THE HOMOTOPY TYPES OF MOMENT-ANGLE COMPLEXES
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ABSTRACT. We study the homotopy types of moment-angle complexes, or
equivalently, of complements of coordinate subspace arrangements. The over-
all aim is to identify the simplicial complexes K for which the corresponding
moment-angle complex Zx has the homotopy type of a wedge of spheres or a
connected sum of sphere products. When K is flag, we identify in algebraic and
combinatorial terms those K for which Zx is homotopy equivalent to a wedge
of spheres, and give a combinatorial formula for the number of spheres in the
wedge. This extends results of Berglund and Jollenbeck on Golod rings and
homotopy theoretical results of the first and third authors. We also establish a
connection between minimally non-Golod rings and moment-angle complexes
Z which are homotopy equivalent to a connected sum of sphere products. We
go on to show that for any flag complex K the loop spaces QZx and QDJ(K)
are homotopy equivalent to a product of spheres and loops on spheres when
localised rationally or at any prime p # 2.

1. INTRODUCTION

Moment-angle complexes are key players in the emerging field of toric topology,
which lies on the borders between topology, algebraic and symplectic geometry, and
combinatorics [8]. The moment-angle complex Zk, as a space with a torus action,
appeared in work of Davis and Januszkiewicz [11] on topological generalisations of
toric varieties. The homotopy orbit space of Zk is the Davis—Januszkiewicz space
DJ(K), which is a cellular model for the Stanley—Reisner ring Z[K], while the
genuine orbit space of Zx is the cone over the simplicial complex K. Buchstaber
and the second author [7] introduced homotopy theoretical models of both the
moment-angle complex Zj and the Davis-Januszkiewicz space DJ(K) as a homo-
topy colimit construction of the product functor on the topological pairs (D?, S')
and (CP®,x) respectively, with the colimit taken over the face category of the
simplicial complex K. Recently, homotopy theoretical generalisations of moment-
angle complexes and related spaces under the unifying umbrella of polyhedral prod-
ucts (see, for example, [1], [15], [16], [17]) have brought stable and unstable decom-
position techniques to bear, and are leading to an improved understanding of toric
spaces.

The homotopy theory of moment-angle complexes and polyhedral products in
general has far reaching applications in combinatorial and homological algebra,
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in particular, in the study of face rings (or Stanley—Reisner rings) of simplicial
complexes and more general monomial ideals.

In this paper we consider the following related homotopy theoretical and alge-
braic problems:

— identifying the homotopy type of the moment-angle complex Zx for certain
simplicial complexes K;

— describing the multiplication and higher Massey products in the Tor-algebra
H*(Zk) = Tork[y,.... v,.,](k[K], k) of the face ring k[K];

— describing the Yoneda algebra Exty(x)(k,k) in terms of generators and
relations;

— describing the structure of the Pontryagin algebra H,(Q2DJ(K)) and its
commutator subalgebra H,(2Zk) via iterated and higher Whitehead
(Samelson) products;

— identifying the homotopy type of the loop spaces QDJ(K) and QZk.

The main objects and constructions are introduced in Section 2, together with
some known preliminary results. In Section 3 we give topological interpretations of
the Golod property of the face ring k[K]. This ring is Golod if the multiplication
in the Tor-algebra H*(Zx) = Toryy, ... | (K[K], k) is trivial, together with all
higher Massey products (cf. [18], [19]). The topological interpretations are in terms
of H.(2Zk) being a free graded associative algebra, H*(Zk) having a trivial mul-
tiplication, and a certain identity holding for the Poincaré series of H,(QZk).

In Section 4 we concentrate on the case when K is a flag complex. Our tech-
niques allow for a complete solution of the problems above in the case of flag com-
plexes. A flag complex K is determined by its 1-skeleton K'. The Yoneda algebra
Extyx(k, k) = H.(Q2DJ(K)) has a simple presentation as a graph product algebra.
In Theorem 4.3 we explicitly describe the minimal generating set of its commutator
subalgebra H,(2Zk) and the basis of the corresponding iterated commutators.

From the homotopy-theoretic point of view, particularly important moment-
angle complexes Zy are those which have the homotopy type of a wedge of spheres.
In this case the associative graded algebra H,(QZk) is free, and the multiplication
in the Tor-algebra H*(Zx) = Toryy, ..., |(K[K], k) is trivial, together with all
higher Massey products, so the face ring k[K] is Golod. In Theorem 4.6 we show
that for flag complexes K the Golodness of K is the precise algebraic criterion for
Zk being homotopy equivalent to a wedge of spheres. Using a result of Berglund
and Jollenbeck [4], this can be reformulated entirely in terms of the cup product:
for a flag complex K, the moment-angle complex Zx is homotopy equivalent to
a wedge of spheres if and only if the cup product in H*(Zk) is trivial. Most im-
portantly, there is a purely combinatorial description of the class of flag complexes
K for which Zk is homotopy equivalent to a wedge of spheres: the 1-skeleton of
such K must be a chordal graph. This is an important concept in applied combina-
torics and optimisation; the vertices in a chordal graph admit a perfect elimination
ordering [14].

For general K, the Golod property of k[K]| does do not guarantee that Zx is
homotopy equivalent to a wedge of spheres. The reason is that for some Golod
complexes K, the cohomology ring H*(Z;7Z) may contain non-trivial torsion (see
Example 3.3). Especially intriguing is that, for all known examples of Golod com-
plexes K, the moment-angle complex Zk is a co-H-space (in fact, a suspension)
and this may as well be true in general (see Question 3.4).
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The next homotopy type of Zx which we consider is a connected sum of sphere
products, where each summand is a product of exactly two spheres. Such a Zg
is obtained by attaching a top cell to a wedge of spheres along one commutator
relation. The corresponding face ring k[K] is minimally non-Golod, and the com-
mutator subalgebra H,(2Zk ) in the Yoneda algebra Extyx(k, k) = H.(QDJ(K))
is a one-relator algebra. In the case of a flag simplicial complex K the previous
statement classifies minimally non-Golod Stanley-Reisner rings k[K], that is, k[K]
is minimally non-Golod if and only if the moment-angle complex Z is homotopy
equivalent to a connected sum of sphere products. It is an open question whether
this classification criteria holds for a general simplicial complex (see Question 3.5).

