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Abstract

Seymour’s Splitter Theorem is a basic inductive tool for dealing with 3-connected
matroids. This paper proves a generalization of that theorem for the class of 2-
polymatroids. Such structures include matroids, and they model both sets of points
and lines in a projective space and sets of edges in a graph. A series compression in
such a structure is an analogue of contracting an edge of a graph that is in a series
pair. A 2-polymatroid N is an s-minor of a 2-polymatroid M if N can be obtained
from M by a sequence of contractions, series compressions, and dual-contractions,
where the last are modified deletions. The main result proves that if M and N
are 3-connected 2-polymatroids such that N is an s-minor of M, then M has a
3-connected s-minor M’ that has an s-minor isomorphic to N and has |E(M)| — 1
elements unless M is a whirl or the cycle matroid of a wheel. In the exceptional
case, such an M’ can be found with |E(M)| — 2 elements.

Mathematics Subject Classifications: 05B35
1 Introduction

Let M be a 3-connected matroid other than a wheel or a whirl. Tutte [21] proved that M
has an element whose deletion or contraction is 3-connected. Seymour [19] extended this
theorem by showing that, for a proper 3-connected minor N of M, the matroid M has an
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element whose deletion or contraction is 3-connected and has an N-minor. These theorems
have been powerful inductive tools for working with 3-connected matroids. In [16], with a
view to attacking representability problems for 2-polymatroids, we generalized the Wheels-
and-Whirls Theorem to 2-polymatroids. In this paper, we prove a generalization of the
Splitter Theorem for 2-polymatroids.

A basic example of a matroid is a set of points in a projective space. If, instead,
we take a finite set of points and lines in a projective space, we get an example of a
2-polymatroid. Whereas each element of a matroid has rank zero or one, an individual
element in a 2-polymatroid can also have rank two. Formally, for a positive integer k, a
k-polymatroid M is a pair (E,r) consisting of a finite set F, called the ground set, and a
function r, called the rank function, from the power set of E into the integers satisfying
the following conditions:

(i) r(0) =
(ii) if X CY C E, then 7(X) < r(Y);

(iii) if X and Y are subsets of £, then (X)) +7(Y) > r(XUY)+r(X NY); and
(iv) r({e}) <k for all e € E.

A matroid is just a 1-polymatroid. Equivalently, it is a 2-polymatroid in which every
element has rank at most one. Our focus in this paper will be on 2-polymatroids. From a
graph G, in addition to its cycle matroid, we can derive a second 2-polymatroid on E(G),
which we denote by My(G). The latter is defined by letting the rank of a set A of edges
be the number of vertices incident with edges in A. Observe that non-loop edges of G
have rank two in My(G).

Matroid connectivity generalizes naturally to 2-polymatroids. In particular, 3-connec-
tivity for matroids extends routinely to a notion of 3-connectivity for 2-polymatroids. A
simple 3-connected graph G has a 3-connected cycle matroid. On the other hand, M(G)
is 3-connected whenever G is a 2-connected loopless graph.

Deletion and contraction for matroids extend easily to 2-polymatroids. This gives
a notion of minor for 2-polymatroids that extends that of minor for matroids, and, via
cycle matroids, that of minor for graphs. But what happens when we consider the 2-
polymatroid My(G)? If e is an edge of G, then deletion in My(G) corresponds to deletion
in G, but it is not the same with contraction. However, there is an operation on Ms(G)
that corresponds to contraction in GG. Specifically, if e is an element of the 2-polymatroid
M and r({e}) > 0, then the compression of e from M, denoted M | e, is obtained
by placing a rank-1 element x freely on e, contracting x, and then deleting e from the
resulting 2-polymatroid. In particular, Ms(G) | e = My(G/e) for a non-loop edge e of
the graph G.

Representability of matroids extends easily to representability of polymatroids over
fields. Indeed, much of the motivation for this paper is derived from our desire to de-
velop tools for attacking representability problems for 2-polymatroids. The class of 2-
polymatroids representable over a field F is closed under both deletion and contraction.
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When F is finite, this is not the case for compression in general although it is the case
for a restricted type of compression. In [16], we defined a certain type of 3-separator,
which we called a ‘prickly’ 3-separator. A series pair in a graph G is a 2-element prickly
3-separator of Ms(G). Larger prickly 3-separators do not arise from graphs, but do arise
in more general settings. Compressing elements from prickly 3-separators preserves rep-
resentability. We gave examples in [16] to show that, if we wish to generalize Tutte’s
Wheels-and-Whirls Theorem to 2-polymatroids, it is necessary to allow compression of
elements from prickly 3-separators. The main result of [16] proves such a generalization
by showing that a 3-connected non-empty 2-polymatroid that not a whirl or the cycle
matroid of a wheel has an element e such that either M\e or M/e is 3-connected, or e
belongs to a prickly 3-separator, and M | e is 3-connected.

