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Cassidy, Phan and Shelton have associated to any regular cell complex X a
quadratic K -algebra R(X). They gave a combinatorial solution to the ques-
tion of when this algebra is Koszul. The algebra R(X) is a combinatorial
invariant but not a topological invariant. We show that, nevertheless, the
property that R(X) be Koszul is a topological invariant.

In the process, we establish some conditions on the types of local singular-
ities that can occur in cell complexes X such that R(X) is Koszul, and more
generally in cell complexes that are pure and connected by codimension-one
faces.

1. Introduction

Let X be a finite regular cell complex of dimension d , and let K be a field. Follow-
ing Cassidy, Phan and Shelton (see [Cassidy et al. 2010], henceforth abbreviated
[CPS]) we will associate to X , under certain global assumptions, a quadratic K -
algebra R(X) (defined below). The focus of [CPS] is to determine the combina-
torial properties required for this algebra to be Koszul. The primary focus of this
paper is to show that the Koszul property is actually a topological invariant, even
though the algebra is not. In the process we see that our global assumptions also
imply some restrictions on singularities of appropriate spaces X .

After a definition of our two technical assumptions we can state our main the-
orem. Our complexes will be finite throughout. We will generally not restate this
hypothesis.

Definition 1. Let X be a regular cell complex of dimension d.

(1) X is pure if X is the closure of its open d-cells.

(2) A pure, finite regular cell complex X , is connected through codimension-one
faces if the space X−X (d−2) is path connected (where X (d−2) is the (d−2)-skeleton
of X ).
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Theorem 2. Let X be a pure regular cell complex of dimension d, connected
through codimension-one faces. Then R(X) is Koszul (for the field K ) if and only
if both of the following conditions hold.

(1) H̃i (X; K )= 0 for i < d.

(2) Hi (X, X −{p}; K )= 0 for each p ∈ X and each i < d.

Because our hypotheses on the cell complex structure and on homology are
obviously homeomorphism invariant, Theorem 2 shows that the Koszul property
for R(X) is a homeomorphism invariant. Also, Hi (X, X−{p}; K ) depends only on
the open cell containing p, so (2) involves checking only finitely many conditions.
We point out, however, that one does not have any nice homotopy invariance:

Example 3. There are homotopy equivalent, pure regular cell complexes X and Y
of dimension three such that R(X) is not Koszul but R(Y ) is Koszul. For instance,
let Y the union of two 3-cells attached by some 2-dimensional face (so R(Y ) is
Koszul by Theorem 2) and let X be the complex in Example 22, taken from [CPS,
Example 5.9]. X is homotopy equivalent to Y since one gets a space homeomorphic
to Y by collapsing the contractible subcomplex a of X to a point. But [CPS] shows
that R(X) is not Koszul (as one can also see by Theorem 2).

Although our argument does not make direct use of the definition of R(X), we
review that definition here in the interest of self-containedness.

Let P be any finite ranked poset with minimal element 0̄. For each x ∈ P let
s1(x)= {y ∈ P | y < x, rank(x)− rank(y)= 1} (the elements immediately below x
in the ranked poset). We define R(P) to be the quadratic K -algebra on generators
rx , x ∈ P −{0̄} with relations

rxry = 0 for all y 6∈ s1(x)

and
rx

∑
z∈s1(x)

rz = 0 for all x .

The set of all closed cells of a regular cell complex, together with the empty set,
form a finite ranked poset under set inclusion. Following [CPS], this is denoted
P̄(X). (In this poset the rank of a cell is one more than its dimension, so that the
rank of the empty set is 0).

If we assume that X is pure, we may adjoin one additional (maximal) element
to the poset P̄(X). The resulting poset, which is denoted P̂(X) is still a ranked
poset. If we also assume that X is connected through codimension-one faces, then
P̂(X) has the combinatorial property known as uniform (cf. [Gelfand et al. 2005]).
Then we define R(X) to be R(P̂(X)). While R(P̄(X)) is always Koszul under
the hypotheses that X is pure and connected through codimension-one faces (see
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[CPS] and [Retakh et al. 2010]), the Koszul property for R(X) is substantially
more subtle. In [CPS, Theorem 5.3] a precise statement was given in terms of
the combinatorial cell structure of X describing when R(X) is Koszul (refer to
Theorem 5 below).

We note that there are results of a similar nature about different sorts of com-
binatorially derived algebras in the literature. One example of results in a similar
spirit but of a different nature can be found in [Reiner and Stamate 2010].

2. CPS cohomology and local homology

We fix X , a finite regular CW complex of dimension d . We begin by recalling the
definitions of the groups HX (n, k) from [CPS, Section 4], which we will write as
H n

k (X).
Assign orientations to each cell of X . If β is an n cell and α is an n + 1 cell,

let [α : β] be the incidence number of β in α. Because X is regular, this is either
0, 1 or −1. These incidence numbers are usually defined in the context of cellular
homology so that, if C∗(X) is the cellular chain complex of X and α is an n + 1
cell,

d(α)=
∑

n−1 cellsβ

[α : β]β.