In Section 5 we address the last problem in the list above. Our main result
there is Theorem 5.3, which shows that for a flag K, both QZx and QDJ(K) are
homotopy equivalent to products of spheres and loops of spheres when localised
rationally or at any prime p # 2. We also show that the integral Pontryagin algebra
H.(QZk) is torsion-free (Corollary 5.2).

In Section 6 we give a detailed illustration of many of the ideas and results of
the paper in the case when K is the boundary of a pentagon.

The authors would like to thank the International Centre for Mathematical Sci-
ences in Edinburgh, whose support through a Research-in-Groups grant allowed
the authors to work together on these problems for a month in Aberdeen.

2. PRELIMINARIES

Let K be a finite simplicial complex on the set [m] = {1,2,...,m}, that is,
a collection of subsets I = {i1,...,ix} C [m] closed under inclusion. We refer to
I € K as simplices or faces of K, and always assume that @ € K.

Assume we are given a set of m topological pairs

(X,A)={(X1,A1),....,(Xm,An)}
where A; C X;. For each simplex I € K we set

(X, 4)" ={(21,....am) € [[ Xi | zi € A; forigT}.
1=1

The polyhedral product of (X, A) corresponding to K is the following subset

in Hzr;l Xz
(X, 4%= x4 = (HXi X HAi).
IEK IeK iel il
In the case when all the pairs (X;, 4;) are the same, that is, X; = X and 4, = A
for i =1,...,m, we use the notation (X, A)X for (X, A)X.

The main example of the polyhedral product is the moment-angle complex Zy =
(D?, SY)E [6], which is the key object of study in toric topology. The space Zx has
a natural coordinatewise action of the torus 77, and it is a manifold whenever K is
a triangulation of a sphere. Other important cases of polyhedral products include
DJ(K) = (CP>, %)% which is referred to as the Stanley-Reisner space [6] or
the Davis—Januszkiewicz space [22], and the complement of the complex coordinate
subspace arrangement corresponding to K

R e B ]
{it, ik JEK
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According to [6, Th. 5.2.5], there is a T™-equivariant deformation retraction
U(K) — Zk. The spaces Zx and (CP>, x)¥ are related by the following result.

Proposition 2.1 ([6, Cor. 3.4.5]). There is a homotopy fibration
Zx — DJ(K) — (CP>™)™
that is, Zx is the homotopy fibre of the canonical inclusion DJ(K) — (CP>)™.
This fibration splits after looping
ODJ(K) ~ QZx x T™

but this is not an H-space splitting. One can think of 22} as the “commutator
subgroup” of QDJ(K), although this can be made precise only after passing to
Pontryagin (loop homology) algebras.

Proposition 2.2 ([21, (8.2)]). There is an ezact sequence of (noncommutative)
algebras

(2.1) 1— H.(QZ2k;k) — H.(QUDJ(K); k) — Alug, ..., um] — 1
where k is field or Z, and Aluy, ..., un] is the exterior algebra on m generators of
degree one.

In what follows we shall often omit the coefficient ring k in the notation of
(co)homology.

The exterior algebra Alug,...,u,] can be thought of as the abelianisation of a
largely noncommutative algebra H,(QDJ(K)) (we expand on this below), so that
H,(QZ) is its commutator subalgebra.

The face ring of K (also known as the Stanley—Reisner ring) is defined as the
quotient of the polynomial algebra k[vy, ..., v,,] by the square-free monomial ideal
generated by non-simplices of K

k[K} :k[vl,...,vm]/(vil ""Uik | {il,...,ik} ¢ K)
We make it graded by setting degv; = 2.

Theorem 2.3 ([11], [6, Prop. 3.4.3]). There is an isomorphism of graded commu-
tative algebras

H*(DJ(K); k) = k[K]
for any coefficient ring k.

The cohomology ring H*(Zk;k) and the Pontryagin algebra H,(Q2DJ(K);k)
decode different homological invariants of the face ring k[K], as is stated next.

Theorem 2.4 ([6, Th. 5.3.4]). If k is a field, then there is an isomorphism of
graded noncommutative algebras

H.(QDJ(K); K) 2 Extyre (k, k)
where Extyx)(k, k) is the Yoneda algebra of k[K].

This is proved by applying the Adams cobar spectral sequence to the loop fibra-
tion QDJ(K) — PDJ(K) — DJ(K), where PDJ(K) is the space of based paths
in DJ(K) and using the formality of DJ(K).
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Theorem 2.5 ([6], [2], [12]). If k is a field or Z, then there are isomorphisms of
(bi)graded commutative algebras
H*(ZK) = TOI‘k[Uh..‘,Um} (k[K], k)
~ H([A[u, ..., uy) @ K[K],d]
~ (P H*(K)).
IC[m]

Here, the second row is the cohomology of the differential bigraded algebra with
bidegu; = (—1,2), bidegv; = (0,2) and du; = v;, dv; = 0 (the Koszul complex).
In the third row, ﬁ*(KI) denotes the reduced simplicial cohomology of the full
subcomplex K1 C K (the restriction of K to I C [m]). The last isomorphism is the
sum of isomorphisms

HP(Zg)= > HPHIPY(K),
IC[m]
and the ring structure (the Hochster ring) is given by the maps
HP*\I|71(KI) ® Hq7|J|*1(KJ) N HP+Q7\I|7|J|71(KIUJ)
which are induced by the canonical simplicial maps Kiyy — Ky« Kjy forINJ =@

and zero otherwise.

In [16] several classes of complexes K have been identified for which Zx has
homotopy type of a wedge of spheres. These include all skeleta of simplices, and
the so-called shifted complexes. One special case which we shall refer to several
times later is when K is a disjoint union of finitely many vertices.

Theorem 2.6 ([15]). Let K be the disjoint union of m points. Then there is a
homotopy equivalence

ZK ~ \/(SZ+1)\/(€—1)(7).
(=2

Further, in [16] it was shown that there is a way to build new complexes K whose
corresponding Zy is a wedge of spheres from existing ones.

Theorem 2.7 ([16, Th. 10.1]). Assume that Zk, and Zk, both have homotopy type
of a wedge of spheres, and K is obtained by attaching Ky to Ko along a common
face. Then Zy also has homotopy type of a wedge of spheres.

Corollary 2.8. Assume that there is an order I, ..., I of the mazximal faces of K
such that (Uj<k Ij)ﬂlk is a single face for each k =1,...,s. Then Zx has homo-

topy type of a wedge of spheres.