Geelen, Gerards, and Whittle [4] have announced that Rota’s Conjecture [20] is true,
that is, for every finite field, there is a finite set of minor-minimal matroids that are not
representable over that field. In [16], we showed that, for every field F, the set of minor-
minimal 2-polymatroids that are not representable over I is infinite, so one generalization
of Rota’s Conjecture for 2-polymatroids fails. We believe, however, that an alternative
generalization of the conjecture does hold. Specifically, we conjectured in [16] that, when F
is finite, there are only finitely many 2-polymatroids that are minimal with the property of
being non-representable over ' where we allow, as reduction operations, not only deletion
and contaction but also compression of elements from prickly 3-separators.

Our main result appears at the end of this section. We now give the rest of the back-
ground needed to understand that result. The matroid terminology used here will follow
Oxley [14]. Lovasz and Plummer [10, Chapter 11] have given an interesting discussion
of 2-polymatroids and some of their properties. We call (E,r) a polymatroid if it is a
k-polymatroid for some positive integer k. In a 2-polymatroid (F, ), an element z will
be called a line, a point, or a loop when its rank is 2, 1, or 0, respectively. For readers
accustomed to using the terms ‘point’ and ‘line’ for flats in a matroid of rank one and
two, respectively, this may create some potential confusion. However, in this paper, we
shall never use the terms ‘point’ and ‘line’ in this alternative way. Indeed, we will not
even define a flat of a 2-polymatroid.

Let M be a polymatroid (F,r). For a subset X of E, the deletion M\X and the
contraction M/X of X from M are the pairs (E — X,r1) and (E — X, ry) where, for all
subsets Y of E — X, we have r(Y) =r(Y) and 7 (Y) = (Y U X) — r(X). We shall also
write M|(E—X) for M\ X. A minor of the polymatroid M is any polymatroid that can be
obtained from M by a sequence of operations each of which is a deletion or a contraction.
It is straightforward to check that every minor of a k-polymatroid is also a k-polymatroid.
The closure cl(X) of a set X in M is, as for matroids, the set {x € E: r(X Uz) =r(X)}.
Two polymatroids (Ey,r) and (Es,r9) are isomorphic if there is a bijection ¢ from E;
onto Fj such that r;(X) = rqo(¢(X)) for all subsets X of FEj.

One natural way to obtain a polymatroid is from a collection of flats of a matroid
M. Indeed, every polymatroid arises in this way [6, 9, 12]. More precisely, we have the
following.

Theorem 1. Let t be a function defined on the power set of a finite set . Then (E,t)
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18 a polymatroid if and only if, for some matroid M, there is a function 1 from E into
the set of flats of M such that t(X) = ry(Uzext(x)) for all subsets X of E.

The key idea in proving this theorem is that of freely adding a point to an element of
a polymatroid. Let (E,r) be a polymatroid, let = be an element of E, and let 2’ be an
element that is not in £. We can extend the domain of r to include all subsets of E U x’
by letting
r(X), if r(XUzx)=r(X);

= {r<x> F1 i r(X U) > r(X).

Then it is not difficult to check that (FUz’,r) is a polymatroid. We say that it has been
obtained from (E,r) by freely adding =’ to x. If we repeat this construction by freely
adding a new element ' to some element y of F, we can show that the order in which
these two operations is performed is irrelevant.

Using this idea, we can associate a matroid with every 2-polymatroid M as follows.
Let L be the set of lines of M. For each ¢ in L, freely add two points s, and ¢, to £. Let
M™ be the 2-polymatroid obtained after performing all of these 2|L| operations. Let M’
be M\ L. We call M’ the natural matroid derived from M.

Given a graph G with edge set E, as noted earlier, one can define a 2-polymatroid
M(G) on E by, for each subset X of E, letting r(X) be |V (X)| where V(X) is the set
of vertices of G that have at least one endpoint in X. A polymatroid (E’,r’) is Boolean
if is isomorphic to the 2-polymatroid that is obtained in this way from some graph. One
attractive feature of My(G) is that, except for the possible presence of isolated vertices, it
uniquely determines G. More precisely, if G; and G5 are graphs neither of which has any
isolated vertices and if My(G1) = My(G3), then there is a labelling of the vertices of G
such that G; = G4. This contrasts with the situation for matroids where quite different
graphs can have the same cycle matroids.

Let M be a polymatroid (E,r). The connectivity function, Ay or A\, of M is defined,
for all subsets X of £, by Ay (X) = r(X)+7r(E—X)—r(M). Observe that Ay (E—X) =
Ay (X). Tt is routine to check, using the submodularity of the rank function, that the
connectivity function is submodular, that is, for all subsets Y and Z of F,

(V) + A (Z) = A (Y U Z) + Ay (Y N 2).

Let M be a polymatroid. For a positive integer n, a subset X of E(M) is n-separating
if Ay(X) < n—1 and is exactly n-separating if Ay (X) = n — 1 We say that M is 2-
connected if it has no proper non-empty 1-separating subset. We will also say that M is
disconnected if it is not 2-connected. We call M 3-connected if M is 2-connected and M
has no 2-separation, that is, M has no partition (X,Y) with max{|X|,7(X)} > 1 and
max{|Y|,7(Y)} > 1 but A\(X) < 1. When M is a 3-connected 2-polymatroid (E,r), a
3-separation of M is a partition (X,Y’) of E such that A(X) = 2 and both r(X) and r(Y)
exceed 2.

