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Abstract This paper deals with homology groups induced by the exterior algebra gen-
erated by the simplicial compliment of a simplicial complex K. By using Cech homology
and Alexander duality, the authors prove that there is a duality between these homology
groups and the simplicial homology groups of K.
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1 Introduction

Throughout this paper, k is a field or an integer ring Z. k[m| = k[v1, -+ -, v,,] is the graded
polynomial algebra on m variables, and deg(v;) = 2. The face ring (also known as the Stanley-
Reisner ring) of a simplicial complex K on [m] is the quotient ring

k(K) = k[m]/Tk,

where Tk is the ideal generated by those square free monomials v;, - - - v;_ for which {iy,--- ,is}
is not a simplex in K.

For any simple polytope P", Davis and Januszkiewicz introduced a T"*-manifold Zp with
an orbit space P™ in [5]. After that, Buchstaber and Panov generalized this definition to any

simplicial complex K with vertices [m] = {1,--- ,m}, and named it the moment-angle complex
(i.e.7 the moment-angle complex Zx = |J D(0), where D(0) = Y1 xYax --- xY,,, V; = D? if
cEK

i€oandY; =81 ifiga).
The following theorem is proved by Buchstaber and Panov [3] for the case over a field by
using Eilenberg-Moore spectral sequence, and by [1] for the general case.

Theorem 1.1 (see [7, Theorem 4.7])  Let K be a simplicial complex. Then the following
isomorphism of algebras holds:

H*(Zg; k) = Tor*™(k(K), k).
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In their proof, they proved that H*(Zk; k) = H, [Alug,usg, -+ ,u,,] @ k[x], d] first. Then
they used the Koszul resolution on k to get

Tor}:[x](k,k(K)) = ﬁ*[A[ulau% o um] @ Kk[x], d].

Since Tor}:[x] (k, k(K)) has a natural Z @ Z™-bigrade, the bigraded cohomology ring can be
decomposed as follows:

H*(Z:k) = Tor*™M(k, k(K)) = @D P Tork (k, k(K)).
i>0 1C[m]

Hochster gave a combinatorial description of the Tor-groups Tor;, [* ](k, k(K)).

Theorem 1.2 (see [6])

orf (e, k(K)) = @ HI= (K3 k),

IC[m]

where K; = {w C Ilw € K}, and H™(@;k) = k.
Then in [4] they developed a more precise description.

Theorem 1.3 (see [4, Theorem 3.2.9])
Torl % k. k(£)) = I (K ko).

where H1(2;k) = k.

Recently, Zheng and Wang has proposed another way to compute Tork (k(K), k) by using
Taylor resolution on Stanley-Reisner ring k(K) in [8]. This method was presented firstly by
Yuzvinsky in [9].

They defined the simplicial complement P of a simplicial complex K as below.

Definition 1.1 (Missing Face and Simplicial Complement) Let K be a simplicial complex
on the set [m] as above. A missing face of K is the subset T C [m], where 7 ¢ K and every
proper subset of T is a simplex of K.

A simplicial complement P is a subset of all non-faces of K containing all missing faces.

The Stanley-Reisner ideal Zp is the homogeneous ideal generated by all square-free mono-
mials x, = @y, @i, - - x;,, where 7 = {iy, -+ ,is} € P. Obviously, for any two simplicial com-
plements P and P’ of the complex K, Zp = Zpr = Ik.

Then one can define exterior algebra A*[P] generated by all faces of the simplicial comple-
ment P. For any monomial u = 7,7, - - - 74, define the total set Sy =7, Ur, U---UT;,. So
A*[P] has a natural Z @ Z™-bigrade, which means

@@A”

i€N IC[m

where A%![P] is generated by the monomial u satisfying S, = I and the degree of monomial u
is 1.
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Theorem 1.4 (see [8]) Let K be a simplicial complex on the set [m], and let P be one of
the simplicial compliments of K. Give a differential d : A"[P] — A"~'[P], generated by

T

d(u) = (-1)""dsu - 6y, u,

s=1

where Osu = T4, + Ty, Ti,, and dg.u = 1 if Su = Sa,u; otherwise dp,u = 0. The differential d
keeps the second grade. Then

Tor [ (k(K), k) = Hi(AY[P), d).