3. THE GOLOD PROPERTY

In this section we give topological interpretations of the Golod property. The face
ring k[K] is called Golod (cf. [19]) if the multiplication and all higher Massey oper-
ations in Tory, .. v,.] (k[K ], k) are trivial. The Golod property can be defined for
general graded or local Noetherian rings. Several combinatorial criteria for Golod-
ness were given in [20]. We say that the simplicial complex K is Golod if k[K] is
a Golod ring. In view of Theorem 2.5, the Golod property is an algebraic approx-
imation to the property of Zx being homotopy equivalent to a wedge of spheres,
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although this approximation is not exact as Example 3.3 below shows. By a result
of Berglund and Jéllenbeck [4, Th. 5.1], K is a Golod complex if the multiplication
in Torky, ... v,.] (k[K],k) is trivial, i.e. there is no need to check the triviality of
higher Massey products in the case of face rings.

Our main result in this section is Theorem 3.2, but before stating this we give
a more general result which is of independent interest. Recall that the Poincaré
series of a graded k-module A = @), A" is given by P(A;t) = 37,5 dim A"

Proposition 3.1. Let X be a simply-connected CW-complex such that H.(Q2X;k)
is a graded free associative algebra, where k is a field. Then H*(X;k) has trivial
multiplication.

Proof. Let Q = H>0(QX)/(H>0(QX) . H>0(QX)) be the space of indecomposable
elements, so that H,(QX) = T(Q) by assumption, where T(Q) denotes the free
associative algebra on the graded k-module Q.

Consider the Rothenberg—Steenrod (bar) spectral sequence, which has Es-term
EY = Tory, (ax)(k, k) and converges to H.(X). By assumption,

EY = Torp gy (k. k) 2k & Q
as a k-module. We therefore obtain the following inequalities for the Poincaré series:
(3.1) P(S7YH(X);t) = P(E%;t) — 1 < P(ES;t) — 1 = P(Q;t).
Now consider the Adams (cobar) spectral sequence, which has Es-term E§ =
Cotory, (x)(k, k) and converges to H.(£2X). We have a series of inequalities:
P(H.(QX);t) = P(ES,;t) < P(ES;t) < P(T(S7 H.(X)):t) < P(T(Q)3t),

where the second-to-last inequality follows from the cobar construction (it turns
to equality when all differentials in the cobar construction on H,(X) are trivial),
and the last inequality follows from (3.1). Now, P(H,(QX);t) = P(T(Q);t) by as-
sumption, so all inequalities above turn into equalities, and both spectral sequences
collapse at the Fo-term. It follows from the collapse of both spectral sequences that
the homology map

H,(X0X) = YH,(QX) - H,(X)

induced by the evaluation XQX — X is onto. Consider the commutative diagram

H,.(X0X) H,(X)
Al lA
H.(2QX)® H,(20X) — H,(X) ® H,(X)
in which the vertical arrows are comultiplications, and the horizontal ones are sur-

jective. Since XX is a suspension, the left arrow is zero, hence, the right arrow is
also zero. By duality, the multiplication in H*(X) is trivial. O

The Golod property of K has the following topological interpretations.

Theorem 3.2. Let k be a field. The following conditions are equivalent:

(a) H.(Zk) is a graded free associative algebra;
(b) the multiplication in H*(Zg) is trivial;
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(¢c) there is the following identity for the Poincaré series:
1

1 - P(S-1H"(Zk);t)’

where X1 denotes the desuspension of a graded k-module.

P(H.(QZk);t) =

Proof. The implication (a)=(b) holds by Proposition 3.1.

To prove the implication (b)=(c) we use the above mentioned result [4, Th. 5.1],
according to which if the product in H*(Zf) = Toryy,,...,u,,.] (k[K],k) is trivial,
then all higher Massey operations are also trivial, that is, k[K] is Golod. By the
alternative definition of the Golod property [19], k[K] is Golod if and only if the
following identity for the Poincaré series holds:

(1+t)m™

Using Theorems 2.4 and 2.5, we rewrite this as
P(H,.(T™):t
P(H.(QDJ(K));t) = ( (N*) ) .
1—P(X-'H"(Zk);t)
Since QDJ(K) ~ QZk x T™, the above identity is equivalent to that of (c).
To prove the implication (c)=(a) we observe that
1
1—P(3-1H*(Zk);t)
so the identity from (c) is equivalent to P(H,(QZk);t) = P(T(Z‘lﬁ*(ZK»).
Hence, all differentials in the cobar construction on H,(Zk) are trivial, which im-
plies that H,(QZk) is a free associative algebra on Y1 H,(Zf). O

= P(T(Z7'H.(Zx)); 1),

The conditions of Theorem 3.2 do not guarantee that Zx is homotopy equivalent
to a wedge of spheres. One reason is that H*(Zx;Z) may contain arbitrary torsion.
This follows easily from Theorem 2.5: since H*(K) is a direct summand in H*(Z),
one may take K to be a triangulation of a space with torsion in cohomology. The
simplest example is the 6-vertex triangulation of RP2.

Example 3.3. Let K be the simplicial complex shown in Fig. 1, where the vertices
with the same labels are identified, and the boundary edges are identified according
to the orientation shown. A calculation using Theorem 2.5 shows that the nontrivial

5

4 6
2

6 3 L 4
5

FIGURE 1. 6-vertex triangulation of RP?2.
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cohomology groups of Z are given by
H'=7, B =7" H®=7"Y H" =7° H’=17/2

Therefore, all products and Massey products vanish for dimensional reasons, so K
is Golod (over any field). Nevertheless, Zx is not homotopy equivalent to a wedge
of spheres because of the torsion. In particular, in this example we have

(3.2) Zy =~ (85)VI0 v (§6)VI5 v (ST)VE v XTRP?

where XV* denotes the k-fold wedge of X. For, if we regard Z as a CTW-complex
built up by attaching k-cells to the (k — 1)-skeleton for 6 < k& < 9, then the
attaching maps are all in the stable range. But stably these attaching maps are
all null homotopic since, by [1], the homotopy equivalence in (3.2) holds after one
suspension. Therefore the attaching maps are null homotopic, and so (3.2) holds
without having to suspend.

Question 3.4. Assume that H*(Zx) has trivial multiplication, so that K is Golod,
over any field. Is it true that Zy is a co-H-space, or even a suspension, as in all
known examples?