Because X is finite and we have a chosen basis for the cellular chains, (given by the
cells of X ) we have an isomorphism between the cellular chains and the cellular
cochains of X . We consider the cochains in dimension n to be generated by the
basis dual to the cellular basis for Cn(X), but we will use the same notation. That is,
an n-cell α when considered as a generator of Cn(X) has value 1 on α considered
as a generator of Cn(X), and value 0 on other cells generating Cn(X). With this
identification, the coboundary map δ : Cn(X)→ Cn+1(X) is given by

δ(α)=
∑

n+1 cellsβ

[β : α]β.

We define Cn
k (X) to be the submodule of Cn(X)⊗Ck(X) generated by α⊗β, such

that β ⊆ ∂α (that is, the cell associated to β is a subset of the boundary of the cell
associated to α). Then, d induces a differential Cn

k (X)→ Cn
k−1(X) and δ induces

a differential Cn
k (X)→ Cn+1

k (X).

Definition 4 [CPS, Definition 4.1]. For each k and n, let

Ln
k (X)= coker(Cn

k+1(X)
d
−→ Cn

k (X)).

Then, L∗k(X) is a cochain complex with differential induced by δ. The CPS coho-
mology groups of X are defined by

H n
k (X)= H n(L∗k(X)).
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These cohomology groups are defined with coefficients in Z. We write H n
k (X; R)

to denote the same groups when calculated with coefficients in a commutative
coefficient ring R.

Theorem 5 [CPS, Theorem 5.3]. Let X be a pure regular cell complex of dimen-
sion d, connected by codimension-one faces. Then, the K -algebra R(X) is Koszul
if and only if H n

k (X, K )= 0 for 0≤ k < n < d.

For our purposes, it is convenient to present a reformulation of Theorem 5 in
terms of relative cohomology groups involving the stars of the cells of X .

Definition 6. The star of a cell σ in a regular cell complex X is

st(σ )= {y ∈ X : y is in some open cell whose closure contains σ }.

We note that st(σ ) is an open subset of X . We also use stl(σ ) to denote the union
of the open cell σ with all open cells in st(σ ) of dimension ≤ l.

Theorem 7. Let X be a pure regular cell complex of dimension d , connected by
codimension-one faces. Then, the K -algebra R(X) is Koszul if and only if

(1) H̃ n(X, K )= 0 for n < d ,

(2) For every k-cell σ and k+ 1< n < d , H n(X, X − st(σ ); K )= 0.

Remark 1. Theorem 7 is a reformulation of [CPS, Corollary 5.8], where the con-
dition k+ 1< n was inadvertently omitted.

As we will see in the next section, the cohomology groups H n(X, X − st (σ ))
can be replaced by the local homology groups Hn(X, X −{x}) for any x ∈ σ (see
Lemma 10). This suggests the following definition.

Definition 8. We define the set Sn (relative to the ring of coefficients R) by x ∈ Sn

if Hi (X, X −{x}; R)= 0 for i ≤ n and Hn+1(X, X −{x}; R) 6= 0.

Now we can state and prove a proposition equivalent to Theorem 2. We will
leave certain technical aspects of the proof to the subsequent two sections, as well
as a more extensive discussion of the structure and significance of the sets Sn .

Proposition 9. Let X be a pure regular cell complex of dimension d which is con-
nected through codimension-one faces. Then, R(X) is Koszul if and only if

(1) H̃ n(X, K )= 0 for n < d

(2) The sets Sk (relative to K ) are empty for 0≤ k ≤ d − 2.

Proof. In this proof all homology and cohomology groups should be computed
relative to the field K . We suppress this from the notation.

We must see that condition (2) of Theorem 7 and condition (2) of Proposition 9
are equivalent under the hypotheses on X and condition (1). Suppose the sets Sk

are empty for 0≤ i ≤ d − 2. Then by Lemma 10, Hi (X, X − st(σ ))= 0 for every
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cell σ and every i < d . The same follows by the universal coefficient theorem for
H i (X, X − st(σ )).

Conversely, assume that for some i ≤ d − 2, the set Si is not empty. Let m be
minimal such that Sm 6=∅. By Lemma 14 and Proposition 17, Sm is a union of cells
and must contain a cell α of dimension k<m. By Lemma 10, H m+1(X, X−st (α))
does not vanish, contradicting (2) of Theorem 7. �

3. Preliminary homotopy results

Let X be a regular cell complex of dimension d . If x ∈ X , we write σ(x) for
the unique open cell of X containing x . The following is a standard lemma of
piecewise linear topology.

Lemma 10. Given a cell σ , st(σ ) is contractible (and in fact has a strong defor-
mation retract to σ ). Also, given any point x ∈ σ , there is a strong deformation
retract

X −{x} → X − st(σ (x)).

Proof. To see that st(σ ) has a strong deformation retract to σ , we want a homotopy

H : st(σ )× I → st(σ ).

