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A VARIANT OF THE BIPARTITE RELATION THEOREM
AND ITS APPLICATION TO CLIQUE GRAPHS

KAZUHIRO KAWAMURA

ABSTRACT. We consider a homological variant of the Bipartite Relation
Theorem [1] in the context of the flag complex of the square of a bipartite
graph [9]. We apply the results to study the homology and homotopy
groups of the flag complexes of clique graphs.

1. INTRODUCTION AND PRELIMINARIES

All graphs are assumed to be simple and finite. For a graph G, K(G)
denotes the clique graph of G: the vertices are the maximal complete sub-
graphs (called cliques) with the edges being the pairs of intersecting cliques.
The flag complex of a graph G is denoted by A(G). Larrién, Pizana and
Villarroel-Flores [9] proved that the fundamental group of A(G) is isomor-
phic to the one of A(K(G)) for each graph G. This is a consequence of their
general theorem [9, Theorem 3.1] on a simplicial complex associated with
a bipartite graph. For a connected bipartite graph B = (X,Y) with the
partite sets X and Y, they introduced a graph, called the square B2 of B
with its induced subgraphs B?[X] and B?[Y], and prove the isomorphisms
of the fundamental groups:

m (A(B?[X])) = m (A(B?) = m (A(B?Y])).

The complexes A(B?[X]) and A(B?[Y]) contain Dowker-Mather complexes
DMy and DMy which are known to be homotopy equivalent (the Bipartite
Relation Theorem [1], [5] and [10]).

In what follows, A(B?[X]) and A(B2[Y]) are denoted by By and By for
simplicity. Under this notation, the above situation is summarized in the
following diagram.

By —% AB?) «2— By
jXT jYT
DMX DMY
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where the inclusions 7x and 7y induce isomorphisms on fundamental groups
and DM x ~ DMy.

The present paper takes a close look at the above diagram. We introduce
a subcomplex DM x y of A(Bz) which collapses onto DM x and DMy respec-
tively which “closes” the above diagram (see Figure 1), where the inclusions
kx and ky are homotopy equivalences.

By —2 A(B?) «2Y— By

] i ]

DMy —*5 DMxy =~ DMy

FiGUuRrE 1.

We prove that iy and iy are homological n-equivalences (see Section 3 for
the definition) if and only if so are jx and jy, if and only if so is j (Theorem
3.3).

As in [9], we apply the above result to the flag complexes A(G) and
A(K(G)) to obtain information on their higher homology and homotopy
groups. When a graph G has the “(n + 1)-bounded clique-Helly property”
(see Section 4), the homology and homotopy groups of A(G) and A(K(G))
are isomorphic up to dimension (n — 1).

In the rest of this section, we make notational convention and state some
preliminary results. For a graph G, the vertex set and the edge set are
denoted by V(G) and E(G) respectively. For a vertex v of G, Ng(v) denotes
the set of all neighbors of v in G. For a subset A of V(G), let

CNa(A) = () Ne(a),
acA
the set of the common neighbors of A. For S C V(G), the subgraph induced
by S is denoted by G[S].

For a simplicial complex K, K(® denotes the i-skeleton of K, the set of
all simplices of dimension less than or equal to i. For simplicity, a geometric
realization of a simplicial complex K is also denoted by the same symbol K,
which will cause no confusion in the present paper.

For a graph G, a simplicial complex A(G), called the flag complex of G,
is defined as follows: the set of vertices of A(G) is the vertex set V(G). A
subset o of V(G) spans a simplex of A(G) if and only if o induces a complete
subgraph of G.

Let B = B(X,Y) be a connected bipartite graph with the partite sets
X and Y. The square B> = B?(X,Y) of B is a graph with the vertex set
X II'Y having the edge set

E(B2) = E(B) U {xlxg ‘ r1,xo € X, NB(Jfl) N NB(.TQ) =+ Q}
U{y1y2 | 1,92 € Y, Np(y1) N Np(y2) # 2}
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Convention: A simplex of the flag complex A(B?) with the vertices U U V/
with U C X and V C Y is denoted by U & V.