Denote by K the restriction of K to the set of vertices [m] \ {i}, that is, K> =
{J € K|i¢ J}. It follows from the description of the product in H*(Zk) in
Theorem 2.5 that if K is Golod, then K is also Golod. Following [4], we refer to K
as a minimally non-Golod complez if K is not Golod, but K- is Golod for each i.

The condition for K to be minimally non-Golod is an “algebraic approximation”
of the topological condition for Zx to be homeomorphic to a connected sum of
sphere products, with two spheres in each product. In what follows, whenever we
say that Zk is a connected sum of sphere products, we mean that each summand is
a product of exactly two spheres. (In fact, there is no known example of Zx which
is homeomorphic to a nontrivial connected sum of sphere products with more than
two spheres in at least one product.)

To justify the term “algebraic approximation”, the following question needs to
be positively answered.

Question 3.5. Is it true that if Zx is a connected sum of sphere products, then K
is minimally non-Golod?

Examples of minimally non-Golod complexes include the boundary complexes
of polygons and, more generally, stacked polytopes different from simplices [4,
Th. 6.19]. For all these cases it is known that Zj is homeomorphic to a con-
nected sum of sphere products, due to a result of McGavran (cf. [5, Th. 6.3], see
also Section 6 below).

4. THE CASE OF A FLAG COMPLEX

A missing face (or a minimal non-face) of K is a subset I C [m] such that I ¢ K,
but every proper subset of I is a simplex of K. A simplicial complex K is called a
flag complex if each of its missing faces has two vertices. Equivalently, K is flag if
any set of vertices of K which are pairwise connected by edges spans a simplex.

In the case of flag complexes K we shall show that the “algebraic approxima-
tions” from the previous section are precise criterions for the appropriate topolog-
ical properties: Zk is a wedge of spheres precisely when K is Golod, and Zk is a
connected sum of sphere products if and only if K is minimally non-Golod.
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There is the following description of H,(2DJ(K)) = Exty|x)(k, k) for flag K.
Theorem 4.1 ([21, Th. 9.3]). For any flag complex K, there is an isomorphism
(4.1) H,(QDJ(K);k) = T{uy, ..., up)/(uf =0, wu; + uju; =0 for {i,j} € K)

where k is a field and T{uy, ..., un) is the free associative algebra on m generators
of degree 1.

Remark. The theorem above is formulated in [21] with Q-coefficients, but the argu-
ment (using the Adams cobar construction and a result of Froberg [13] on quadratic
duality) works for arbitrary field.

Algebra (4.1) may be viewed as a colimit (in the category of noncommutative
associative algebras) of a diagram of algebras over the face category of K, which
assigns to each face I € K the exterior algebra Afu;: ¢ € I]. Another way to see
this algebra is to assign a generator u; satisfying u? = 0 to each vertex of K, and
think of each edge of K as a commutativity relation between the corresponding u;’s.
The resulting algebra is determined by the 1-skeleton (graph) of K, which is not
surprising since K is flag. In the non-flag case higher brackets appear, corresponding
to higher Samelson products in QDJ(K), and the colimit above has to be replaced
by a homotopy colimit, see [21, §8] for the details.

Algebra (4.1) is also known as the graph product algebra corresponding to the
1-skeleton of K. Its group-theoretic analogues are right-angled Artin and Cozeter
groups; in fact the polyhedral products of the form (RP>, %)X and (S!,*)X re-
spectively are the classifying spaces of these groups in the flag case (cf. [22, §4]).

The f-vector of K is given by f(K) = (fo,..., fn—1) where f; is the number of
i-dimensional faces and n — 1 = dim K. The h-vector h(K) = (ho,h1,...,hy,) is
defined from the relation

hot" 4+ hat" ™ 4 by = (= 1)" + fo(t = 1) 4+ fat

The h-vector is symmetric for sphere triangulations K; the equations h; = h,,_; are
known as the Dehn—-Sommerville relations.

As another application of quadratic duality, the Poincaré series of H,(QZ) can
be calculated explicitly in terms of the face numbers of K in the flag case.

Proposition 4.2 ([21, Prop. 9.5]). For any flag complex K, we have
1
(1+t)m (1 —hit+ -+ (=1)"hpt")
We now go further by identifying a minimal set of multiplicative generators in

H,.(QZk) as a specific set of iterated commutators of the ;.

Theorem 4.3. Assume that K is flag and k is a field. The algebra H,(2Zk; k),
viewed as the commutator subalgebra (4.1) via exact sequence (2.1), is multiplica-

tively generated by ZIC[m] dim H° (K7) iterated commutators of the form

P(H.(Q2k);t) =

[ujv ui]’ [Uk17 [uja ul”? SRR [uk17 [ukzv U [ukm—w [uj7 ul]] e H

where ki < ko < -+ < kp < j > i, kg # i for any s, and i is the smallest
vertez in a connected component not containing j of the subcomplex Ky, . 1, j.i}-
Furthermore, this multiplicative generating set is minimal, that is, the commutators
above form a basis in the submodule of indecomposables in H.(Q2Zk).
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Remark. To help clarify the statement of Theorem 4.3, it is useful to consider
which brackets [u;,w;] are in the list of multiplicative generators for H,(QZk; k).
If {j,i} € K then i and j are in the same connected component of the subcomplex
K¢y, 80 [uj, ug] is not a multiplicative generator. On the other hand, if {j,i} ¢ K
then the subcomplex Ky; ;) consists of the two distinct points ¢ and j, and i is
the smallest vertex in its connected component of Ky; ;3 which does not contain j,
so [uj,u;] is a multiplicative generator. In Section 6 the example where K is a
pentagon is worked out in detail, and in particular, a complete list of multiplicative
generators for H,(QZk;k) is given.

Proof. We observe that, for a given I = {k1,...,kp,j, 1}, the number of the com-
mutators containing all ug,, ..., ux,,u;,u; in the set above is equal to dim I;TO(KI)
(one less the number of connected components in Kj), so there are indeed
2 1¢(m) dim H°(K[) commutators in total.

We first prove a particular case of the statement, corresponding to K consisting
of m disjoint points. This result may be of independent algebraic interest, as it is
an analogue of the description of a basis in the commutator subalgebra of a free
algebra, given by Cohen and Neisendorfer [10].

Lemma 4.4. Let A be the commutator subalgebra of T{uy, ..., um)/(u? =0), that
is, the algebra defined by the exact sequence

1 — A—T(ui,...,up)/(u?=0) — Alug, ..., up] — 1

where degu; = 1. Then A is a free associative algebra minimally generated by the
iterated commutators of the form

[uj,wil,  [uky, [ug,will, ooy kg [k, [k, oy [ug,wil] - -]
where k1 < ko < -+ < k, < j > 1 and ks # i for any s. Here, the number of
commutators of length € is equal to (¢ —1)(7}).