Of course H |σ×I will just be the projection to σ .
Now suppose H has been defined on the subset of st(σ ) consisting of σ together

with other open cells up through cells of dimension l. Since X was a regular cell
complex, for each open l+1 cell E of st(σ ), H is defined on a contractible subset
of the boundary, E ′ ⊆ ∂E . So H is defined on W = E × {0} ∪ E ′ × I . The pair
(E × I,W ) has the homotopy extension property (see [Hatcher 2002, page 23]),
so we use that to define H on E × I .

To define our retract

X −{x} → X − st(σ (x)),

we begin by noting there is a strong deformation retract σ(x)−{x} to ∂σ(x). Now
assume the homotopy is defined on stl(σ (x))− {x} (and of course is the identity
on X − st(σ (x))). Note that st0(σ (x))= σ(x).

Let E be the closure of an l + 1 cell of st(σ (x)). Since the pair

((E −{x})× I, (E −{x})×{0} ∪ (∂E −{x})× I )

has the homotopy extension property, extend H across E−{x}. Continue until the
homotopy is defined on all of X −{x}. �

Corollary 11. Given a cell σ there is a strong deformation retract

X − σ → X − st(σ ),
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such that if x ∈ E for some cell E , then the image of x × I is in E , and meets no
cells of st(σ ) other than E.

Proof. Apply the strong deformation retract of Lemma 10 to the space X − σ . �

As an application of Corollary 11 we have:

Corollary 12. Let D be an open n-cell of X and σ a 0-cell in ∂D. Then,

X − (σ ∪ D)' X − σ.

Proof. Apply the homotopy from Corollary 11 to the space X − (σ ∪ D). This
gives a retract of X − (σ ∪ D) to X − (st(σ )), and since that space is also a retract
of X − σ , we get X − (σ ∪ D)' X − σ . �

Proposition 13. Let X be the realization of a simplicial complex1, and let A be a
closed i-simplex in 1′ (the first barycentric subdivision of 1). Let v be the vertex
that A shares with an i-simplex of 1. Then,

X −{v} ' X − A.

Proof. In the complex given by 1 we can construct the deformation retract of
X −{v} to X − st(v) (where st(v) is defined using the simplicial complex 1)

H : (X −{v})× I → X −{v}

explicitly by using barycentric coordinates in each simplex of 1.
Specifically, if σ is a simplex of1 not containing v, then H(p, t)= p for p ∈σ .
If σ does contain v, let the vertices of σ be v = v0, v1, . . . , vk . Then a typical

point of σ −{v} is given by sv0+ (1− s)
∑k

i=1 aivi , where
∑k

i=1 ai = 1. Then,

H
(

sv0+ (1− s)
k∑

i=1

aivi , t
)
= (1− t)sv0+ (1− s+ ts)

k∑
i=1

aivi .

Applying this homotopy to X − A gives a deformation retract to X − st(v). So
X −{v} ' X − A. �

4. Singularities detected by local homology

The singular sets Sn are composed of cells of dimension less than or equal to
n. We continue to assume that X is a finite regular cell complex of dimension d.
Throughout this section we assume further that X is pure. Recall that we refer to
H∗(X, X − x) as the local homology at x . Since X is locally contractible, we can
choose a contractible neighborhood of x , say U . Then, by excision, we have

H∗(X, X −{x})∼= H∗(U,U −{x})∼= H̃∗−1(U −{x}).



TOPOLOGICAL KOSZULITY AND MEASURE OF SINGULARITIES 479

From this we see that any x in the interior of a d-cell of X has local homology
H∗(X, X− x)∼= H̃(Sd) and x ∈ Sd−1. Similarly, if x is on the boundary of exactly
one d-cell then H∗(X, X−x)=0 and x is none of the sets Sk . So if we think of X as
a singular manifold with boundary, the point with neighborhoods homeomorphic
to Rd or the corresponding half-space is not in Sk when k < d − 1. The sets Si ,
0≤ i ≤ d − 2, form a stratification of those singularities of X that are detected by
local homology.

Of course it is also possible for X to be topologically singular and still have local
homology zero in dimensions below d at every point. A simple but illustrative
example (for d = 1) is the space consisting of three copies of the unit interval
identified at one end point:(

[0, 1]× {a, b, c}
) /
{(0, a)∼ (0, b)∼ (0, c)}.

The identification point is a singular point and has no local homology below di-
mension one. This singularity is still detected by local homology of course, but
not until dimension one.

As is well known, there are also spaces with singularities so that all the local
homology groups are those of a manifold. A standard source of examples is the
suspension of any homology sphere which isn’t actually a sphere.

We begin by showing that the sets Sn put restrictions on the cell structure of X .
Recall first that Sn does not depend on the cellular structure of X (Definition 8).
Nevertheless, we have the following.

Lemma 14. The set Sn is a union of open cells (in any cell structure on X ).

Proof. If x is in some open cell D, then X−D' X−{x} by Lemma 10 together with
Corollary 11. So applying the same argument to x ′ ∈ D and using the appropriate
long exact sequences, we get

H∗(X, X −{x})∼= H∗(X, X − D)∼= H∗(X, X −{x ′}). �

Lemma 15. If x ∈ Sn for n < d − 1, then x must be in the interior of a cell of
dimension n or lower.

