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Abstract. For a given simple graph G, S(G) is defined to be the set of real symmetric matrices
A whose (7, j)th entry is nonzero whenever ¢ # j and ¢j is an edge in G. In [2], {(G) is defined to
be the maximum corank (i.e., nullity) among A € S(G) having the Strong Arnold Property; ¢ is
used to study the minimum rank/maximum eigenvalue multiplicity problem for G. Since £ is minor
monotone, the graphs G such that £(G) < k can be described by a finite set of forbidden minors.
We determine the forbidden minors for £(G) < 2 and present an application of this characterization
to computation of minimum rank among matrices in S(G).
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1. Introduction. Recently there has been considerable interest in the minimum
rank/mazimum multiplicity problem for a graph, that is, the problem of determin-
ing the minimum rank, or, equivalently, the maximum multiplicity of an eigenvalue,
among the real symmetric matrices whose zero-nonzero pattern of entries is described
by the graph (see, for example, the references in [1], [2] or [3]). This problem has been
solved for trees, but only limited progress has been made toward determining mini-
mum rank of graphs that are not trees. It is well-known that a graph has minimum
rank one less than the order of the graph if and only if the graph is a path, and a
connected graph has rank one if and only if it is a complete graph. Characterizations
of graphs having minimum rank less than three are given in [3], and a method to
compute the minimum rank of a graph with a cut-vertex from the minimum ranks of
smaller subgraphs is given in [1].

Barioli, Fallat, and Hogben [2] introduced the Colin de Verdiére-type parameter
¢ for use in the study of the minimum rank/maximum multiplicity problem. The
parameter &, like Colin de Verdiere’s parameters pu and v, is minor monotone [2], so
as noted in [6], the Robertson-Seymour graph minor theory applies to ¢, implying
that the graphs G that have the property £(G) < k can be characterized by a finite
set of forbidden minors. Forbidden minors for low values of minor monotone graph
parameters are often studied to obtain insight into the parameter or to facilitate ap-
plication of the parameter. The main purpose of this note is to describe the forbidden
minors for £(G) < 2 and to apply that result to characterize the 2-connected graphs
of order n having minimum rank n — 2.

All matrices discussed in this paper are real and all graphs are simple, undirected,
finite and of order at least 1. The following standard graph notation will be used: K,
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K, ¢, P, denote the complete graph on n vertices, the complete bipartite graph on
p, q vertices, and the path on n vertices respectively. The complement of a graph G =
(V,E) is G = (V, E), where E is the set of edges that are not in E (between vertices
in V). A cut-vertex is a vertex whose deletion increases the number of connected
components. A graph is 2-connected if its order is at least 3 and it has no cut-vertex.
A block of a graph is a maximal connected subgraph that does not have a cut-vertex,
so a block that is not 2-connected consists of a bridge and its endpoints or an isolated
vertex. Let G be a graph and let v be a cut-vertex in G. Let G; = (V4, F1) and
G2 = (Va, E3) be subgraphs of G such that G = G1 UGy and Vi NV2 = {v}. Then G
is called the 1-sum of G7 and Gy at v.

To facilitate the connection between a matrix A and a graph, we associate with A
sets of row and column indices ¢, (A), t.(A) by which the entries of A are indexed, i.e.,
A = [a;;] with i € 1,.(A), 7 € tc(A). An ordinary (unindexed) n xn matrix A implicitly
has index sets ¢,(A) = t.(A) = {1,...,n}. The transpose of A = [a;;], denoted A",
is the matrix with index sets ¢,(A™) = t.(A4) and t.(A") = ¢,(A), and (A")i; = aj;.
As usual, the matrix A is symmetric if A= A™ (note that this imposes the condition
that ¢(A) = tc(A)). Most of the matrices of interest here will be square (in fact,
symmetric), and for a square matrix A with ¢,(A) = ¢.(A), we denote this common
index set by ¢(A4). Most matrix functions, such as the determinant, can be computed
as for unindexed matrices, but when computing the matrix product AB of indexed
matrices A, B, it is required that t(.(4) = ¢(B) (and ¢,(AB) = 1,(A),.(AB) =
te(B)). A family of matrices is a set of matrices all having the same sets of row and
column indices.