Proof. Let S be the set of commutators in the statement of the lemma. Let B denote
the commutator algebra of a free algebra on m generators, that is, the algebra kernel
of the map T(u1,...,Um) = Afu1,...,un]. By [10], B is a free algebra generated
the commutators of the same form [ug,, [uk,, - [uk,, [uj, ug]] - --]], but with the
conditions k1 < ky < --- < kp < j > i only. We therefore get a larger set T'
of commutators, in which u; may repeat. However, note that the inequalities on
the indices imply that if uj repeats within a specified commutator, it does so only
once. We have S C T and wish to show that any commutator in T" — S is excluded
from the multiplicative generating set of the quotient T'(ug,...,u,)/(u? = 0).
To see this, induct on the length of the commutators, beginning with [ug,ug] =
2uﬁ = 0. Suppose the commutators of length < n in T have had any commutator
with a repeating uy excluded from the generating set of T(u1, ..., uy)/(u? = 0).
Choose a commutator of length n with some uy repeating. Observe that it suffices to
consider commutators of the form [uy, [ug,, - - [uk,, [u;, u]] - - - ]], which we write as
[ug, [Ur,, c]] for ¢ = [up,, - [ur,, [u;, ur]] - - - ]. By the Jacobi identity, [ug, [ug,,c]] =
+e, [t Uk, |] £ [Uksy , [¢; uk]]. Rewriting to conform to the restrictions on the indices
in the basis for B, we obtain [ug, [ug,,c]] = %[¢, [Ug,, ur]] £ [k, [uk, c]]. The first
term on the right is a commutator of two elements of lower length in .S. The second
term on the right has [ug,c] excluded from the multiplicative generating set of
T(uy,...,um)/(u? = 0) by inductive hypothesis, since uy appears in c. Therefore
[, [tk,, c]] is not a multiplicative generator of T(uy, ..., um)/(uZ = 0).
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Now observe that the set of commutators S generates A multiplicatively, since A
is a quotient of B/(u? = 0). To show that A is a free algebra, and the given generator
set is minimal, we use a topological argument. We have that A = H,.(QZk) where
K is a disjoint union of m points. By Theorem 2.6, Zx is homotopy equivalent to

the wedge of spheres \/Znﬂ(S”l)V(e*l)(l). The Bott—Samelson Theorem implies
that A = H.(QZk) is a free algebra, and the number of generators in each degree ¢
agrees with the number of given commutators of length /. O

To complete the proof of Theorem 4.3 we must deal with how the remaining
relations in (4.1), those of the form w;u; +uju; = 0if {3, j} € K, affect the iterated
commutators listed in Lemma 4.4. Note that w,u; + u;u; = [u;, u;] and that no ug
repeats in any of the iterated commutators listed in Lemma 4.4.

Assume that 4,7 are vertices in the same connected component of K. Then
there are vertices i1 = 1,1%2,...,ip_1,4 = i for some k with the property that the
edges {i1,i2},...,{ik—1,ix} are all in K. Arguing inductively as in the proof of
Lemma 4.4, the Jacobi identity implies that any iterated commutator of length [
involving all w;,, ..., u;, can be rewritten as a sum of iterated commutators formed
from iterated commutators of lengths < [. In particular, if K is connected (with m
vertices) then any iterated commutator of length m is zero modulo commutators
of lesser length.

Continuing, suppose that we are given an index set I = {ki,...,kp, 1}
with k1 < ko < -+ < kp < j > i and kg # ¢ for any s. Consider it-
erated commutators of length p + 2 involving one occurrence of wu; for each
k € I. One example is [ug,, [uk,," - [uk,, [uj,u;]]---]]. Observe that the re-
strictions on the order of the indices imply that the only other examples oc-
cur by interchanging u; and wy, provided kj—; < ¢ < kj+1. Now if 4,7 are in
the same connected component of Ky then [ug,, [up,, - [uk,, [uj,ui]]---]] = 0
modulo iterated commutators of lesser length, by the argument in the previ-
ous paragraph applied to K;. So to obtain nontrivial commutators we require
that ¢,j appear in different components. Also, if {k;,...,k;. } is the subset of
{k1,...,kp} which lie in the same connected component of K; as ¢, then the
iterated commutators [ug,, [Upy, -+, Uk, (Wi, [Uky, 05 [Uk,, [ug, ug,, ]] -+ +]] and
[k, , [Uy, - - - [Uk,, [uj,u;]] -~ -]] can be identified modulo iterated commutators of
lesser lengths. So to enumerate the one independent iterated commutator, we use
the convention of writing [ug,, [Ug,," - [uk,, [uj,w;]]---]] where 4 is the smallest
vertex in its connected component within K;. This leaves us with precisely the set
of iterated commutators in the statement of the theorem.

At this point, we have shown that the set of iterated commutators in the state-
ment of the theorem multiplicatively generates H.(2Zk). It remains to show
that this is a minimal generating set. To see this, it suffices to show that if
I ={ki,...,kp,j,i} where k1 < --- < k, < j > 14, then the remaining iterated
commutators on this index set are algebraically independent. Let {k;,,..., k. }
be the subset of {ki,...,k,} whose elements lie in the same connected com-
ponent of Kj as i. Let K7 be the full subcomplex of K7 on the vertex set
I —{ky,,... ki, }. There is a projection K; — K3 Observe that the connected
component of K7 containing the vertex i is precisely the singleton {i}, and there
is a one-to-one correspondence between the remaining iterated commutators of the
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form [ug,, [tky, - - - [uk,, [uj, ui]] -~ -]] in H,(QDJ(K7)) and the iterated commuta-
tors of length (p +2) — r in H,(Q2DJ(K5)) formed by deleting the elements uy,
whenever k; € {k;,, ..., k;, }. The latter set is algebraically independent since, topo-

logically, DJ(K7) is the wedge CP>°V DJ(K7—{i}), and the iterated commutators
correspond to independent Whitehead products in XQCP>® A QD ~ XS A QD,
where D = DJ(K; — {i}). Hence the former set is algebraically independent, as
required. [

We now come to identifying the class of flag complexes K for which Zx has
homotopy type of a wedge of spheres.