Duality plays a fundamental role in matroid theory and will also be important in our
work with 2-polymatroids. Whereas there is a standard notion of what constitutes the dual
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of a matroid, for 2-polymatroids, there is more than one choice. Let M be a k-polymatroid
(E,r). The k-dual of M is the pair (E,r}) defined by ri(Y) =k|Y|+r(E-Y) —r(M).
This notion of duality was used, for example, in Oxley and Whittle’s treatment [17] of
Tutte invariants for 2-polymatroids. An involution on the class M, of k-polymatroids is
a function ¢ from M, into My such that ((((M)) = M for all M in M. Whittle [22]
showed that the k-dual is the only involution on M, under which deletion and contraction
are interchanged in the familiar way. However, a disadvantage of this duality operation
is that, for a matroid M, we can view M as a k-polymatroid for all £ > 1. Hence M
has a 1-dual, which is its usual matroid dual. But it also has a 2-dual, a 3-dual, and
so on. In [16], we used a duality operation on the class of all polymatroids that, when
applied to a k-polymatroid, produces another k-polymatroid and that, when applied to
a matroid produces its usual matroid dual. In this paper, we will use a variant on that
operation that agrees with it when applied to 3-connected 2-polymatroids with at least
two elements.

Both of these versions of duality are members of a family of potential duals for a
polymatroid (F,r) that were defined by McDiarmid [12] and were based on assigning a
weight w(e) to each element e of E where w(e) > r({e}) for all e in E. For a set X,
we shall write || X|| for the sum ) . w(e). In [16], we took w(e) to be max{r({e}),1}.
Here, instead, we will take w(e) = r({e}) and define the dual of a polymatroid (E,r) to
be the pair (E,r*) where, for all subsets Y of E,

() =|IY[|+r(E-Y)=r(E) =Y r({e}) +r(E-Y)—r(E).

ecY

It is straightforward to check that, when (E,r) is a k-polymatroid, so too is (E,r*).
When M = (FE,r), we shall write M* for (E,r*). When the polymatroid M is a matroid,
its dual as just defined coincides with its usual matroid dual provided M has no loops.
However, if e is a loop of M, then e is a loop of M*. The definition of dual used in
[16] (where we took [[Y|| = > .y max{1,r({e})}) was chosen to ensure that, when M
is a matroid, its polymatroid dual coincides with its matroid dual. Here, however, we
are giving up on that, albeit in a rather specialized case. Note, however, that the two
definitions of dual coincide unless M has a loop so, in particular, they coincide when M is
3-connected having at least two elements. Moreover, as noted in [16], these two versions
of duality share a number of important properties, the proofs of which are very similar.
For example, A\p(X) = Ap+(X). Next we discuss the reason for the use of the above
definition of duality, which follows [7, 8.

Consider the following example, which will guide how we proceed. Begin with the
matroid that is the direct sum of PG(r—1, q) and PG(k—2, q) viewing this as a restriction
of PG(r +k — 2,q). Let N be the restriction of PG(r — 1,q) to the complement of a
hyperplane H of it, so N = AG(r — 1,q). Take k distinct points, z1,xs,..., T, of
PG(r —1,q) that are in H. Then k < qr;l_l. Let {y1,v2,...,yx} be a spanning circuit
in PG(k —2,q). For each i in {1,2,...,k}, let ¢; be the rank-2 flat of PG(r + k — 2,q)
that is spanned by {x;,y;}. Let M be the 2-polymatroid whose elements are the points of
N along with the set L consisting of the lines ¢y, (5, ..., ;. It is straightforward to check
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that M and N are 3-connected. The only way to obtain an N-minor of M is to delete
all the elements of L since contracting any member of L has the effect of reducing the
rank of F(N). But, in each of the 2-polymatroids M\ L', where L' is a proper non-empty
subset of L — ¢, the set /. is 2-separating. Since our goal is a splitter theorem, where we
can remove some bounded number of elements from M maintaining both 3-connectivity
and an N-minor, we will need a strategy for dealing with this example. One significant
feature of this example is the very constrained nature of the 2-separations in each M\ L'
with one side of each such 2-separation consisting of a single line. This is reminiscent of
what happens in Bixby’s Lemma [2] for 3-connected matroids where, for every element e
of such a matroid N, either N\e is 3-connected except for some possible series pairs, or
N/e is 3-connected except for some possible parallel pairs. Indeed, in the matroid derived
from M\ L', each 2-separating line of M\ L’ yields a series pair in the derived matroid.

The strategy that we will adopt is intimately linked to our choice of definition for
the dual of a polymatroid. It is well known that, under the familiar definition of duality
for matroids, taking the dual of the dual returns us to the original matroid. We now
consider the relationship between a polymatroid M and the polymatroid (M*)*. If M is
a 3-connected 2-polymatroid with at least two elements, then (M*)* = M. To see what
happens in general, we follow [8]. Let M be the polymatroid (E,r). An element e of M
is compact if r({e}) = Ar({e}) or, equivalently, if r(E —{e}) = r(F). We call M compact
if every element is compact. Thus, for example, a matroid is compact if it has no coloops.
In the example in the last paragraph, although M is compact, M\{¢1} is not since, for
each ¢ > 2, we have r({(;}) = 2 whereas A (0,3 ({€:}) = 1.