Note that this fact depends on X being pure. For example, If we take X to be
the union of a two cell and a one cell at a vertex, then points in the interior of the
one cell will be in S0. Geometrically, x ∈ Sn says that if we take a contractible
neighborhood of x and remove x from that neighborhood then the resulting set is
no longer n-connected.

Proof. Recall stk(σ ) is the union of σ and the open cells of dimension k and lower
that are contained in st(σ ). This is the same as st(σ ) within the space X (k) if σ is
a cell of dimension less than or equal to k.
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Suppose x is in the interior of a cell of dimension k<d . We have a commutative
square of spaces

X (k+1)
−{x} −−−→ X (k+1)

− st(k+1)(σ (x))y y
X −{x} −−−→ X − st(σ (x)).

The horizontal maps are homotopy equivalences by Lemma 10. The spaces on the
right are subcomplexes of X , and the right hand vertical map is inclusion of the
k + 1-skeleton. So, by cellular approximation, all maps induce isomorphisms in
Hi for i < k+ 1.

From the long exact sequence of a pair, it follows that

Hi (X (k+1), X (k+1)
−{x})→ Hi (X, X −{x})

is an isomorphism for i ≤ k. Now let U = st(k+1)(σ (x)), which is an open neigh-
borhood of x in X (k+1). U consists of the open k-cell containing x and any open
k+1 cells that have that k-cell as a face. So, U looks like a finite collection of k+1-
cells identified along part of their boundary, and x is in that part of the common
boundary. It follows that U −{x} is homotopy equivalent to a wedge of k-spheres
(one fewer than the number of k+ 1-cells attached to σ(x)).

So,
Hi (X (k+1), X (k+1)

−{x})= Hi (U,U −{x})

is 0 for i < k + 1 (and is free abelian on one fewer generator than the number of
k+ 1-cells attached to σ(x) for i = k+ 1).

It follows that x is not in Sn for n < k. �

See the appendix for examples where Sn contains the interiors of cells of dimen-
sion strictly smaller than n.

The implications of connectivity by codimension-one faces. We have already as-
sumed the global topological condition: X is pure. Our final goal is to understand
the effect of the extra global topological condition: connected by codimension-one
faces. Under that condition we can prove a remarkable strengthening of Lemma 15
(see Proposition 17 and its Corollary). We require one technical lemma.

Lemma 16. Let X be a pure regular cell complex of dimension d. Let n < d.
Suppose S0 = · · · = Sn−1 = ∅, H̃k(X) = 0 for k < d , and D is an open n-cell of
Sn with Sn ∩ ∂D =∅. Let Y = X − D.

Let A ⊆ ∂D be a subspace homeomorphic to Di (the closed i disk) and also
a subcomplex of ∂D under some cell structure on ∂D which subdivides the given
cell structure.

Then, H̃ j (Y − A)= 0 for j < n+ 1− i .
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Proof. The proof is by a double induction with the outer induction on i and the
inner induction on the number of i-cells in A, which we’ll denote by r .

Let i be 0. Note that r =1 by our hypotheses that A∼=D0. Then by Corollary 12,
Y − A= X−(A∪D)' X− A. Since A is a single point in ∂D, and by hypothesis
that point isn’t in S0 ∪ · · · ∪ Sn , we have H̃ j (X − A)= 0 for j < n+ 1.

Now suppose the lemma is established for i−1≥ 0. Consider first the following
special case. Subdivide the cell complex structure on ∂D so that it is a simplicial
complex. Then take the first barycentric subdivision of that simplicial complex.
Let A be the closure of an i-cell in that complex, so A ∼= Di .

Let v be the vertex that A shares with the i-simplex (before subdivision) that
A is part of. By Proposition 13, Y − A ' Y − {v}, which is in turn homotopy
equivalent to X −{v} by the previous case. So H̃ j (Y − A)= 0 for j < n+ 1.

Now let A be as in the hypotheses, with the additional assumption that it is a
subcomplex of a barycentric subdivision of a simplicial subdivision of ∂D, as in
the special case above. Suppose A has r+1 cells, and that the lemma is true in the
case of r cells. Write A = A′ ∪ A′′ where A′ is a single cell, A′′ has r -cells, and
A′ ∩ A′′ is homeomorphic to Di−1.

We look at the Mayer–Vietoris sequence for

Y − (A′ ∩ A′′)= (Y − A′)∪ (Y − A′′),

which gives

H j+1(Y − A′)⊕ H j+1(Y − A′′)→ H j+1(Y − (A′ ∩ A′′))→ H j (Y − A)

→ H j (Y − A′)⊕ H j (Y − A′′).

By our two inductive hypotheses (on i−1 and r ), we have H j+1(Y−(A′∩A′′))= 0
for j + 1< n+ 1− (i − 1) (or j < n+ 1− i), and H j (Y − A′′)= H j (Y − A′)= 0
for j < n+ 1− i .