Let T be a graph on the vertex set [m]. A cligue of T' is a subset I of vertices
such that every two vertices in I are connected by an edge. Obviously, each flag
complex K is the clique complex of its one-skeleton I = K, that is, the simplicial
complex formed by filling in each clique of I" by a face.

A graph I' is called chordal if each of its cycles with > 4 vertices has a chord
(an edge joining two vertices that are not adjacent in the cycle). Equivalently, a
chordal graph is a graph with no induced cycles of length more than three.

The following result gives an alternative characterisation of chordal graphs.

Theorem 4.5 ([14]). A graph is chordal if and only if its vertices can be ordered
in such a way that, for each vertex i, the lesser neighbours of i form a clique.

Such an order of vertices is called a perfect elimination ordering.

Theorem 4.6. Let K be a flag complex and k a field. The following conditions are
equivalent:
(a) k[K] is a Golod ring;
(b) the multiplication in H*(Zg) is trivial;
(c) T = K is a chordal graph;
(d) Zk has homotopy type of a wedge of spheres.

Proof. (a)=(b) This is by definition of the Golod property and Theorem 2.5.

(b)=(c) Assume that K is not chordal, and choose an induced chordless cycle
I with |I] > 4. Then the full subcomplex K is the same cycle (the boundary of an
|I]-gon), and therefore Zk, is a connected sum of sphere products. Hence, H*(Zk,)
has nontrivial products (this can be also seen directly by using Theorem 2.5). Then,
by Theorem 2.5, the same nontrivial products appear in H*(Zk).

(¢)=(d) Assume that the vertices of K are in perfect elimination order. We assign
to each vertex ¢ the clique I; consisting of ¢ and the lesser neighbours of . Each
maximal face of K (that is, each maximal clique of K1) is obtained in this way, so we
get an induced order on the maximal faces: I;,,...,I;,. Then, foreach k =1,...,s,
the simplicial complex Uj<k Ii]. is flag (since it is the full subcomplex K{lyg’”“ikil}
in a flag complex). The intersection ({J;_, I;;)NI;, is a clique, so it is a face of
U i<k iy Therefore, Zx has homotopy type of a wedge of spheres by Corollary 2.8.

(d)=(a) This is by definition of the Golod property and the fact that the coho-
mology of the wedge of spheres contains only trivial cup and Massey products. [

Remark. The equivalence of (a), (b) and (c) was proved in [4, Th. 6.5].

All the implications in the above proof except (¢)=-(d) are valid for arbitrary K,
with the same arguments. However, (¢)=-(d) fails in the non-flag case; Example 3.3
is a counterexample.
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Corollary 4.7. Assume that K is flag with m vertices and Zx has homotopy type
of a wedge of spheres. Then
(a) the maximal dimension of spheres in the wedge is m + 1;
(b) the number of spheres of dimension ¢ + 1 in the wedge is given by
Z_III=€ dim HY(K7y), for2 < £ < m;
(¢c) H' (K1) =0 fori>0 and all I.

Proof. It Zk is a wedge of spheres, then H,(2Zk) is a free algebra on generators
described by Theorem 4.3, which implies (a) and (b). It also follows that H*(Zf) =

EBIc[m] H°(K7). On the other hand, H*(Z2) = ®IC[m] H*(K7) by Theorem 2.5,
whence (c) follows. O

Theorem 4.8. Assume that K is flag and k a field. The following conditions are
equivalent:

(a) K is minimally non-Golod;

(b) Zk is homeomorphic to a connected sum of sphere products.

Proof. Indeed, if K is flag and minimally non-Golod, then it is the boundary of an
m~gon with m > 4. O

5. THE HOMOTOPY TYPE OF {)Z; WHEN K IS FLAG

In general, the homotopy type of Zx when K is a flag complex may not be
easy to determine. We have shown that Zj has the homotopy type of a wedge of
spheres if K is Golod, and Z has the homotopy type of a connected sum of sphere
products if K is minimally non-Golod. Beyond these two classes, it is not clear what
the homotopy type of Zx may be. However, we will show in Theorem 5.3 that the
homotopy type of QZk localised away from 2 is a product of spheres and loops on
spheres.

To begin, suppose that K is a flag complex on m vertices. Let K be the disjoint
union of the m vertices. Then the inclusion

it K —K
induces an inclusion
DJ(i): DJ(K) = \/ CP* — DJ(K)
j=1

and we obtain a homotopy pullback diagram

Zw—1s DIE) — [T, CP>

(5.1) lzu) lDJ(i)
Zx —> DI(K) —T[}*, CP>

which defines the maps Z (i), f and f.
It is useful to have some initial algebraic information.

Lemma 5.1. Let f: X — Y be a map between two simply-connected spaces.
If H.(QX;Z) is torsion-free and (2f). is onto for coefficients in any field, then
H.(QY;Z) is also torsion-free.
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Proof. Suppose H,(QY;Z) is not torsion-free. Then there is a prime p and elements
b,b € H.(QY;7Z/pZ) such that b = b, where 8" is the r*"-Bockstein. As (£2f).
is onto in mod-p homology, there are elements a,a € H,.(QX;Z/pZ) such that
(2f)«(a) = b and (2f).(a) = b. As B commutes with (€2f),, we obtain

(Qf)«(8"a) = B"(2f)«(a) = f"b =1,
implying that 8"a # 0. This contradicts the fact that H,(QX;Z) is torsion-free. O

Corollary 5.2. Let K be a flag complex. Then H,(QQZk;Z) is torsion-free.

Proof. Observe that QDJ(K) ~ T™ x Q2% and by Theorem 2.6, Z% is ho-
motopy equivalent to a wedge of spheres. Thus H,(QDJ(K)) is torsion-free. By
Theorem 4.1, (2DJ(i)). is onto for coefficients in any field. So by Lemma 5.1,
H.(QZk;7Z) is torsion-free. O

We now show that QZ for K flag is homotopy equivalent to a product of spheres
and loops on spheres, when localised rationally or at any prime p # 2.

Theorem 5.3. Let K be a flag complex. The following hold when localised rationally
or at any prime p # 2:
(a) the map QDJ(K) e} QDJ(K) has a right homotopy inverse;
(b) the map QZ% Qi(@) O Z§ has a right homotopy inverse;
(¢) QDJ(K) and QZ§ are homotopy equivalent to products of spheres and loops
on spheres.