The compactification M’ of the polymatroid M is the pair (E,7") where

P(X) = r(X) + Y {e}) = r({a})

zeX

for all subsets X of . It is shown in [8] that M” is a compact polymatroid and it is clear
that if M is a 2-polymatroid, then so is M°. The next result [8] encapsulates some key
properties of this compactification operation and justifies the approach we take here.

Lemma 2. Let (E,r) be a polymatroid M and suppose X C E. Then
(i) M* is compact;
(ii) (M*)* = M°;
(111) App = A = Ao
(iv) (M/X)" = (M\X); and
(v) if M is compact, then M/X is compact.

Returning to our guiding example above, although M\{/¢;} is neither compact nor
3-connected, its compactification is both. Observe that this compactification can be ob-
tained from the restriction of the matroid PG(r — 1,q) to E(N) U {za,23,...,2x} by
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relabelling each z; by ¢; noting that these ¢; are now points rather than lines. Thus
compactification here has an analogous effect to cosimplification in matroids. By in-
corporating compactification as part of the deletion operation, which is justified by (iv)
of the last lemma, we see that, after deleting a single element, we have both maintained
3-connectivity and kept an N-minor. This is precisely what we want in a splitter theorem.

In 2-polymatroids, the behaviour of contraction differs significantly from that for ma-
troids. In particular, consider the 2-polymatroid Ms(G) obtained from a graph G, where
G has vertex set V and edge set E. Let e be an edge of G. Deleting e from G has an
unsurprising effect; specifically, My(G)\e = My(G\e). But, to find Ms(G)/e, we cannot
simply look at My(G/e). In particular, what do we do with elements whose rank is re-
duced to zero in the contraction? To deal with this situation, it is standard to extend the
definition of a graph to allow the presence of free loops, that is, edges with no endpoints.
This terminology is due to Zaslavsky [23]. For a graph G with free loops, the associated
2-polymatroid M,(G) is defined, as before, to have rank function r(X) = |V(X)|. The
deletion of a free loop f from a graph just removes f from the graph. We define the
contraction of f to be the same as its deletion. For an edge e that is not a free loop, to
obtain a graph H so that My(G)/e = My(H), we let H have edge set E — e and vertex
set V —V({e}). An edge x of H is incident with the vertices in V ({z}) — V({e}).

The difference between My(G)/e and My(G/e) motivated us to introduce an operation
for 2-polymatroids in [16] that mimics the effect of the usual operation of contraction of
an edge from the graph.

Let (E,r) be a 2-polymatroid M, and let z be an element of E. We have described
already what it means to add an element z’ freely to x. Our new operation M | x is
obtained from M by freely adding 2’ to x in M, then contracting x’ from the resulting
extension, and finally deleting x. Because each of the steps in this process results in a
2-polymatroid, we have a well-defined operation on 2-polymatroids. When x has rank at
most one in M, one easily checks that M | * = M/z. When z is a line in M, we see
that M | x and M /z are different as their ranks are (M) — 1 and r(M) — 2, respectively.
Combining the different parts of the definition, we see that M | x is the 2-polymatroid
with ground set F — {x} and rank function given, for all subsets X of E — {x}, by

r(X), if r({z}) =0, or (X Ux) > r(X); and
r(X)—1, otherwise.

(X)) = { (1)
We shall say that M | = has been obtained from M by compressing x, and M | x will
be called the compression of x. We showed in [16] that My(G) | e = My(G/e). Songbao
Mo [13] established a number of properties of a generalization of this operation that he
defines for connectivity functions and calls elision.

Instead of treating arbitrary minors, much of graph theory restricts attention to topo-
logical minors in which the only allowed contractions involve edges that meet vertices of
degree two. When e and f are the only edges in a 2-connected graph G meeting a vertex
v, and G has at least four vertices, {e, f} is a 3-separating set in M(G). This 3-separating
set is an example of a special type of 3-separating set that we introduced in [16]. In a
2-polymatroid M, a 3-separating set Z is prickly if it obeys the following conditions:

THE ELECTRONIC JOURNAL OF COMBINATORICS 26(2) (2019), #P2.37 7



(i) Each element of Z is a line;
(ii

)

) |Z| 22 and AM(Z) = 2;

(ili) r(E—2)UZ') =r(E — Z)+ |Z'| for all proper subsets Z’ of Z; and
)

(iv) if Z' is a non-empty subset of Z, then

2 it 7] = 1;
r(Z")y=<12"1+2 ifl1<|Z'|<|Z]; and
Z|+1 it |Z'|=|Z|.

A prickly 3-separating set of M will also be called a prickly 3-separator of M. Observe
that, when Z is a prickly 3-separating set, for all distinct z and 2’ in Z, the 2-polymatroid
M\z has ({z'}, E — {z,2'}) as a 2-separation.