A wvector is a matrix with only one column; the column index is often ignored in
working with vectors (e.g., when adding them). The range of matrix A, i.e., the span
of its columns viewed as vectors, will be denoted by R(A).

If A is a matrix, R C (,(A4) and C' C (.(A), then A[R,C] denotes the submatrix
of A lying in rows indexed by R and columns indexed by C, together with the row
and column index sets R and C. Several abbreviations are also used: A[R, R] can
be denoted by A[R], A[{v}, ] can be denoted by A[v,C], etc. Also, A(R) = A[R]
where R = 1(A) — R.

If S C «(B) such that B[S] is nonsingular, we define the Schur complement of
BJ[S] to be the matrix

B/B|[S] = B(S) — B[S, S]B[S]'B|[S, S]

Bi1 Bia
Ba1 B

I 0] [Bir Bi2] [I —Bj'Bia| _ [Bu 0 (1.1)
—ByBy' I |Bai Baa| |0 I 0 B/By|" '

If A is a fixed symmetric matrix, the graph of A, denoted by G(A), has t(A) as
vertices, and as edges the unordered pairs ij such that i # j and a;; # 0. Graphs
G of the form G = G(A) do not have loops or multiple edges, and the diagonal of A
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is ignored in the determination of G(A). Similarly, for a given graph G, the set of
symmetric matrices described by G is

S(G) = {A e R™": A is symmetric and G(A) = G}.

For a graph G, the minimum rank of G is defined by

and the mazimum (eigenvalue) multiplicity of G is defined by

M(G) = A?&%){multA(A) A€ o(A)}.

where o(A) denotes the spectrum of A. It is well-known (and easy to to verify) that
M (G) = max{corank(A) : A € S(G)},
(where the corank of A is the nullity of A) and
nr(G) = Va| - M(G).

The following definitions are taken from [2], in which the Colin de Verdiere-
type parameter £ was introduced. Two m X n matrices having the same sets of
row and column indices are orthogonal if, when viewed as mn-tuples in R™" they
are orthogonal under the ordinary dot product. The matrix B is orthogonal to the
family F of matrices if B is orthogonal to every matrix C' € F. Thus X orthogonal
to S(G) requires that every diagonal entry of X is 0 and for every edge of G, the
corresponding off-diagonal entry of X is 0. Let A, X be symmetric matrices with
(X)) = 1(A). We say that X fully annihilates A if X is orthogonal to S(G(A)) and
AX = 0. The matrix A has the Strong Arnold Property (SAP) if the zero matrix is
the only symmetric matrix that fully annihilates A.

For a given graph G, {(G) is defined to be the maximum corank among matrices
A that satisfy:

1. Ae S(G);

2. A has the SAP.
If A € S(G) has corank(A4) = £(G) and A has the SAP, then we say A is £-optimal for
G. The maximum multiplicity M is well-known for the standard graphs K, K, 4, Py,
and the value of ¢ was established for these graphs in [2]: M(K,) = n—1 =
E(K,),M(P,) =1 =¢&P,),M(Kpq) =p+qg—2, and if p < g and 3 < ¢, then
E(Kpq)=p+ 1

The parameter £ is called a “Colin de Verdiere-type” parameter because Colin
de Verdiére defined two related parameters p, v [4, 5]. The parameter p is discussed
thoroughly from an algebraic perspective in [6]. For a graph G, u(G) is defined to be
the maximum corank among matrices L that satisfy:

1. L is a generalized Laplacian matrix (i.e., L € S(G) and all off-diagonal entries
are nonpositive);



2. L has exactly one negative eigenvalue (with multiplicity one);

3. L has the SAP.
For a graph G, v(G) is defined to be the maximum corank among matrices A that
satisfy:

1. Ae S(G);

2. A is positive semidefinite;

3. A has the SAP.

Recall that for a given edge e = uv of a graph G, to contract e in G means to
delete e from G and identify its ends w,v in such a way that the resulting vertex is
adjacent to exactly the vertices that were originally adjacent to at least one of u,v. A
contraction of G is then defined as any graph obtained from G by contracting an edge.
For a given graph G, we call H a minor of G if H is obtained from G by a sequence
of deletions of edges, deletions of isolated vertices, and contractions of edges. We say
that G has an H-minor if G has a minor isomorphic to H. The parameter £, like
Colin de Verdiere’s parameters y and v, is minor monotone, i.e., if H is a minor of
G, then £(H) < &(G) [2]. This is a powerful property that the maximum multiplicity
parameter M lacks. In fact, M is not even monotone on induced subgraphs [1].
However, minimum rank is monotone on induced subgraphs, i.e., if H is an induced
subgraph of G, then mr(H) < mr(G) [3].

Furthermore, by the Robertson-Seymour theory of graph minors, the graphs G
that have the property £(G) < k can be characterized by a finite set of forbidden
minors. For any graph G, £(G) > 1, and £(G) < 1 if and only if G is a disjoint
union of paths [2]. The forbidden minors for £(G) < 1 are K3 and K3, because
&(K3) = &(Ki,3) = 2. Furthermore, K3 is a minor of any cycle. If G is has no
cycles (i.e., G is a forest), then G is a disjoint union of paths if and only if G does
not contain Kj 3 as a subgraph. The rest of this note is devoted to establishing the
forbidden minors for {(G) < 2.

2. AY-transformations. Let G = (V, E) be a graph. We say that G’ is ob-
tained from G by a AY -transformation if G’ is obtained from G by deleting the
edges of a triangle, adding a new vertex v and connecting v to the vertices of the
triangle whose edges were deleted. For example, K 3 is obtained from K3 by a
AY -transformation.

We denote by T3 the graph obtained from Kj 22 by deleting a triangle that
includes a vertex from each of the partition sets (73 is the middle left graph in
Figure 2.1). We denote by T3AY the graph obtained from T3 by applying one AY-
transformation on one of triangle containing a vertex of degree 2. We denote by
T3(AY), for i = 2,3, the graphs obtained from T3AY by applying i — 1 additional
AY -transformations. The T3-family is the collection of all graphs that can be obtained
from K, and T3 by a number of AY -transformations, see Figure 2.1.

LEMMA 2.1. Let G = (V, E) be a graph and let G' = (V', E’) be obtained from G
by applying a AY -transformation. Then £(G') > &(G).

Proof. Let {v1,va,v3} be the vertices of the triangle and let vy be the new vertex
on which we apply the AY -transformation, and let S =V —{v1, v, v3}. Let A = [a; 4]
be £-optimal for G. We distinguish two cases.
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Suppose first that a,, v, vy, vsG0s,0, > 0. Let

Qv w3 Aoy vy
bvoﬂn = Sgn(avzws)
Quy,v3
Ay w3 Aoy ,vp
bvoyv2 = Sgn(a’vlyvfi)
Qv ,v3
Qv w3 Aoy, vz
bvo,v3 = Sgn(a’vlﬂ/?)
vy vy
_ 2
b'U17'U1 = Quy,vy — b
2
bv2yv2 = Quy,vp — b

bvsﬂls = Qyg,v3 — bvo,vg

where sgn(a) = 1,0, —1 according as a > 0,a = 0,a < 0, and let

-1 bvo,vl bvoyv2 b'Uo,'Us 0
bvo,vl bvhvl 0 0 A[’Ul, S]
B = [bi,j] = b’U(),UQ 0 bU27’U2 0 A[’UQ,S]
bvo,vs 0 0 bUS)US A[’Ug, S]