Notice that @ @V € A(BQ) if and only if for each y1,y2 € V,
Np(y1) N Np(y2) # 9.

The same remark applies to a simplex of the form U®&@. Under this notation,
the subcomplexes By and By are written as Bx = {U®@ | U@ € A(B?)}
and By = {@aoV |gaV e A(B?)}.
Now we define a subcomplex DM x y of A(BQ) as follows:
DMyxy ={U&V € A(B?) |U# 2 #V}

U{U @@ € A(B?) | CNg(U) # @}

U{@aV e A(B?*) | CNg(V) # 2}
The inclusion of DM y into A(B?) is denoted by j : DMxy — A(B?).

The Dowker-Mather complexes DMx and DMy are subcomplexes of
DMy y defined by

DMy = {U@@ S DMX,Y ’ CNB(U) =+ @} and
DMy = {@ eV e DMX7Y | CNB(V) %+ @}.
Let kx : DMx — DMxy and ky : DMy — DMy y be the inclusions.
These form the commutative diagram in Figure 1.

All homology groups under consideration are singular (or simplicial) ho-
mology groups with integer coefficients.

2. SOME AUXILIARY RESULTS
Let us first make an observation which follows immediately from the def-
initions.
Observation 2.1. Let B = B(X,Y) be a connected bipartite graph with the
partite sets X and Y. We have the following equalities.

(1) A(B?) = Bx UDMxy U By.
(2) Bx N DMX7Y =DMx and By N DM)(’y = DMy .

3) BY =M and BY = DMV,
The proof of [9, Theorem 3.1] shows the following.

Theorem 2.2. Let B be a connected bipartite graph with the partite sets X
and Y . There exist retractions

rX A(BQ)@) — Bx and ry : A(Bz)@) — By
which induce isomorphisms on fundamental groups.

Thus we see that (ix); : m(Bx) — m(A(B?)) and (iy); : m(By) —
71(A(B?)) are isomorphisms, the isomorphisms mentioned at the beginning
of Section 1.
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As is mentioned in the previous section, DMx and DMy are homotopy
equivalent. For a proof, see for example, [1, Theorem 10.9]. In what fol-
lows, we give another argument by constructing collapses of DMx y onto
DMyx and DMy respectively. Our proof relies on Discrete Morse Theory
[6] and imitates an argument due to Csorba [2, Theorem 8|, in which the
roles of DMy, DMx, and DMy are played by the box complex and the
neighborhood complex of a graph.

Definition 2.3. Let K be a simplicial complex and let P = F(K) be the
face poset of K.

(1) The symbol = means the covering relation on P. That is, for sim-
plices o and T of K, T = o means that o is a face of T such that
dim7 =dimo + 1.

(2) A partial matching on P is a pair (X, pn) where p: 3 — P\ X is
an injection such that u(o) = o for each o € ¥. The simplices of
P\ (ZU (X)) are said to be critical.

(3) A partial matching (X, p) is said to be acyclic if there exists no se-
quence of distinct elements o1,...,0: of X such that

(o) = o2, p(oz) = o3, ..., ploy) > o1.

For the proof of the following theorem, see, for example, [7, Proposition
6.4] or [8, Theorem 11.3].

Theorem 2.4. Let K be a simplicial complex and let (X, u) be an acyclic
matching on the face poset P = F(K). If the set L of all critical simplices
of the matching forms a subcomplex of K, then K collapses onto L.

Now we are ready to prove the following result.

Theorem 2.5. Let B be a connected bipartite graph with the partite sets
X and Y. The simplicial complex DMx y collapses onto DMx and DMy
respectively. Thus the inclusions

kX : DMX — DMX7Y and kX : DMX — DMX7Y
are homotopy equivalences.