We are now able to formally state the main result of [16]. Recall that a 2-polymatroid is
pure if every individual element has rank 2. It is non-empty if its ground set is non-empty.

Theorem 3. Let M be a 3-connected non-empty 2-polymatroid. Then one of the following
holds.

(i) M has an element e such that M\e or M/e is 3-connected;
(ii) M has rank at least three and is a whirl or the cycle matroid of a wheel; or

(11i) M is a pure 2-polymatroid having a prickly 3-separating set. Indeed, every minimal
3-separating set Z with at least two elements is prickly, and M | z s 3-connected
and pure for all z in Z.

In [16], we gave a number of examples to show the need for the third part of the above
theorem. It is worth noting here, since it contrasts with what we have already mentioned
and what will feature in the main result of this paper, the operation of deletion used in the
last theorem does not incorporate compactification. In the main result of this paper, we
will incorporate compactification as part of deletion but we will no longer need to allow
arbitrary prickly compressions, only those that arise from a 2-element prickly 3-separator.
These are precisely the 2-element subsets Z of E such that, for all non-empty subsets Z’
of Z, we have r(Z') = |Z'|+ 1and r(E — Z') = r(F) — |Z'| + 1. Let Z be such a set in a
2-polymatroid M. For z in Z, we will call M | z a series compression of M.

For a compact 2-polymatroid M;, we call My an s-minor of My if Msy can be obtained
from M, by a sequence of contractions, deletions followed by compactifications, and series
compressions. The next result is the main theorem of the paper. It concerns s-minors
of 3-connected 2-polymatroids. Such a 2-polymatroid is compact provided it has at least
three elements.

Theorem 4. Let M be a 3-connected 2-polymatroid and N be a 3-connected proper s-
minor of M having at least four elements. Then one of the following holds.
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(i) M has an element e such that M /e is 3-connected having an s-minor isomorphic to
N; or

(i) M has an element e such that (M\e)’ is 3-connected having an s-minor isomorphic
to N; or

(11i) M has a two-element prickly 3-separating set Z such that, for each z in Z, the series
compression M | z is 3-connected having an s-minor isomorphic to N; or

() r(M) >3 and M is a whirl or the cycle matroid of a wheel.

For compact 2-polymatroids M; and M, we call My a c-minor of My if M, can be
obtained from M; by a sequence of operations each consisting of a contraction or of a
deletion followed by a compactification. As we shall show in Section 6, the last theorem
can be proved by establishing the following result.

Theorem 5. Let M be a 3-connected 2-polymatroid and N be a 3-connected proper c-
minor of M having at least four elements. Then one of the following holds.

(i) M has an element e such that M/e is 3-connected having a c-minor isomorphic to
N; or

(i1) M has an element e such that (M\e)® is 3-connected having a c-minor isomorphic
to N; or

(iii) M has a prickly 3-separator {y, z} such that each of M |y and M | z is 3-connected
having a c-minor isomorphic to N; or

(i) r(M) = 3 and M is a whirl or the cycle matroid of a wheel.

The paper is structured as follows. The next section includes some basic preliminaries.
In Sections 3 and 4, we develop a number of results relating to connectivity and local
connectivity, and to parallel connection and 2-sums. In Section 5, we describe the strategy
for proving Theorem 4. That section serves as a guide to the remaining sections of the
paper, with the purpose of each of these sections being to complete an identified step in the
proof. Section 6 plays an important role in this proof by showing that the main theorem
can be proved by adding the assumption that all series compressions are performed last in
the production of an s-minor of M isomorphic to N. That result is helpful but it cannot
obscure the fact that the proof of Theorem 4 is complex with some subtleties in the logic
that need to be carefully negotiated.

2 Preliminaries

Much of the terminology for matroids carries over to 2-polymatroids. For example, sup-
pose x and y are distinct points of a 2-polymatroid M, that is, r({z}) = 1 = r({y}). If
r({z,y}) = 1, then x and y are parallel points of M. On the other hand, if r(F —{z,y}) =
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r(E)—1<r(E—z)=r(E—uy), then {x,y} is a series pair of points of M. Evidently,
if {z,y} is a parallel or series pair of points, then Ay ({z,y}) < 1. If x and y are distinct
lines of M and r({z,y}) = 2, then = and y are parallel lines of M. If x is a point and y
is a line of M, then x lies on y if r({z,y}) = 2.

One tool that is used repeatedly in our earlier work is the submodularity of the con-
nectivity function. Once again, this will play a vital role here. Partitions (X;, X5) and
(Y1,Y3) of a set E are said to cross if all four of the sets X7 NYy, X; NYs, Xo MYy, and
X5 MYy are non-empty. We shall frequently encounter crossing partitions of the ground
set of a 2-polymatroid.

In this paper, we shall frequently switch between considering the deletion M\ X of a set
X of elements of a 2-polymatroid M and the compactification (M\X)® of this deletion,
which we shall sometimes call the compactified deletion of X. We shall often use the
following abbreviated notation for the latter:

(M\X) = M\ X.

