function and the subscripts 7, j are integers modulo 5.

Notice that for subsets J = {2,4,5} and I = {1, 3,4}, @ — ay = y. This is an ex-
ample where generators coming from non-disjoint subsets have a nontrivial product,
unlike the ring for moment-angle complexes. The cohomology ring of Zx (D', S°)
is not isomorphic to the Tor-module as rings. Moreover, this application of Theorem
3.5 also shows that the basis of combinatorial generators is not symplectic.

Lastly, recall that the multiplicative structure of the cohomology of real moment-
angle complexes plays an important role in the product structure for more general
polyhedral product spaces [2]. Theorem 2.12 gives the algebra H*(Zg(CA, A)) in
terms of the cohomology algebras of A; and H*(Zk, (D', S°)).
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