Proof. We follow the proof of [2, Theorem 8] to show that DMx y collapses
onto DMx. At the outset, we fix a linear order < on X. For a simplex
o =U®®V of DMxy with V # @, let z, = minCNpg(V), where the
minimum is taken with respect to the above order <. Also let

Y={o=UaV|V#0, 2, ¢ U} C DMxy
and, for c =U @V € X, define a simplex p(o) of DMx y by
(o) = (Uu{z.})®V =0U ({z,} ® 2).
This gives an injection p : ¥ — DMy y such that
puX)={c=UaV |V #2,2, €U}
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and

DMxy \ (SUu(E)) = {U & & | CNp(U) # &} = DMx.
In order to prove that (X, u) is an acyclic partial matching, it suffices to
verify the following claim.

Claim. Let c = U@V and 7 = U @ V' be distinct elements of ¥ with
p(o) = 1. Then we have V 2 V'

Proof. By the assumption, we have z, ¢ U, U U {x,} D U’ and
V D V'. Suppose that V = V’. Then z, = z, ¢ U’ and this
implies U D U’. Hence p(o) D o D 7 and the covering relation
wu(o) = 7 implies ¢ = 7. This contradicts the hypothesis o # T
and completes the proof. O

This completes the proof of theorem. O

Passing to the homology groups, we obtain, from the diagram Figure 1,
the diagram shown in Figure 2, where (kx). and (ky). are isomorphisms
for each ¢ > 0 and (ix ).« and (iy ). are isomorphisms for ¢ > 1 by Theorem
2.2 and the Hurewicz Theorem [13].

Hy(Bx) 2% Hy(A(B2) <2 H(By)

(jxw jﬁ (Mﬂ
H,(DMy) 2% H, (DMyy) <227 H,(DMy)

FIiGURE 2.

In the next section, we consider the situation in which (ix). and (iy ). are
isomorphisms up to a certain dimension n (> 2) and study the connection
to the homomorphisms j., (jx)« and (jy )«.

3. ON n-EQUIVALENCES OF INCLUSIONS

Definition 3.1. Let f : S — T be a continuous map of connected topological
spaces.

(1) The map f is called an n-equivalence if the induced homomorphism
fi + mq(S) = mg(T) is an isomorphism for each q < n and an epi-
morphism for q = n.

(2) The map f is called a homological n-equivalence if the induced ho-
momorphism f, : Hy(S) — Hy(T) is an isomorphism for each ¢ < n
and an epimorphism for ¢ = n.

The Whitehead Theorem [13] implies that every n-equivalence is a ho-
mological n-equivalence. When f : S < T is an inclusion map, f is an
n-equivalence (resp. a homological n-equivalence) if and only if the relative
homotopy group my(7,S) (resp. the relative homology group Hy(T',S5)) is
trivial for each ¢ < n.
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Proposition 3.2. We have the following isomorphisms for each q > 1:
H,(A(B?), Bx) = H,(By,DMy) and H,(A(B?), By) = H,(Bx,DMy).

Proof. By Observation 2.1 and the Excision Isomorphism Theorem [13], we
have

H,(A(B?), Bx) = Hy(Bx UDMy y U By, Bx)
= Hq(DMX’y U By, (DMX7Y U By) N Bx)
(3.1) = Hq(DMX’yUBy,DMx).

By Theorem 2.5, there exist retractions px : DMxy — DMx and py :
DMy y — DMy which are both homotopy equivalences. Let ry : DMx y U
By — By be the map defined by ry|DMxy = py and ry|By = idg,.
Notice that ry and its restriction ry|DMx = py o kx : DMx — DMy are

both homotopy equivalences (recall Theorem 2.5).
Under the above notation, we consider the following diagram:

- — Hq(DMX) _ Hq(DMX,Y U By) _ ..
(TY|DMX)*l (v«y){ (+)
NN H,(DMy) BN H,(By) .

. — Hy(DMyy UBy,DMy) —2— ...

) v | )
. H,(By,DMy) 9., ..
. -2,  H,_(DMy) —— H, (DMxyUBy) — -
(+4) (rv DM | - |
25 H(DMy)  —— Hy—1(By) —

where the horizontal sequences are the homology long exact sequences of
the pairs (DMxy U By,DMy) and (By,DMy) whose connecting homo-
morphisms are denoted by 0.