We shall often encounter the situation when we have a 2-polymatroid M such that
M’ is 3-connected although M itself is not. This occurs when M has a line ¢ such
that ({¢}, E — () is a 2-separation. We call such a 2-separation of M trivial. Thus, in
general, a partition (X,Y") of E is a non-trivial 2-separation of M if Ay (X) < 1 and
min{| X|, [Y|} > 2.

For a 2-polymatroid M, we recall that a minor of M is any 2-polymatroid that can be
obtained from M by a sequence of contractions and deletions where, here, deletions are
not automatically accompanied by compactifications. When M and N are compact, we
defined N to be a c-minor of M if it can be obtained from M by a sequence of contractions
and deletions followed by compactifications. In the proof of Theorem 5, it is convenient
to be able to separate the compactifications from the deletions. Thus we define a c-minor
of an arbitrary 2-polymatroid M to be any 2-polymatroid that can be obtained from
M by a sequence of contractions, deletions, and compactifications. As we shall show in
Corollary 9, this extension of the definition is consistent with our original definition. For
a 2-polymatroid N, a spectal N-minor of M is any c-minor of M that is either equal to
N or differs from N by having a single point relabelled.

Lemma 6. Let P and ) be 2-polymatroids such that () can be obtained from P by a
sequence of deletions, contractions, and compactifications with the last move being a com-
pactification. Then ) can be obtained from P by the same sequence of deletions and
contractions with none of the compactifications being done except for the last move.

To prove this lemma, we shall require a preliminary result.
Lemma 7. Let P be the 2-polymatroid (E,r). For AC E,
(i) (P\A) = (P\A)’; and
(ii) (P’/A) = (P/A)".
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Proof. Let P, be a 2-polymatroid with ground set E and rank function ;. Then, for

X CE— A, we have

ripap(X) = reaalX) + ) Penal{ed) —rena({z})]

rzeX

() + Y (E — A 2) (B - )

zeX

Thus
ripvay (X) =r(X)+ > [M(E—-A—x)—r(E - A)].

rzeX

Next we observe that, for x in X,

(B A—2)—rp(E— A =r(E—A-2)+ S D{}) —r({n))

yeE—A—z

—r(E—4) = > Dy} —r{y})]

yeE—A

=r(E—-A-z)—r(E—-A) = A{z}) +r({z}).
Thus, by (2), (4), and (3),

ripnay (X) =rp(X) + Y [rp (B — A= 1) — rp(E — A)]

zeX

=r(X)+ Y _{z}) —r({z}) + r(E - A=) —r(E — A)

— AM{z}) +r({«})]
=r(X)+ > [(E—-A-1)—r(E-A)
= T(P\A)b(X).

We conclude that (i) holds.
Again, for X C E — A, we have

rpyap(X) = rpga(X) + Y Deyal{a}) = reyal{z})]

zeX

= n(XUA) = ri(A)+ > [rp/alE = A=) = rpja(E = A)

zeX

= (XUA —7’1 +Z7”1 — X —T1E>]
rzeX
Thus
ripap(X) =r(X UA) —r(A)+ ) [r(E —2) —r(E)].
reX
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Therefore, by (5), (4), and (6)

ripoyap(X) =1pp (X UA) —rp(A) + > [rp(E — x) — s (E)]

zeX

=r(XUA) —r(A) + Y \{z}) —r({z}) + r(E - 2) - r(E)

—AMz}) +r({z})]
=r(XUA)—r(A) + ) [r(E—z) —r(E)]
= T(P/A)b(X>.
Hence (ii) holds. O

Proof of Lemma 6. We may assume that there are disjoint subsets A, As,..., A, of E
such that, in forming @) from P, these sets are removed in order via deletion or contraction
with the possibility that, after each such move, a compactification is performed. To prove
the lemma, we argue by induction on n. It follows immediately from Lemma 7 that the
lemma holds if n = 1. Assume the result holds for n < m and let n = m > 2. Then there
is a 2-polymatroid R such that Q is (R\A,)” or (R/A,)", so, by Lemma 7, Q is (R*\ A,,)’
or (R’/A,)’, respectively. In forming R, a certain sequence of deletions, contractions, and
compactifications is performed. Let Ry be the 2-polymatroid that is obtained from P
by performing the same sequence of operations except for the compactifications. Then,
by the induction assumption, R’ = Rj). Since (R’\A,)’ = (R)\4,)" = (Ro\4,)" and
(R°/A,)’ = (Ry/A,)" = (Ry/A,)", the lemma follows by induction. O

The following are straightforward consequences of Lemma 6. We prove only the second
of these.

Corollary 8. Let P and () be 2-polymatroids such that () is compact. Then Q) is a
c-minor of P if and only if Q) can be obtained from P by a sequence of deletions and
contractions followed by a single compactification.

Corollary 9. Let P and @) be compact 2-polymatroids. Then @ is a c-minor of P if and
only if Q) can be obtained from P by a sequence of operations each of which consists of
either a contraction or a deletion followed by a compactification.