It follows that H j (Y− A)= 0 for j < n+1−i . By induction on r , this holds for
any A which is an appropriate subcomplex of our subdivision (of the cell structure
on ∂D).

Finally, if A⊆ ∂D is any appropriate subcomplex of a subdivision of ∂D so that
A ∼= Di , then A is also an appropriate subcomplex of a finer subdivision of ∂D
which is itself a barycentric subdivision of a simplicial complex. So our special
case covers this subcomplex A of ∂D. �

Proposition 17. Let X be a complex as above. In addition, assume that H̃i (X)= 0
for i < d , and that X is connected through codimension-one faces. If there is an
n < d − 1 so that Sn 6= ∅, then there is some point in some such Sn which is in an
open cell of dimension smaller than n.
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Proof. Let n be minimal so that Sn 6= ∅. If there is no such n, or if n ≥ d − 1,
we’re done. So assume n< d−1. By Lemmas 14 and 15 Sn must contain an open
cell D of dimension n at most. If D has dimension less than n, then we are done.
So assume D has dimension n. Let Y = X − D. From the hypothesis H̃k(X) = 0
for k < d, we get Hn(Y )= Hn+1(X, Y ) 6= 0.

We wish to prove that Sn ∩ ∂D 6= ∅. Choose a sequence of subsets Ai , Bi ,
i = 0, . . . , n− 1 subcomplexes of ∂D (or of some subdivision) so that

• An−1
∪ Bn−1

= ∂D ∼= Sn−1,

• Ai
∪ Bi ∼= Si ,

• Ai
∩ Bi
= Ai−1

∪ Bi−1.

Notice that A0 and B0 are distinct singleton sets.
Assume Sn ∩ ∂D =∅. Consider

(18) Y = (Y − A0)∪ (Y − B0).

The space Y − A0
' X − A0 by Corollary 12, so since the point of A0 is not in

S0 ∪ · · · ∪ Sn , we get H̃ j (Y − A0)= 0 for j ≤ n, and of course the same result for
H̃J (Y − B0).

Then, in the Mayer–Vietoris sequence for (18), we get

Hn(Y )∼= Hn−1(Y − (A0
∪ B0)).

We do a similar analysis for

(19) Y − (A0
∪ B0)= (Y − A1)∪ (Y − B1).

We have H̃ j (Y − A1)= 0 for j < n+ 1− 1= n by Lemma 16.
Then, in the Mayer–Vietoris sequence for (19), we get

Hn−1(Y − (A0
∪ B0))∼= Hn−2(Y − (A1

∪ B1)).

Similarly, we have

(20) Y − (Ak−1
∪ Bk−1)= (Y − Ak)∪ (Y − Bk).

Lemma 16 tells us that H̃ j (Y − Ak)= 0 for j < n+1− k (and a similar result for
Bk).

So, by the Mayer–Vietoris sequence for (20), we get

H̃n−k(Y − (Ak−1
∪ Bk−1))∼= H̃n−k−1(Y − (Ak ∪ Bk)).

Assembling this information, we get

0 6= Hn(Y )= H̃0(Y − (An−1
∪ Bn−1))= H̃0(X − D).
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The hypothesis that X is connected through codimension-one faces tells us that
H̃0(X − D) = 0 unless (possibly) D has codimension 1. But D was assumed
to have dimension n < d − 1, so we have a contradiction to our assumption that
Sn ∩ ∂D =∅. �

Corollary 21. Suppose X is a pure regular cell complex of dimension d , connected
through codimension-one faces, and with H̃i (X)= 0 for i < d.

If for each 0 ≤ i < d − 1, Si contains no cells of dimension less than i , then for
0≤ i < d − 1, each Si is empty.

Appendix: Examples of singularities

As is clear from the above, x ∈ Sn does not determine the dimension of the open
cell containing x . For example, Sd−1 contains all open d cells and all interior open
d − 1 cells. Similarly, the 3-dimensional complex X of Example 22 below has
points x ∈ S1 so that x is in an open 1-cell, and also at least one x ∈ S1 which is in
an open 0-cell.

Below we give examples of contractible cell complexes connected through co-
dimension-one faces, where (regardless of the chosen cell structure) the singular
set Sr , for some r , is composed of cells of varying dimensions.

Example 22. Let T1 be a 3-simplex with vertices {v0, . . . , v3} and T2 be a 3-
simplex with vertices {w0, . . . , w3}. Define X by

(T1 t T2)/∼ ,

where the relation ∼ is given by identifying the 2-simplex spanned by {v0, v1, v2}

linearly (preserving the order of the vertices) with that spanned by {w0, w1, w2},
and by identifying the 1-simplex spanned by {v0, v3}with that spanned by {w0, w3}

(again preserving the order of simplices).
If we just made the first identification we would have something homeomorphic

to a 3-disk. With both identifications, we have something homotopy equivalent to
a 3-disk since it is a homotopy equivalence to identify the contractible subcomplex
consisting of the closed 1-cell that is the image of the 1-simplex spanned by {v0, v3}

to a point.
In this space, S1 is the open 1-cell that is the image of the open 1-simplex

spanned by {v0, v3} (or equivalently by {w0, w3}) together with the image of v0.
The point that is the image of v0 will be a 0-cell in any cell structure on X , so that
S1 (in this example) will always have points belonging to 0-cells.