By the remark preceding to the above diagram, we see that all four ho-
momorphisms (ry|DMx ). and (ry )., except for

(Ty)* : Hq(DMij U By,DMx) — Hq(By,DMy),
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are isomorphisms. By the Five Lemma [13] we see that the above homomor-
phism is an isomorphism as well. Combining this with (3.1), we obtain the
first isomorphism. The second isomorphism is proved in exactly the same
way. This completes the proof. O

Theorem 3.3. Let n > 2 be an integer. The following three conditions are
equivalent.

(1) The inclusions ix : Bx — A(B?) and iy : By — A(B?) are both
homological n-equivalences.

(2) The inclusions jx : DMx — Bx and jy : DMy — By are both
homological n-equivalences.

(3) The inclusion j : DMxy — A(B?) is a homological n-equivalence.

Proof. The equivalence (1) < (2) follows immediately from Proposition 3.2
and the remark after Definition 3.1. From the equality (ix)« o (jx)« =
Jx o (kx)« (see the Figure 2) and the fact that (kx ). is an isomorphism, the
implication (1) (& (2)) = (3) follows easily.

It remains to prove (3) = (1) (& (2)). Assume that j, : H(DMxy) —
H,(A(B?)) is an isomorphism for each ¢ < n and an epimorphism for ¢ = n.
We show that (ix)« : Hy(DMx) — H,(A(B?)) is an isomorphism for each
g < n and an epimorphism for ¢ = n.

Notice (ix)« o (jx)s = Jjx o (kx)« and (iy )« © (Jy)s = Jjx © (ky)«. Since
(kx)« and (ky ). are isomorphisms, we see

(1) (ix)« and (iy )4« are epimorphisms for each ¢ < n, and
(2) (jx)« and (jy )« are monomorphisms for each ¢ < n.

So it suffices to verify that (ix). : Hy(DMx) — Hy(A(B?%)) and (iy)«
H,(DMy) — H,(A(B?)) are isomorphisms for each ¢ < n.

The proof is by induction on ¢. Theorem 2.2 guarantees the validity of the
first step ¢ = 1. Let 2 < ¢ < n and assume that, for each r < ¢, (ix)« and
(iy )« are isomorphisms. Then we have H,.(A(B?), Bx) = H,(A(B?), By) =
0 for each r < g (we use (i) for r = q). By Proposition 3.2, we obtain

H,(Bx,DMx) =H,(By,DMy) =0

for each r < ¢. In particular, (jx). and (jy )« are epimorphisms in dimen-
sion g. Combining this with (ii) above, we see that (jx)« and (jy)« are
isomorphisms in dimension g. The equalities (ix )« o (jx )« = jx o (kx)« and
(iy)« © (Jy)s = Jjx o (ky)« imply that (ix). and (iy ). are isomorphisms in
dimension ¢. This completes the inductive step and completes the proof of
the theorem. O

As in Observation 2.1(3), Bx and DMx (resp. By and DMy ) have the
same 1l-skeletons. Hence the induced homomorphism (jx); : m1(DMx) —
m(Bx) and (jy)s : m1(DMy) — m1(By) are epimorphisms. So the simple
connectivity of DMx (resp. DMy )) implies that of Bx (resp. By). This
observation leads to the following corollary.
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Corollary 3.4. Let B = B(X,Y) be a connected bipartite graph with the
partite sets X and Y. Assume that DMy (~ DMy ) is simply connected.

(1) If j is an n-equivalence, then so are ix, iy, jx and jy.

(2) If jx and jy are n-equivalences, then so are j, ix and iy .

Proof. (1) By the assumption, j is a homological n-equivalence. Hence
by Theorem 3.3, we see that i¢x, iy, jx and jy are all homological n-
equivalences. Since the complexes DM x and DMy are simply connected, so
are Bx and By. Thus we obtain the desired conclusion via the Whitehead
Theorem [13].