Proof. We need to show that if () is a c-minor of P, then () can be obtained as described.
Now Q" = Q. Thus, by Lemma 6, Q can be obtained from P by a sequence of deletions
and contractions with one compactification being done as the final move. By Lemma 7,
we can perform a compactification after each deletion and still obtain () at the end of the
process. Since P is compact and each contraction of a compact 2-polymatroid is compact,
we retain compactness throughout this sequence of moves, so the result holds. O]

We will need some elementary properties of deletion, contraction, and series compres-
sion.
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Lemma 10. Let A and B be disjoint subsets of the ground set E of a 2-polymatroid P.
Then

(i) P/A/B = P/(AUB) = P/BJA;
(ii) P\A\B = P\ (AU B) = P\ B\ A; and
(iii) PJA\B = P\ B/A.

Proof. Because the proofs of all three parts are routine, we only include a proof of (iii).
Suppose X C E — (AU B). Then

rpa\B(X) = r(pranpy (X)
= TP/A(X) + Z[)\P/A\B<{$}) - TP/A\B({x})]

rzeX

= rpa(X) + ) [rpa(E = A= B—x) —rpja(E— A= B)]

rzeX

=r(XUA)—r(A)+ > [r(E-B—1z)—r(E - B)

=r(XUA) —r(4) + Y Des{e}) - rep({z})]
= TP\\B(X U A) - Tp\\B(A)
= rp\p/a(X).
We conclude that (iii) holds. O

Lemma 11. Let M be a polymatroid. Then

Proof. By Lemma 2(i), M* is compact, so M* = (M*)’. Also, by Lemma 2(ii), (M°)* =
(M)*)* = (M), O

Lemma 12. Let P and () be 2-polymatroids, where () is compact. Then P has a c-minor
1somorphic to Q if and only if P* has a c-minor isomorphic to QQ*.

Proof. Suppose P has a c-minor isomorphic to ). By Corollary 8, () can be obtained
from P by a sequence of deletions and contractions with one compactification being done
as the final move. By Lemma 7, we can perform a compactification after each deletion
and after each contraction and still obtain ) at the end of the process. Indeed, since
(P\A) = (P\A)’ and (P’/A) = (P/A)’, we see that P’ has a c-minor isomorphic to
Q). Thus we may assume that, in forming @ from P°, we remove, in order, disjoint sets
Ay, Ay, ..., A, where each such removal is followed by a compactification. To prove that
P* has a c-minor isomorphic to QQ*, we shall argue by induction on n.
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Suppose n = 1. Then Q is (P"\A;)’ or (P°/A;)’. Then, by Lemmas 2 and 11,
(P\ALP)" = (P)\AL))" = (P*/A)*)" = (P*/A) = P [ A,
and
(P’/A))" = (P'JA)" = (P)"\A1)" = (P*\AL)".

Since @ is compact, we deduce that the result holds for n = 1. Assume it holds for n < k
and let n = k > 2. Then there is a compact 2-polymatroid R that is a c-minor of P such
that Q is (R\A,)” or (R/A,)". By the induction assumption, R* is a c-minor of P*, and
() is a c-minor of R*. Hence Q* is a c-minor of P*.

For the converse, we note that, by what we have just proved, if Q* is a c-minor of P*,
then (Q*)* is a c-minor of (P*)*, that is, Q” is a c-minor of P°. But @ is compact so Q
is a c-minor of P’. Hence () is a c-minor of P. n

When we compactify a 2-polymatroid, loosely speaking what we are doing is dealing
simultaneously with a number of 2-separations. It will be helpful to be able to treat these
2-separations one at a time. In the introduction, we defined the compression M | x for
an element x of a 2-polymatroid M. Ultimately, that operation removes z. Let M]x be
the 2-polymatroid that is obtained from M by freely adding an element 2’ on z and then
contracting z’. Thus M |x has ground set E and rank function given, for all subsets X of
E; by -

r(X), if r({z}) =0, or (X Uzx) > r(X); and
r(X)—1, otherwise.

TMQ:(X> = { (7)

We shall say that M|z has been obtained by compactifying x. Evidently

M| z=(Mlz)\z.

Lemma 13. Let M be a 2-connected 2-polymatroid that is not compact. Let Z be the set
of lines z of M such that \({z}) = 1. Then

M = (... (ML21)L2) . )d2n)

where Z = {z1,22,...,2p}

Proof. We argue by induction on n. Suppose n = 1. Let X C E(M). Then

r(X), if 21 ¢ X; and
r(X) —1, otherwise.

TMb(X):{

On the other hand,

r(X), if (X Uz )>r(X); and
r(X)—1, otherwise.

7“M¢Z1(X):{

The result is easily checked in this case.
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Now assume that n > 2 and that the lemma holds if |[Z] < n — 1. Let M; = M{z.
Then M, is easily shown to be 2-connected having {29, 23, ..., 2,} as its set of lines z for
which Apr, ({2}) = 1. Thus, by the induction assumption,

My = ((-.. (Midzo)d2s) .. )dzn).