0 A[S.u] A[S,va] A[S,vs]  A[S]

with «(B) = V’. Applying the Schur complement, we see that A = B/B[{vo}] and
5



LBL™" = {O A

1 O} where

1 0000
bopy, 1 0 0 0
L= |bye, 0 1 00
bopss 0 0 1 0

0 000 I

Thus corank(B) = corank(A4). Suppose that B does not have the SAP. Then there
is a symmetric matrix X = [x; ;] with ¢(X) = V’ such that z;; = 0 for all ¢ € V’,
x;; =0 for all ij € E', and BX = 0. So

b'Uf)y’U2'r'Ulq'U2 + b’Uo,'ng'Ul,'Ug =0
bU07v1xvl1v2 + b’Uo,'ng'Uz,'Ug =0

bug,v1 Toy v+ bug,vs Tugws = 0,

from which it follows that z., v, = Ty 03 = Tu,,vs = 0. So X can be partitioned
(using {vo}, {v1,v2,v3}, S) into the block matrix

0 0 =27
X=10 0 ZzZ~7
z Z W
Then BX = 0 implies —2T+b"Z" = 0 (where b = [byg vy bvg,ve, Dvg.vs] ~)s S0 X
T
nonzero implies X[V] = [g %V] # 0. Since BX = 0, LBLT(L™)"'XL~! = 0.

Note that ((L™)"!XL~1)[V] = X[V]. Thus X[V] is a nonzero symmetric matrix that
fully annihilates A. This contradiction shows that B has the SAP.

The case where .y, v, Qvy,05005,0, < 0 can be done similarly, using by, = 1 and
choosing b = [bug v s bug,vas Dug,vs] " SO that A[{vi,va,v3}] + bb™ is diagonal (cf. [6,
Theorem 2.13]). O

LEMMA 2.2. &(Ky) =3 and £(T3) = 3.
Proof. As noted earlier, {(K4) = 3. Since (as shown in [5]), v(T3) =
Since P, is an induced subgraph of T3, mr(T3) > 3, so £(T5) < M(T3) <

COROLLARY 2.3. Each graph G in the Ts-family has £(G) > 2.

3. l-sums of graphs. In order to establish the characterization of forbidden
minors of £(G) < 2, we extend results from [2] that describe the behavior of & on
1-sums.

LEMMA 3.1. Let G1 = (V1, E1) and Gy = (Va, Es) be graphs and let G be a 1-sum
of G1 and Go at v. Let S = Vi \ {v} and Sy = Vi \ {v}. Let A € S(G) have the
SAP. If A[Ss] is nonsingular, then there exists a matrix B € S(G1) that agrees with
A[V4] at every entry except possibly the v, v-entry, such that corank(B) = corank(A),
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and B has the SAP. In particular, if A is £-optimal for G and A[Ss] is nonsingular,
then £(G) = £(G1).

Proof. If A[S1,v] ¢ R(A[S1]), let B = A[V;]. Then by Lemma 3.5 (i¢) of [2], B
has the SAP, and corank(B) = corank(A[S1]) — 1 = corank(A).

If A[S1,v] € R(A[S1]), let B = A[V1] except choose the v,v-entry so that
corank(B) = corank(A) (= corank(A[V1]) or corank(A[V4]) + 1, depending on a,,).
Then by [2, Lemma 3.5 (i4), (¢i¢)], B has the SAP. O

LEMMA 3.2. Let G be a connected graph and let G be a 1-sum of G; = (V1, F1)
and Gy = (Va, Eo) atv. Let S; = Vi \ {v} and So = Vo \ {v}. Let Gy’ = (Vi', Ey’) be
the graph obtained from Ko and Gy by identifying a vertex of Ko with v. If A is &-
optimal for G, A[Ss] is singular and there is no nonzero vector y with A[Va, Saly =0,
then £(G) = £(G1).

Proof. By minor-monotonicity, £(G1") < &(Q).