Remark. Theorem 5.3 may be true integrally. Corollary 5.2 says there are no ob-
structions arising from torsion homology classes. When K is Golod, so Zk is homo-
topy equivalent to a wedge of spheres, then the integral statement is a consequence
of the Hilton—Milnor Theorem. When K is minimally non-Golod, so Zk is homeo-
morphic to a connected sum of sphere products, then the integral statement holds
by [3]. The methods in [3] arise in a different context and may or may not adapt
to the case of Zi for a general flag complex; at present not enough information
is known about Zx. The methods presented below may possibly be fine-tuned to
prove the integral case, but more delicate information would have to be known
about the commutators in H,(2Zk). In particular, Theorem 4.3 gives a minimal
multiplicative basis for H,(QZk), but we do not know enough about potential
relations among them.

Proof. We begin with an integral argument to establish some equivalences between
statements in the theorem. After looping (5.1), we obtain a homotopy pullback
diagram

Qf —
QZ?*J‘>QDJ(K) — s Tm

\LQZ(i) QDJ(4)

0Zx 2 ODJ(K) —> ™,

Since the fibration along the top row splits, it induces a splitting of the fibration
along the bottom row. Therefore, using the loop structures in QDJ(K) and QDJ(K)
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to multiply, we obtain a homotopy commutative diagram of homotopy equivalences
T x QZr —— ODJ(K)
luﬂzu) J{QDJ(i)
T x Q2 — QDJ(K).
Thus QDJ (i) has a right homotopy inverse if and only if QZ(¢) has a right homotopy
inverse. Further, as QDJ(K) ~ T™ x QZk, we see that QDJ(K) is homotopy
equivalent to a product of spheres and loops on spheres if and only if QZ is.
Now localise rationally or at a prime p # 2. It remains to show that QDJ(7)

has a right homotopy inverse and QD.J(K) is homotopy equivalent to a product of
spheres and loops on spheres. By Theorem 4.1, there are isomorphisms

H,(QDJ(K); k) = T(uy, ..., un)/(uf =0)

H,(QDJ(K); k) = T{uy, ..., um)/(uf =0, wju; +uju; =0 for {i,j} € K)
where k is Q if we are localised rationally or Z/pZ if localised at p. The free tensor
algebra T(uy,...,un) is isomorphic to UL{uy,...,uy), the universal enveloping
algebra of the free Lie algebra on w1, ..., u,,. The relations in the two tensor alge-
bras above are induced from relations imposed on the underlying free Lie algebra
L{uy,...,upy). For as 2 is inverted in k, the relation u? = 0 is equivalent to the
relation [u;,u;] = 0, and as each u; is of degree 1, we have w;u; + uju; = [u;, u;).
Thus there are isomorphisms

Tlui, ..., um)/(uf =0) 2 U(L{ug, ..., un)/([u, u) = 0))
T(uy,... ,um>/(uf =0, wiu; +uju; =0 for {7,j} € K)
= U(L(ut, -y um) / ([uis us) = 0, [ug, us] =0 for {i,j} € K)).
To simplify notation, let
f:L(ul,...,umv([ui,ui] :O)
L=L{uy,...,um)/([wi,u] =0, [u;,u;] =0 for {i,5} € K).

Observe as well that in passing from loop space homology to universal enveloping
algebras of Lie algebras, the map (2DJ (%)), is modelled by U(r), where

m: L — L

is the quotient map of Lie algebras. As a map of k-modules, 7 has a right inverse.
Thus if L is the kernel of 7, then by [9] there is an isomorphism of left U L-modules

UL=UL®UL.

Taking associated graded modules if necessary, by the Poincaré—Birkhoff-Witt The-
orem we obtain an isomorphism of k-modules

S(I) = S(L)® S(L)

where S( ) is the free symmetric algebra functor.
In this case the Poincaré-Birkhoff-Witt Theorem has a geometric realisation.
Since K is a disjoint union of points, by Theorem 2.6, there is an integral homotopy
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equivalence Zg ~ \/2”22(5’“1)“@71)(7). Therefore there are integral homotopy
equivalences

QDJ(K) = T™ x Q2 = T x 9 \/ (5" -0 (0)).
=2

The Hilton—Milnor Theorem gives an explicit decomposition of the loops on a wedge
of spheres as an infinite product of looped spheres. In our case, we obtain an integral
homotopy equivalence

(5.2) QDJ(K) ~T™ x [] 25
ael

for some index set Z, where each S, is a sphere.

Take homology in (5.2) with k coefficients. We have H,.(T™) = Aluq, ..., Un],
where each u; is of degree one. That is, H,(T™) = @~ S(u;). Next, if the dimen-
sion of S, is odd, say S, = S?¢*1 then H,.(02S.) = klu,], where |u,| = 2k, so
H,(QS,) = S(uy). If the dimension of S, is even, say S, = S?* then the k-local
splitting QS?* ~ §2k=1 » 0§41 implies that H,(QS,) = Afus] ® k[v,], where
lua| = 2k — 1 and |v,| = 4k — 1, so H.(QS4) = S(ua) ® S(ve). Putting all this
together, (5.2) implies that there is a coalgebra isomorphism

H,(QDJ(K);k) = ® S(tar)
o' el

where the index set Z’ consists of {1,2,...,m}, every @ € Z where S, is of odd di-
mension, and two indices sk 1, aqr_1 for every a € Z where S, is of dimension 2k.

We now have two descriptions of H,(QDJ(K)) as symmetric algebras, so there
is an isomorphism

S@) = K S(ua).

a’'el’!

On the other hand, there is a decomposition S(L) 2 S(L)® S(L), so we can choose
a new index set 7 C 7’ such that the composite

(5.3) Q) S(ug) = Q) S(uar) —» S(I) 24 S(L)

Beg a’eT’

is an isomorphism. Write J = J1 U J> where J; (respectively J2) consists of all
those S € J with |ug| odd (respectively even). Observe that (5.3) is induced in
homology by the composite

Sp) x 085) = T™ x T] 252 —=— aDJ(E) 222U apJ (k).
(I1 ) (1T 2s5) 11
BeT1 BET: a€l

2

The left map exists k-locally, since there is a k-local decomposition Q5%F ~ §2k—1 x
Q8% =1 Thus if we take ¢ to be the composite of the left and middle maps above,
then ¢ has property that QDJ(i) o ¢ induces an isomorphism in k-homology. This
completes the proof. O
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6. AN EXAMPLE: THE BOUNDARY OF A PENTAGON

In this section we consider an example which illustrates many of the ideas and
results of the paper. This is most fully discussed once the algebra generators of
H,.(QDJ(K)) are geometrically realised by Samelson products, so we begin with a
general lemma.