Remark 1.1 Let K be a simplicial complex and P be one of its simplicial complements.
By Theorem 1.4, we know that the homology group H;(A%![P],d) of simplicial complement P
is not related to the choice of P. It just depends on the simplicial complex K. So if we fix
the second degree by the set of all vertices [m], then we can get a homology group which just
depends on the simplicial complex K. We call it homology group of simplicial complements.

In this paper, we will first give the geometric description of the new differential d on A*[™I[P].
And the following theorem is proved by using the simplicial Alexander duality.

Theorem 1.5 For any simplicial complex K on the set [m], let P be one of the simplicial
compliments of K. Then we have the following group isomorphism:

Hy(AS™M[P],d) = H™ (K k),

where we assume H_1(A[@],d) = k.

It is easy to check that Py = {7 C I | 7 € P} is a simplicial complement of K, where
Kr={wC1I|we K}. So we have following corollary.

Corollary 1.1
Hi(A™[P),d) = H YK k),

Remark 1.2 Consider the following commutative diagram:

Hy(A1[P], d) —— Tor 7} (k(K) k)

%w s

ﬁ |I|*i71(KI; k) % TOIE[’;] (k, k(K))

The isomorphisms ¢, ¥ and 1 come from Theorem 1.4, Corollary 1.1 and a classical result
in homological algebra theory respectively, and ¢ = n¢y ! is also an isomorphism. Thus we
give a new proof of the Hochster theorem.

2 Geometric Description of the Differential d

If K is a simplex, the theorem is trivial. So in this paper, we assume that K is a simplicial
complex on the set [m], but not a simplex. Denote

Py=2" K —[m]={r,70, -, 7}
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Py is obviously one of the simplicial complements of the complex K. For any 7; € Py, we have
simplicial complex stargam-17; = {7 € OA™™ 1 | 7 U, € OA™ 1}, Clearly, the stargam-17;
is a triangulation of D™~2. We denote by U; = Int|staryam—17;| the interior of the geometric
realization of the complex stargam-17;.

Proposition 2.1 U = {U;}i=12,... s is an open cover of the topological space U(K), where
U(K) = [oA™H\|K].

Proof If z € [DA™ 1|\|K|,  must be an interior point of some simplex of JA™~!. Since
x ¢ K, there is a simplex 7 € Py satisfying « € Int|7|. In other words, € Int|stargam-17|,
where 7 € P.

Definition 2.1 (The Nerve and the Cech Homology of an Open Cover) For any topological
space X, let U = {U;}i=1,2.... s be an open cover of the space X. To every open set U;, we
assign a vertex i. If Uy, NU, N---NU,;. # &, we get a simplex (i1,i2, -+ ,ir). Then we get a
complex called the nerve of U, denoted by N (U), where

N(U):{(ilviQ"' aZ'T) - [S] | Uil mUizm"'mUir 7&@}

Define H.(X;U;k) = ﬁ*(/\/(U);k), called the reduced Cech homology groups of an open
cover U.

Theorem 2.1 Let K be a simplicial complex on [m], Py = {m1,72, -+ ,7s} be defined as
above. By Proposition 2.1, U = {U,};=12,... s forms an open cover of the topological space U(K).
Then the homology groups H,(A*[™[Py], d) is exactly the reduced Cech homology groups of the
open cover U. Precisely, we have the following isomorphisms:

Ho (AP [Ry), d) = Ho-2(U(K): U3 ).

Before proving Theorem 2.3, we are going to work on the following lemma first.

Lemma 2.1 All notations are as above, 1,57 =1,2,---  s. Then
(1) if , Uty # [m], then

(stargam-17i) N (stargam-17;) = stargam-1r,ur,;
(2) UiﬁUj #@C}TiUTj # [m]

Proof (1) Obviously holds, by definition.
(2) If 7 = 1; Uty C [m], then stargam—1, C stargam-17;, since 7 C 7. So

Int|stargam—-17| C Int|stargam—17;].
Similarly, Int|stargam-17| C Int|stargam-17;|. Since 7 # [m], Int|stargam-17| # @, and then
U; N Uj #+ 2.
On the other hand, if U; NU; # @, then from (1)

(stargam-17;) N (stargam-17j) = stargam—17;, U T # O.

Thus 7 U7 # [m].
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Proof of Theorem 2.1 By Proposition 2.1 and Definition 2.2, we know U = {U; }i=1.2.... s
forms an open cover of the topological space U(K ). And the nerve of the cover U is the complex

N(U):{(ilviQ"' aZ'T) - [S] | Uil mUizm"'mUir 7&@}

Lemma 2.4 shows that U, NU;, N---NU;, # @ if and only if 75, Uy, -+ - Ui # [m].
So the nerve complex can be written as

NQU) =A{(irsig---yir) S s | 7oy UTiy - - Ui, # [m]}.