We now prove the converse inequality. Since there is no nonzero y with A[Ss]y = 0
and Afv, Sa]y = 0, corank(A[Sz]) = 1. Let x € ker(A[S2]) be nonzero. Let w € S
with 2, # 0. Let @ = V2 \ {v,w}. Then A[Q] is nonsingular, because if A[Q)] were
singular, another (independent) vector could be constructed in ker(A[S3]). We may
write

AlS1] A[Si,0] 0 0
A= A[’U, Sl] Ayy Ay A[Uu Q]
- 0 Aoy Ayww A[w7 Q]

0 AlQ,v]  AlQ,w]  A[Q]
Applying the Schur complement on A[Q)] yields the matrix

A[Sl] A[Sl,’U] 0
A/A[Q] =B= [bl]] = [A[’U, Sl] by bvw] )
0 b’U’UJ bww

where

{bvv bvw} = Al{v,w}] - A[{v,w}, QIAIQ] " A[Q, {v, w}].

bvw bww

The corank of B is equal to the corank of A. Since A[S3] is singular, we know that

aww — Alw, QIA[Q] T A[Q, w] = 0. Suppose 0 = byy = apw — Alv, QJAIQ] ' A[Q, w].

Then the vector

[ 1

—AQITA[Q, w]

belongs to ker(A[Va, S3]), contradicting the assumption. Therefore by, # 0, that is,

B € §(G41'). To show that £(G1") > £(G), it remains to show that B has the SAP.
Suppose for a contradiction that B does not have the SAP. Then there is a nonzero

symmetric matrix X = [z; ;] with ¢(X) = Vi such that z; ; = 0 for alli € V/, zi; =0

for all ij € Ey’, and BX = 0. So

B[51]X[S1] + B[S1, {v, w}| X [{v,w}, S1] = 0,, i.e.,
7
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A[S1)X[S1] + A[S1, {v, w}] X [{v,w}, S1] =0
and

B[{v,w}, 51)X[51] + B[{v,w}| X [{v,w}, S1] =0, i.e.,

Al{v, w}, $1]X[81] + (Al{v,w}] — A[{v, w}, QIAIQ] T A[Q, {v, w}])) X [{v, w}, S1] = 0.

Let
Z = _A[Q]_lA[Q7 {U7 w}]X[{Uv w}v Sl]
and
X[54] X[S1, {v,w}] Z7
Y = [ X[{v,w}, S1] 0 0
Z 0 0

Then Y is a nonzero symmetric matrix with ¢(Y') = V that fully annihilates A. Hence
A would not have the SAP if B did not. O

THEOREM 3.3. Let G be a connected graph and let G be a 1-sum of G1 = (V1, F1)
and Gy = (Vo, E3) at v. Let G;' = (Vi', E}'), for i = 1,2, be the graph obtained from
Ky and G; by identifying a vertex of Ko with v. Then &£(G) = max{&(G1'),£(G2)}.

Proof. Since G;’ and G3' are isomorphic to minors of G, £(G;1') < &(G) and
£(Ga') < &(G). Let A be &-optimal for G, let S; = V4 \ {v} and Sz = Va \ {v}. If
A[S1] or A[Ss] is nonsingular, then, by Lemma 3.1, £(G1) = &(G) or £(G2) = &(G).
Since G is a minor of G;’ for i = 1,2, the theorem follows for this case. So we may
assume that both A[S;] and A[Ss] are singular. Since A has the SAP, it is not possible
that there are nonzero vectors y and z with A[Vi,S1]y = 0 and A[Va, S2]z = 0; say
there is no nonzero vector z with A[Va, S3]z = 0. By Lemma 3.2, £(G1') = £(G). O

Let G be a graph and let C' be a block of G. The thin out of C in G is the graph
obtained from C by adding a pendant edge to each cut vertex v of G contained in C.
So the thin out of C' in G is isomorphic to a subgraph of G.