(2) If jx and jy are n-equivalences, then they are homological n-equivalen-
ces. By Theorem 3.3, j, ix and iy are all homological n-equivalences.
The simple connectivity of DM x and DMy implies that of Bx, By and
DMy y (~ DMx ~ DMy ), hence the Whitehead Theorem again finishes the
proof. ([

4. AN APPLICATION TO CLIQUE GRAPHS

As in [9], we apply Theorem 3.3 and Corollary 3.4 to the clique graph
K(G) of a graph G. First let us recall the definition.

Definition 4.1. Let G be a graph.

(1) A clique of G is a maximal complete subgraph of G.

(2) Let K(QG) be the clique graph defined as follows: the vertex set is the
set of all cliques of G; two cliques Cy and Cy are adjacent in K(G)
if and only if C1 and Cy have a vertex in common.

(3) Let BK(G) be the vertex-clique bipartite graph of G defined as fol-
lows: the partite sets are V(G) and V(K(G)) and the edge set is
defined by

E(BK(GQ)) ={vQ|veV(G),Q € K(G),and v € Q}.

As was mentioned in Section 1, Larrion, Pizana and Villarroel-Flores
proved in [9] that 71 (A(G)) = m (A(K(Q))). Also they pointed out that,
when a graph G has the clique-Helly property, A(G) is homotopy equivalent
to A(K(G)). When G does not have the clique-Helly property, but has a
“Helly-like” property with respect to cliques, we may apply Theorem 3.3 and
Corollary 3.4 to obtain more information on higher homology and homotopy
groups.

Definition 4.2. Let n > 3 be an integer. A graph G is said to have the
n-bounded clique-Helly Property if the collection C of cliques of G satisfies
the following condition: if any two distinct elements of C have mon-empty
intersection, then each subcollection C' of C with |C'| < n has the total in-
tersection

() ¢ +#2

crec’
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When n = oo, then the above coincides with the standard clique-Helly
property. The notion above was first introduced by R. S. Roberts and J. H.
Spencer [12] (see also [4]).

Theorem 4.3. Let n > 2 be an integer and let G be a graph with the
(n + 1)-bounded clique-Helly property. Then
(1) We have an isomorphism Hq(A(G)) = He(A(K(G))) for each q <
n—1
(2) If A(G) is simply connected, then my(A(G)) = my(A(K(G))) for
each g <n-—1
Proof. We apply Theorem 3.3 to the vertex-clique bipartite graph BK(G)
with the partite set X = V(G) and Y = V(K (G)). As is pointed out in [9,
p. 293], we obtain the equality

(4.1) DMy = By.
We show that
(4.2) B{" c DMy

Take an n-simplex o = {Qo, Q1,...,Qn} of By. Then Q; N Q; # @ for
distinct ¢ and j. By the (n + 1)-bounded clique-Helly property of G, we
see that the total intersection N}, ); contains a vertex v. This means that
v € CNpg () (o) # @ and hence 0 € DMy. This shows the above inclusion.

By (4.1) and (4.2), we see that the inclusion jx : DMx — Bx and jy :
DMy — By are n-equivalences and hence are homological n-equivalences.
Also notice that

Theorem 3.3 tells us that ¢x and iy are homological n-equivalences and
in particular H,(A(G)) = H,(A(BK(G)?)) = H,(A(K(G))) for each ¢ <
n — 1. This proves (1). When A(G) = Bx = DMy is simply connected,
then Corollary 3.4 is applied to prove (2). This completes the proof of the
theorem. ]

A complete edge cover F = {G; | i € I} of a graph G is a family of
complete subgraphs of G such that any vertex and any edge of G lie in some
G;. For such a family, we may consider its intersection graph Q(F). As
in [9, Section 5], we may define the bipartite graph B(F) with the partite
sets V(G) and V(Q(G)) whose edge set E(B(F)) is defined by {vG; | v €
V(G),G; € F,and v € G;}. As was in [9], Theorem 3.3 and Corollary 3.4
are applied to obtain information on homology and homotopy groups of the
complexes A(G) and A(2(G)), when F has the bounded Helly property.
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