Let A*[Py] be the exterior algebra generated by {71, 72, ,7s}. We define another differential
9 : A"[Py] — A" Py) by

T

O(u) = (~1)""'9,u,

s=1
where d;u =7, ---7;_ --- 7, for any monomial u =7, 7, - - 7,.

We define a map
®:  C.(N(U),k) — AP,
generated by ®((iy,42 -+ ,4r)) := TiyTiy - - 7. € AT[P], where (i1,42,- - ,i,) is an (r—1)-simplex
of N(U). Obviously, ® is a monomorphism.
Then we get a short exact sequence of the chain complexes,

0 = (CL(N(U),k),0) — (A" [Ry],0) — (A" [R] /CL(N(U), k), d') — 0,

where A*t1[P,]/C,(N(U), k) is generated by all monomials u € A*™[Py] (ie., Sy = [m]).
The differential d’ is induced by 9.
It is easy to see that there is a chain isomorphism

(A R]/CLN(U), k), d) = (A [Py], d),
where (A*["™)[Py], d) is as in Theorem 1.4.

Since (A*[Py], 9) is isomorphic to the chain complex of the simplex with s+1 vertices, clearly

H.(A*[Py],0) = 0, and from the long exact sequence induced by the short exact sequence above,
we get that

H, (A" [BRy),d) = H,—o(N(U); k) = H,_o( U(K); U; k).
3 Barycentric Subdivision and Inflation Complex

Let K be a simplicial complex on the set [m] as above. Here come two new complexes
constructed from K.

Definition 3.1 (Barycentric Subdivision and Inflation Complex) The barycentric subdivi-
sion of the simplicial complex K is a simplicial complex K' on the set {o € K}, where

K,:{(00,01,~'~,0'n)|O’0g01§'~'§0n; UiEKv i:0,1,~-~,n}.

The inflation complex of the complex K is also a simplicial complex F(K) on the set {o € K},
where

F(K)={(00,01,++ y0n) |oogNo1N---No, #D; 0, € K, i=0,1,--- ,n}.
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Remark 3.1 The barycentric subdivision K’ and inflation complex F(K) of the same
complex K are both the complexes on the set {o € K}. For a simple z(0g, 01, ,0,) of K,
it is clear that o9 C 01 € - -+ € 0, which means oopNo1N---No, # . So (00,01, ,0,) IS a
simplex in F(K). Thus the barycentric subdivision K’ is a subcomplex of the inflation complex
F(K).

Definition 3.2 Let K be a simplicial complex. For any sunbclomlex L C K, define the

(closed) combinatorial neighborhood Uk (L) of L in K by Ux(L) = | stargo.
occl

Lemma 3.1 Let K be a simplicial complex on [m]. Then the geomelric realization of the
barycentric subdivision K’ is a deformation retract of the geometric realization of the inflation
complex F(K).

Before proving Lemma 3.1, we need the following statement coming from homotopy theory.

Statement A Given that a pair (X, A) satisfies the homotopy extension property, if the
inclusion A — X is a homotopy equivalence, then A is a deformation retraction of X.

Proof of Lemma 3.1 In this proof, we do not distinguish simplicial complexes and their
geometric realizations.

We prove this by induction on the number [ of simplices of K. If [ = 1, the lemma is clearly
true. For the induction step, choose a maximal simplex 7 of K. Then Ky = K \ 7 is a simplicial
complex. Let L =97 = {0 | 0 C 7}. Clearly L’ is a subcomplex of K{). There is a deformation
retraction r’ : Ugy (L") — L' corresponding to the vertex set map o +— o N7 (easy to verify that
this map is simplicial).

Meanwhile, define a subcomplex £ of F(Ky) by

L=A{(00,01, +,04) € F(Kpy) |opNor1N---No; NT # S}

Similarly, there is a deformation retraction v’ : £ — F(L) corresponding to the vertex set map:
o — o N7 Since F(L) ~ L' by induction, the two deformation retractions give £ ~ U (L'),
and then by statement A, Ug;(L') is a deformation retraction of L. It is easy to see that
Uk (L") = KN L. So there is a deformation retraction

r o K} U L — K,
UK[’)(LI)
which satisfies 71 (L) = Uy, (L'). Since K ~ F(Ko) by induction and K, (J L is a sub-
Uper (L'
complex of F(Kj), applying statement A again, we get a deformation retract?ool(l: )
ro: F(Ko) = Kj | L.