PROPOSITION 3.4. Let G be a graph with £(G) > 3. Then there exists a 2-
connected block C of G such that the thin out H of C satisfies E(H) = £(G).

Proof. If G has more than one component, by [2, Theorem 3.1], £(G) is the
maximum of £ on the components of G, so we may assume G is connected. If G
has no 2-connected blocks, then G is a tree. This contradicts the assumption that
&(G) > 3, since for any tree T', {(T') < 2 [2]. We argue by induction on the number of
2-connected blocks; the result is clear when G has only one 2-connected block. Assume
that for all graphs G having fewer than m 2-connected blocks and &(G) > 3, there
exists a 2-connected block C of G such that the thin out H of C satisfies {(H) = £(G).

Let G be a graph with £(G) > 3 having m > 1 2-connected blocks. Let G =
(V1, E1) and Go = (Va, E3) be subgraphs of G such that G = Gy UGs, |[ViNVa| =1,
and both G; and G5 contain a 2-connected block. Let v be the vertex of Vi N5, and
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let G;', for i = 1,2, be obtained from G; and K3 by identifying a vertex of Ko with v.
By Theorem 3.3, £(G) = max{£(G1'),£(G2")}; we may assume that £(G') = £(G).
Since G1’ has fewer 2-connected blocks, G1’ has a 2-connected block C such that the
thin out H of C in G1’ satisfies £(H) = £(G). Since the thin out of C' in G;’ is the
same as the thin out of C' in GG, we have proven the proposition. 0

FiG. 3.1. Using the thin out to compute &

(e)
(d)
(a) O__' (c) ‘\@.}
(b)

ExaMPLE 3.5. We use Proposition 3.4 to compute £(G) for the graph G shown
in Figure 3.1(a). The thin outs of the various blocks (in left to right order for the
diagram of G in Figure 3.1(a), omitting the block of order 2) are shown in Figures
3.1(b)-(e). The thin out H of the 7-cycle in G is shown in Figure 3.1(c), and clearly
has a T3(AY )3-minor, so 3 = £(H) = £(G) (since it is also clear that the thin outs of
the other blocks all have £ equal to 2, by using an induced path to bound minimum
rank in each).

LEMMA 3.6. Let G = (V, E) be a connected graph that has a vertexr v of degree
1. Let w be the verter adjacent to v. Let A € S(G). If ay, =0, then
corank(A[V — {v,w}]) = corank(A).

Proof. Let S = V — {v,w}]. By reordering the indices if necessary, we can
partition A into the block matrix

0 Aow 0
A= lapw aww Alw,S]|,
0 A[S,v] A]S]

which is equivalent (by elementary row and column operations) to

0 1 0
1 0 0
0 0 AlS]

4. Linear two-trees. A linear 2-tree is a 2-connected graph G that can be
embedded in the plane such that the graph obtained from the dual of G after deleting
the vertex corresponding to the infinite face is a path.

LEMMA 4.1. Let G = (V, E) be a 2-connected graph. If G has no K4-, K3 3-, and
no Ts-minor, then G is a linear 2-tree.

Proof. Since G has no K4- and no Kj s-minor, G is outerplanar. Hence G can
be embedded in the plane such that all its vertices are incident to the infinite face.
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Construct the following tree T'. The vertices of T are all finite faces of the plane
embedding. Connect two vertices of the tree if the corresponding face have an edge
in common. Then T is a path. For if not, there would be a face that has edges in
common with at least three other faces. Such a graph has a T3-minor. 0

LEMMA 4.2. Let G = (V, E) be a linear 2-tree. If A € S(G), then corank(A) < 2.