Let K be a flag complex which is Golod. As in Section 5, let K be the disjoint
union of the m vertices in K. We obtain an inclusion i: K — K which induces an
inclusion DJ(i): DJ(K) = \/;W:1 CP>® — DJ(K). For 1 < i < m, let &, be the
composite

fi: 82 — cP~ — \/ cP> 2% py(K)
j=1
where the left map is the inclusion of the bottom cell and the middle map is the
inclusion of the i*"-wedge summand. Let

wi: St — QDJ(K)

be the adjoint of 7z;. Then in the description of H,(QDJ(K)) in (4.1), the Hurewicz
image of u; is the algebra generator u;.

Since the Samelson product commutes with the Hurewicz homomorphism, the
Hurewicz image of any iterated Samelson product of the pu;’s is the corresponding
iterated commutator of the w;’s. As well, in the homotopy fibration QZx —
QDJ(K) — T™, since m,(T™) = 0 for k > 1, any iterated Samelson product of
the u;’s composes trivially into 7" and so lifts to Q2.

Since we are regarding H,(Q2Zx ) as the commutator subalgebra of H,(QDJ(K))
via exact sequence (2.1), we can regard the lift to QZx of any iterated Samelson
product of the u;’s as having the same Hurewicz image. Therefore, the algebra
generators

[ujv ui]a [uk17 [u]7 uz]]v ey [ukla [ukza e [ukm,,za [uja ul]] e H
of H,(QZk) in Theorem 4.3, with restrictions on the indices as stated in the theo-
rem, are the Hurewicz images of the lifts to QZk of the iterated Samelson products

(6.1) ) PR 17T 177 7% | O 775 77 SN TV S 72 B 721 | R |

Lemma 6.1. Let K be a flag complex and k a field. Suppose that K is Golod, or
equivalently by Theorem 4.6, that Z is homotopy equivalent to a wedge of spheres.
Then each sphere in this wedge maps to DJ(K) by an iterated Whitehead product

of the maps [y, . .. [y,

Proof. Since Zk is homotopy equivalent to a wedge of spheres, H,(QZk) is a free
associative algebra, where each algebra generator of degree d corresponds to a sphere
of dimension d+1 in the wedge decomposition of Zx. On the other hand, a minimal
generating set for H,(QZk) is given by the iterated commutators in Theorem 4.3,
so each iterated commutator listed in Theorem 4.3 of degree d corresponds to a
sphere of dimension d 4+ 1 in the wedge decomposition of Zx. Applying the map
NZx — QDJ(K), these iterated commutators are the Hurewicz images of the
iterated Samelson products in (6.1). Therefore, adjointing, the spheres in the wedge
decomposition of Zx map to DJ(K) by the iterated Whitehead products

[ﬁjvﬁiL [ﬁ]ﬁ’ [ﬁj»ﬁi“v ceey [ﬁk:p [ﬁky o [ﬁkm,y [ﬁjaﬁi” te ]]

with restrictions on the indices as in Theroem 4.3. O
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Now let K be the boundary of pentagon, shown in Fig. 2. Theorem 4.3 gives the
2

4

FI1GURE 2. Boundary of pentagon.

following 10 generators for the Pontryagin algebra H,(Q2Zk):
ar = [ug,u1], a2 = [ug,ur], a3 =[ug,uz],  as = [us,us], as = [us, us),
b = [ua, [us, ual], b2 = [ug, [us, uz]], bz = [u1, [us, us]],
by = [u3, [ug, u1]], bs = [ug, [ug, u1]],
where dega; = 2 and degb; = 3. By Lemma 6.1, a1 is the Hurewicz image of the
Samelson product [uz, pu1]: S? — QDJ(K) lifted to QZk, and by is the Hurewicz

image of the iterated Samelson product [, [us, pa]]: S* — QDJ(K) lifted to QZ;
the other a; and b; are described similarly. We therefore have adjoint maps
e: (S2VSHYS 5 0Zy and j: (SPVvSHYS - Zk
corresponding to the wedge of all a; and b;. Now a calculation using relations from
Theorem 4.1 and the Jacobi identity shows that a; and b; satisfy the relation
5
(62) S fanb] =0
i=1
(the signs can be made right by changing the order the elements in the commutators
defining a;, b; if necessary). This relation has a topological meaning. In general,
suppose that M and N are d-dimensional manifolds. Let M be the (d — 1)-skeleton
of M, or equivalently, M is obtained from M by removing a disc in the interior of the
d-cell of M. Define N similarly. Suppose that f: S¥~' — M and g: S ' — N
are the attaching maps for the top cells in M and N. Then the attaching map for
the top cell in the connected sum M # N is S4-1 fj MV N.Inour case, S3 x §% is
a manifold and the attaching map S% — S2\ S* for its top cell is the Whitehead
product [sy, s2], where s; and so respectively are the inclusions of S® and S* into
3V S%. The attaching map for the top cell of the 5-fold connected sum (S3 x §4)#3
is therefore the sum of five such Whitehead products. Composing it with j into Zx
and passing to the adjoint map we obtain Z?Zl[ai, b;]. By (6.2), this sum is null
homotopic. Thus the inclusion j: (5% Vv §4)V® — Zx extends to a map

jl (53 X 54)#5 — ZK.
Furthermore, a calculation using Theorem 2.5 shows that } induces an isomorphism
in cohomology (see [7, Ex. 7.22]), that is, j is a homotopy equivalence. Since both
(83 x §*)#° and Zj are manifolds, the complement of (S% Vv §4)V5 in (93 x §4)#5
and Zf is a 7-disc, so that the extension map 5 can be chosen to be one-to-one,
which implies that 5 is a homeomorphism.
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We also obtain that H,(Q2Zk) is the quotient of a free algebra on ten generators
a;, b; by relation (6.2). Its Poicaré series is given by Proposition 4.2:

1
1—5t2 =563 415~

P(H.(Q2k);t) =

The summand #° in the denominator is what differs the Poincaré series of the one-
relator algebra H,(2Zk) from that of the free algebra H,(2(S® Vv S4)V9).

A similar argument can be used to show that Zx is homeomorphic to a connected
sum of sphere products when K is a boundary of a m-gon with m > 4.
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(11]
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