UK(/)(L/)

The composition 71 o is a deformation retraction from F(Ky) to K, which satisfies r1orq (L) =
Uk (L').
From the definition of K¢ and £, we have K’ = K| Jcone L' and F(K) = F(Ky)Jcone L.
L C

So r1 o9 can be naturally extended to a deformation retraction

ro : F(K) — K| U cone Ug; (L').
UK(’)(LI)
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Note that Ug; (L") |Jcone L is a subcomplex of cone Uk, (L') and they are both contractible
L/
spaces (1’ extends to a deformation retraction from Uy, (L')|Jcone L’ to cone L'). Then by
LI

applying statement A again, there is a deformation retraction from cone Uk; (L) to
Uk, (L) U cone L',
L/

which can be extended to a deformation retraction
r: K| U cone Uk (L) — K.
Ugy (L)

Thus the composition r o ry is the desired deformation retraction and the induction step is
finished.

Remark 3.2 By Lemma 3.1, we have the following isomorphisms of homology groups
(reduced or unreduced):

iv:  Ho(K';k)

4 Proof of Theorem 1.5

Following the definitions in [4, 7], we have Alexander dual simplicial complex of a complex
and simplicial Alexander duality theorem.

Definition 4.1 (Alexander Dual Simplicial Complex) Let K be a simplicial complex on
[m], but not the simplex A™~1. The Alexander dual simplicial complez is defined as

R = {o Cm] | m\o ¢ K}.

Theorem 4.1 (Simplicial Alexander Duality, see [4]) Let K be a simplicial complex on [m],
but not A™ 1. Then the following duality holds:

H;(K;k) = H™ 7 (K3 k),
where —1 < j < m — 2 and we use the agreement H_, (@) = H~(2) = k.

Remark 4.1 As before, we use the notation Py = 2™ — K — [m] to denote a simplicial
complement of K.

The inflation complex of the dual complex K is the complex on the set {o | [m]\c € Py},
ie.,

F(K) = {(01,02,-,0:) | [m\oj ¢ K,o1 NoaN---No; # @},

There is a one-to-one map from {o # [m] | [m]\ o0 ¢ K} to Py (6 — [m]\ o). Moreover,
it is easy to check that oy No2 N ---No; # @, [m]\o; € Py for j = 1,--- 4, if and only if
TmUTaU---UT; # [m], where Tj = [m]\aj ebPy,j=1,---,i.

So the inflation complex of the dual complex K is isomorphic to the complex on Py, which
is also denoted by F (I/(\' ):

~

F(K)={(r1,m2,---,7) | 75 € PsmnUT U---UT; # [m]}.
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We recall the proof of Theorem 2.3. If we assume Py = {7y, 72, -+ ,7s}, U ={Ui}iz1,2,... s
would form an open cover of the topological space U(K). The nerve complex is the complex
below:

N(U) = {(ir,i2,- - ,ir) | 73, UTig -+ - Ui, # [m]}.
It is obvious that the inflation complex F (IA( ) is isomorphic to the nerve complex A (U).
Now we can finish the proof of Theorem 1.5.
Proof of Theorem 1.5 By Theorem 2.3, we have
H; (AP, d) = H;_o(N(U); k).
Remark 4.3 tells us F(K) = N (U). Then by Lemma 3.1, we have
Hi(N(U): k) = Hy(F(K); k) = Hi(K'; k).
Combining with the simplicial Alexander duality
Hi(K:Xk) = H" 97 (K k),
we get the final result
Hy(A™[P),d) = A=) (K k).

Remark 4.2 Proposition 2.1 told us that U = {U;};=1,2.... s is an open cover of the topo-
logical space U(K), where U(K) = |[0A™ [\|K|. In [2, Corollary 13.3], there is a theory
that if the cover U of the topological space X is good enough, then the Cech homology of
this cover is exactly the homology of the space X. Here “good” means that for each simplex
o = (i1,42,  ,in) € N(U), H.(U,) = 0, where U, = U;, NU;, N---NU;, . Luckily, it is easy to
prove that the open cover U given by any simplicial complement of the complex P is “good”.

It will give us another proof of Theorem 1.5, combining with the geometric Alexander duality
theorem.
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