Example 23. We can mimic Example 22 in higher dimensions. For example to
create a space of dimension 4 such that S1 must necessarily contain both points of
1-cells and 0-cells, we can define X as follows. Let T1 be a 4-simplex with vertices
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{v0, . . . , v4}, and let T2 be a 4-simplex with vertices {w0, . . . , w4}.

X = (T1 t T2)/∼ ,

where the relation ∼ is given by linearly identifying the 3-simplex spanned by
{v0, v1, v2, v3} (while preserving the order of the vertices) with that spanned by
{w0, w1, w2, w3}, and by identifying the 1-simplex spanned by {v0, v4} with that
spanned by {w0, w4} (again preserving the order of simplices).

Then S1 is analogous to the previous example; it contains the image of the 1-
simplex spanned by {v0, v4} together with the image of v0. S2 = ∅. As in the
previous example, the point that is the image of v0 will be a 0-cell in any cell
structure on X , and the rest of the points of S1 will be in 1-cells or 0-cells.

Example 24. We can also create a complicated S2.
Let T1 be a 4-simplex with vertices {v0, . . . , v4}, and let T2 be a 4-simplex with

vertices {w0, . . . , w4}.

X = (T1 t T2)/∼ ,

where the relation ∼ is given by linearly identifying the 3-simplex spanned by
{v0, v1, v2, v3} (while preserving the order of the vertices) with that spanned by
{w0, w1, w2, w3}, and by identifying the 2-simplex spanned by {v0, v1, v4} with
that spanned by {w0, w1, w4} (preserving the order of simplices).

Then S1=∅, but S2 consisted of the open 2-cell that is the image of the simplex
{v0, v1, v4} together with the open 1-cell that is the image of the simplex {v0, v1}.
This subset of X will be a union of a nonzero number of open 2-cells and a nonzero
number of open 1-cells in any cell complex on X .

Example 25. It is also possible to create a complex X of dimension 4, where S2

will be a union of a nonzero number of 2-cells, a nonzero number of 1-cells and a
nonzero number of 0-cells for any cell structure on X .

We begin by creating the subcomplex most of which will become S2. We will
glue three 2-simplices together along a common edge. So let A be the simpli-
cial complexes with vertices a, b, c, d, e, 2-simplices {a, d, e}, {b, d, e}, {c, d, e}.
This determines the 1-simplices, and, thus, the 1-simplex common to the three 2-
simplices is {d, e}. This is illustrated by the three shaded 2-simplices in Figure 1.

Next we attach three 4-simplices to A by attaching adjacent 2-faces (sharing
a 1-face) of each 4-simplex to pairs of 2-simplices in A. Let T1 be the 4-simplex
with vertices {u0, . . . , u3}, let T2 have vertices {v0, . . . , v3} and let T3 have vertices
{w0, . . . , w3}.

We identify the 2-face spanned by u0, u1, u2 with the simplex e, d, a, and the
2-face spanned by u0, u1, u3 with the simplex e, d, c (preserving the given order
in both cases).
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e

Figure 1. A with {u0, . . . , u3} and {v0, . . . , v3} attached.

Similarly for v0, v1, v2 we use e, d, c and for v0, v1, v3 we use e, d, b. Finally,
for w0, w1, w2 we use e, d, b and for w0, w1, w3 we use e, d, a. We sketch part
of this complex in Figure 1, but note that we have no realistic way to sketch the
4-simplices involved, so we are only showing a two dimensional sketch of a three
dimensional picture of the space.

Of course this is contractible, and S2 consists of the three open 2-simplices
from A together with the open 1-simplex e, d. But this space is not connected
through codimension-one faces. To fix this, we add a last 4-simplex with vertices
{x0, . . . , x4}. We identify the face with vertices x0, . . . , x3 with u1, u2, u3, u4, the
face x0, x2, x3, x4 with v1, v2, v3, v4 and the face x0, x1, x3, x4 withw1, w3, w2, w4.

We’ll call the resulting space X . X is now dimension 4, contractible and con-
nected through codimension-one faces. S0 = S1 = ∅ and S2 is the union of the
open 2-cells of A together with the open 1-cells {a, d}, {b, d}, {c, d} and the 0-cell
{d}. In any cell structure on X , {d} will be a zero cell, and all but finitely many
points of the open 1-cells we just listed will be in open 1-cells. Of course almost
all points in the interiors of the 2-cells listed will be in open 2-cells.

Acknowledgements

The authors thank the referee for several helpful suggestions.