Proof. Embed G in the plane such that the graph obtained from the dual of G
after deleting the vertex corresponding to the infinite face is a path P. Let p be an end
of P and let F' be the face corresponding to p. Choose an edge e in the intersection
of the infinite face and F', and let u,v be the ends of e. Suppose to the contrary
that corank(A) > 2. Then there is a nonzero vector x € ker(A) with =, = =, = 0.
Then for each vertex w on the cycle bounding the face of p, z,, = 0. For otherwise
we can find a vertex z of degree 2 with z, = 0 that is adjacent to exactly one vertex
w with z,, # 0. Repeating the same procedure on the cycle bounding the face of G
corresponding to the vertex of P adjacent to p, and so on, shows that z = 0. This
contradiction shows that corank(A) < 2. O

COROLLARY 4.3. If G is a minor of a linear 2-tree, then £(G) < 2.

Since a linear 2-tree is 2-connected and so is not a path, it follows from Lemma
4.2 that if G is a linear 2-tree, then £(G) = 2.

5. Main result. We now present the description of the forbidden minors for

£(G) <2

THEOREM 5.1. Let G = (V, E) be a graph. Then £(G) < 2 if and only if G has
no minor isomorphic to a graph in Ts-family.

Proof. Since each graph H in the T3-family has £(H) > 2, G has no minor
isomorphic to a graph in the Ts-family if £(G) < 2.

To see the other implication, let G be a graph with no minor isomorphic to a graph
in the T3-family. Then each 2-connected block of G is a linear 2-tree, by Lemma 4.1.
If £(G) < 2 there is nothing to prove, so suppose for contradiction that £(G) > 3. By
Proposition 3.4, there is a 2-connected block C' such that the thin out, H', of C in
G has {(H') = £(G). Notice that H’ is a minor of G. Let A" = [a} ;] € S(H') be
&-optimal for H'. Let H be obtained from H’ by deleting all vertices v of degree 1
such that a!, # 0. By Lemma 3.1, £(H) = £(H'). Let A be a &-optimal matrix for
H.

Embed C in the plane such that each vertex is incident to the infinite face. Let
B be the collection of cycles bounding the finite faces, and let P be the path whose
vertices are in correspondence with all finite faces and where pq is an edge if the faces
corresponding to p and g share a common edge. Let p1,ps be the ends of P. Let S
be the collection of vertices of C' to which a pendant edge is attached in H.

Since G has no T3(AY')-minor, no vertex s € S belongs to
Ugstpr.po Ba \ (Bpy U Bp,). Hence each vertex of S belongs to By, or By,.

Suppose now that there is vertex s € S such that s € V(B) for each B € B. Let v
be the other end of the pendant edge at s. Let H; = H—{s,v}. Then H; is a path with
some pendant edges attached to it. By Lemma 3.6, corank(A({s,v})) = corank(A).
If Hy — S has at least three components, then H has a T53(AY )3-minor. Hence H; — S
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has at most two components, each of which is a path. Applying Lemma 3.6 shows
that corank(A) = corank(A(S)) < 2.

We may therefore assume that there is no vertex s € S such that s € V(B) for
each B € B. Hence, if p; = po, then S = (). In this case it is clear that £(H) < 2. So
we may assume that p; # po. If there are two vertices of SNV (B,,) at distance at least
two on C, then H has a T3(AY )% minor. A similar statement holds for S N V(B,,).
Hence, for ¢ = 1,2, there is an edge f; such that each vertex in SN V(By,) is an
end of f;. Append two 4-cycles C; and Cs to C by identifying one edge of C; with
fi for i = 1,2. The resulting graph is a linear 2-tree and has H as a minor. By
Corollary 4.3, £(H) < 2.0

COROLLARY 5.2. Let G be a 2-connected graph of order n. The following are
equivalent:
1. £(G) =2.
2. M(G) =2.
3. mr(G) =n—2.
4. G has no K4-, Ky 3-, or T3-minor.
5. G is a linear 2-tree.

Note that by [1, Theorem 2.3], the computation of the minimum rank of graph
can be reduced to computation of the minimum rank of 2-connected graphs, so Corol-
lary 5.2 in conjunction with this result renders straightforward the determination of
whether an order n graph has minimum rank n — 2.
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