References

[Cassidy et al. 2010] T. Cassidy, C. Phan, and B. Shelton, “Noncommutative Koszul algebras from
combinatorial topology”, J. Reine Angew. Math. 646 (2010), 45–63. MR 2719555 Zbl 05806238

[Gelfand et al. 2005] I. Gelfand, V. Retakh, S. Serconek, and R. L. Wilson, “On a class of alge-
bras associated to directed graphs”, Selecta Math. (N.S.) 11:2 (2005), 281–295. MR 2006i:05071
Zbl 1080.05040

http://dx.doi.org/10.1515/CRELLE.2010.065
http://dx.doi.org/10.1515/CRELLE.2010.065
http://www.ams.org/mathscinet-getitem?mr=2719555
http://www.emis.de/cgi-bin/MATH-item?05806238
http://dx.doi.org/10.1007/s00029-005-0005-x
http://dx.doi.org/10.1007/s00029-005-0005-x
http://www.ams.org/mathscinet-getitem?mr=2006i:05071
http://www.emis.de/cgi-bin/MATH-item?1080.05040


486 HAL SADOFSKY AND BRAD SHELTON

[Hatcher 2002] A. Hatcher, Algebraic topology, Cambridge University Press, Cambridge, 2002.
MR 2002k:55001 Zbl 1044.55001

[Reiner and Stamate 2010] V. Reiner and D. I. Stamate, “Koszul incidence algebras, affine semi-
groups, and Stanley–Reisner ideals”, Adv. Math. 224:6 (2010), 2312–2345. MR 2011f:06003
Zbl 05758028

[Retakh et al. 2010] V. Retakh, S. Serconek, and R. L. Wilson, “Koszulity of splitting algebras asso-
ciated with cell complexes”, J. Algebra 323:4 (2010), 983–999. MR 2011e:16055 Zbl 05682575

Received November 12, 2009. Revised November 13, 2009.

HAL SADOFSKY

DEPARTMENT OF MATHEMATICS

UNIVERSITY OF OREGON

EUGENE, OR 97403
UNITED STATES

sadofsky@uoregon.edu

BRAD SHELTON

DEPARTMENT OF MATHEMATICS

UNIVERSITY OF OREGON

EUGENE, OR 97403
UNITED STATES

shelton@uoregon.edu

http://www.ams.org/mathscinet-getitem?mr=2002k:55001
http://www.emis.de/cgi-bin/MATH-item?1044.55001
http://dx.doi.org/10.1016/j.aim.2010.02.005
http://dx.doi.org/10.1016/j.aim.2010.02.005
http://www.ams.org/mathscinet-getitem?mr=2011f:06003
http://www.emis.de/cgi-bin/MATH-item?05758028
http://dx.doi.org/10.1016/j.jalgebra.2009.11.039
http://dx.doi.org/10.1016/j.jalgebra.2009.11.039
http://www.ams.org/mathscinet-getitem?mr=2011e:16055
http://www.emis.de/cgi-bin/MATH-item?05682575
mailto:sadofsky@uoregon.edu
mailto:shelton@uoregon.edu


PACIFIC JOURNAL OF MATHEMATICS
http://www.pjmath.org

Founded in 1951 by
E. F. Beckenbach (1906–1982) and F. Wolf (1904–1989)

EDITORS

Vyjayanthi Chari
Department of Mathematics

University of California
Riverside, CA 92521-0135

chari@math.ucr.edu

Robert Finn
Department of Mathematics

Stanford University
Stanford, CA 94305-2125
finn@math.stanford.edu

Kefeng Liu
Department of Mathematics

University of California
Los Angeles, CA 90095-1555

liu@math.ucla.edu

V. S. Varadarajan (Managing Editor)
Department of Mathematics

University of California
Los Angeles, CA 90095-1555

pacific@math.ucla.edu

Darren Long
Department of Mathematics

University of California
Santa Barbara, CA 93106-3080

long@math.ucsb.edu

Jiang-Hua Lu
Department of Mathematics

The University of Hong Kong
Pokfulam Rd., Hong Kong

jhlu@maths.hku.hk

Alexander Merkurjev
Department of Mathematics

University of California
Los Angeles, CA 90095-1555

merkurev@math.ucla.edu

Sorin Popa
Department of Mathematics

University of California
Los Angeles, CA 90095-1555

popa@math.ucla.edu

Jie Qing
Department of Mathematics

University of California
Santa Cruz, CA 95064

qing@cats.ucsc.edu

Jonathan Rogawski
Department of Mathematics

University of California
Los Angeles, CA 90095-1555

jonr@math.ucla.edu

PRODUCTION
pacific@math.berkeley.edu

Silvio Levy, Scientific Editor Matthew Cargo, Senior Production Editor

SUPPORTING INSTITUTIONS

ACADEMIA SINICA, TAIPEI

CALIFORNIA INST. OF TECHNOLOGY

INST. DE MATEMÁTICA PURA E APLICADA

KEIO UNIVERSITY

MATH. SCIENCES RESEARCH INSTITUTE

NEW MEXICO STATE UNIV.
OREGON STATE UNIV.

STANFORD UNIVERSITY

UNIV. OF BRITISH COLUMBIA

UNIV. OF CALIFORNIA, BERKELEY

UNIV. OF CALIFORNIA, DAVIS

UNIV. OF CALIFORNIA, LOS ANGELES

UNIV. OF CALIFORNIA, RIVERSIDE

UNIV. OF CALIFORNIA, SAN DIEGO

UNIV. OF CALIF., SANTA BARBARA

UNIV. OF CALIF., SANTA CRUZ

UNIV. OF MONTANA

UNIV. OF OREGON

UNIV. OF SOUTHERN CALIFORNIA

UNIV. OF UTAH

UNIV. OF WASHINGTON

WASHINGTON STATE UNIVERSITY

These supporting institutions contribute to the cost of publication of this Journal, but they are not owners or publishers and have no
responsibility for its contents or policies.

See inside back cover or www.pjmath.org for submission instructions.

The subscription price for 2011 is US $420/year for the electronic version, and $485/year for print and electronic.
Subscriptions, requests for back issues from the last three years and changes of subscribers address should be sent to Pacific Journal of
Mathematics, P.O. Box 4163, Berkeley, CA 94704-0163, U.S.A. Prior back issues are obtainable from Periodicals Service Company,
11 Main Street, Germantown, NY 12526-5635. The Pacific Journal of Mathematics is indexed by Mathematical Reviews, Zentralblatt
MATH, PASCAL CNRS Index, Referativnyi Zhurnal, Current Mathematical Publications and the Science Citation Index.

The Pacific Journal of Mathematics (ISSN 0030-8730) at the University of California, c/o Department of Mathematics, 969 Evans
Hall, Berkeley, CA 94720-3840, is published monthly except July and August. Periodical rate postage paid at Berkeley, CA 94704,
and additional mailing offices. POSTMASTER: send address changes to Pacific Journal of Mathematics, P.O. Box 4163, Berkeley, CA
94704-0163.

PJM peer review and production are managed by EditFLOW™ from Mathematical Sciences Publishers.

PUBLISHED BY PACIFIC JOURNAL OF MATHEMATICS
at the University of California, Berkeley 94720-3840

A NON-PROFIT CORPORATION
Typeset in LATEX

Copyright ©2011 by Pacific Journal of Mathematics

http://www.pjmath.org
mailto:chari@math.ucr.edu
mailto:finn@math.stanford.edu
mailto:liu@math.ucla.edu
mailto:pacific@math.ucla.edu
mailto:long@math.ucsb.edu
mailto:jhlu@maths.hku.hk
mailto:merkurev@math.ucla.edu
mailto:popa@math.ucla.edu
mailto:qing@cats.ucsc.edu
mailto:jonr@math.ucla.edu
mailto:pacific@math.berkeley.edu
http://www.pjmath.org
http://www.periodicals.com/
http://www.ams.org/mathscinet
http://www.emis.de/ZMATH/
http://www.emis.de/ZMATH/
http://www.inist.fr/PRODUITS/pascal.php
http://www.viniti.ru/math_new.html
http://www.ams.org/bookstore-getitem/item=cmp
http://www.isinet.com/products/citation/wos/


PACIFIC JOURNAL OF MATHEMATICS

Volume 252 No. 2 August 2011

257Remarks on a Künneth formula for foliated de Rham cohomology
MÉLANIE BERTELSON

275K -groups of the quantum homogeneous space q(n)/q(n − 2)

PARTHA SARATHI CHAKRABORTY and S. SUNDAR

293A class of irreducible integrable modules for the extended baby TKK algebra
XUEWU CHANG and SHAOBIN TAN

313Duality properties for quantum groups
SOPHIE CHEMLA

343Representations of the category of modules over pointed Hopf algebras over S3 and
S4

AGUSTÍN GARCÍA IGLESIAS and MARTÍN MOMBELLI

379(p, p)-Galois representations attached to automorphic forms on n

EKNATH GHATE and NARASIMHA KUMAR

407On intrinsically knotted or completely 3-linked graphs
RYO HANAKI, RYO NIKKUNI, KOUKI TANIYAMA and AKIKO YAMAZAKI

427Connection relations and expansions
MOURAD E. H. ISMAIL and MIZAN RAHMAN

447Characterizing almost Prüfer v-multiplication domains in pullbacks
QING LI

459Whitney umbrellas and swallowtails
TAKASHI NISHIMURA

473The Koszul property as a topological invariant and measure of singularities
HAL SADOFSKY and BRAD SHELTON

487A completely positive map associated with a positive map
ERLING STØRMER

493Classification of embedded projective manifolds swept out by rational homogeneous
varieties of codimension one

KIWAMU WATANABE

499Note on the relations in the tautological ring of Mg

SHENGMAO ZHU

Pacific
JournalofM

athem
atics

2011
Vol.252,N

o.2


	1. Introduction
	2. CPS cohomology and local homology
	3. Preliminary homotopy results
	4. Singularities detected by local homology
	Appendix: Examples of singularities
	Acknowledgements
	References
	
	