Since M; = Mizl, it suffices to show that M'l’ = M.
Suppose X C E. Then

(X + > (A({a}) —r({z}).

Now
g (X) = {T(X), if (X U z1) > r(X); and
r(X) —1, otherwise.
Thus .
rap (X) = {T‘(X), if 2 €X, and
r(X)—1, otherwise.
Hence
ne(X) = () + ) Oan({2}) — ran ({23))
= (X)) + Y Qwl{r}) —ru{a})
zeXN(Z—z1)
= ru(X)+ Y Owl{z}) —ru({z})
= rb(X).
We conclude, by induction, that the lemma holds. O

The remainder of this section presents a number of basic properties of 2-element prickly
3-separators and of the compression operation.

Lemma 14. Let P be a 2-polymatroid having j and k as lines and with r({j, k}) =
Suppose X C E(P) —k and j € X. Then rpp(X) =r(X Uk) —

Proof. By definition,

r(X), if r(XUk)>r(X);
r(X)—1, otherwise.

7puk(X) :{

As j € X and r({j,k}) = 3, by submodularity, (X U k) is r(X) or r(X) + 1. Thus
TPUC(X):T(XUIC)—L D
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Lemma 15. Let P be a 2-polymatroid having j and k as lines and with r({j, k}) = 3.
Suppose € is a line of P that is not in {j,k} and is not parallel to k. Then {{} is 2-
separating in P if and only if it is 2-separating in P | k.

Proof. Clearly {¢} is 2-separating in P if and only if 7(E — ¢) < r(E) — 1. Since ¢ is not
parallel to k, we see that rp;(¢) = r(¢) = 2. Now {¢} is 2-separating in P | k if and only
if rpj(E—{k,0}) <rp(E—k)—1. By Lemma 14, the last inequality holds if and only
if r(E—4¢)—1<r(FE)—1-1. We conclude that the lemma holds. O

Lemma 16. Let {j, k} be a prickly 3-separator in a 2-polymatroid P. Then P | j can be
obtained from P | k by relabelling j as k.

Proof. Suppose X C E — {j, k}. Then, since both (X U j) and (X U k) exceed r(X),
TPJ,j(X) =rp(X) = T‘Pik(X)'

As r({j,k}) = 3, submodularity implies that either (X UjUk) = r(X Uj)+ 1, or
r(XUjUk) =r(XUj). Thus rp;(XUj) = r(XUjUk)—1. By symmetry, rp;(XUk) =
r(XUjUk)— 1, and the lemma follows. O

Lemma 17. Let P be a compact 2-polymatroid and {j,k} be a prickly 3-separator of P.
Then P | k is compact.

Proof. We prove (ii). It suffices to show that rp(E — k —y) = rpjp(E — k) for all y in
E — k. Since P is compact, r(E — k) =r(E), so rpjp(E — k) =r(E) — 1. Now

r(E—k—uy), ifr(E—y)—1>2r(E—y—k); and
r(E—k—y)—1, otherwise.

Tpuc(E—k—y) = {

It follows that rp(E—k—y) =r(E)—1 =rpy(E—k) unless r(E—k—y) = r(E—y)—2.
Consider the exceptional case. Evidently y # j as r(E — k — j) = r(E — j) — 1. Thus
j € E—Fk—y. Since N({j},{k}) = 1, it follows that r(E —y) < r(E — k —y) + 1. This
contradiction completes the proof of (ii). O

Lemma 18. In a 2-polymatroid P, let k and y be distinct elements. Then
(i) PLk\y=P\yLk; and
(ii) PLk/y=Plylk.

Proof. Part (i) is essentially immediate. We now prove (ii). If »({k}) < 1, then P | k =
P/k, so
Plkly=P/k/y=Ply/k=Plylk.

Thus we may assume that r({k}) = 2.
Suppose y is a line such that r({y, k}) = 2. Then

Plylk=Ply/k=Plkjly=Plk/y
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where the last equality follows by considering how P | k is constructed. Thus we may
assume that y is not a line that is parallel to k. Hence

r({y, k}) > r({y})-
Let X be a subset of ¥ — k —y. Then
rPuksy(X) = rp(X Uy) —rpi({y}) = rei(X Uy) —r({y})

where the second equality follows because r({y, k}) > r({y}). We deduce that

r(XUy) —r({y}), ifr(XUyUk)>r(XUy);
r(XUy) —r({y}) — 1, otherwise.

TPM/?J(X) = {

On the other hand, since rp/, (X Uk) =r(X UkUy) —r({y}) and 7p/,(X) = (X Uy) —
r({y}), we see that

r(XUy) —r({y}), if r(XUyUk)>r(XUy);
reyuk(X) = .
r(XUy)—r({y}) — 1, otherwise.
Thus
TPy (X) = TPy r(X)
so the lemma holds. OJ

Lemma 19. Let {j,k} be a prickly 3-separator in a 2-polymatroid P. If P | k is 3-
connected, then so is P unless |E| = 4 and r(P) = 3 where each of j and k has a single
point on 1t.

Proof. Let (X,Y) be an exact m-separation of P for some m in {1,2} where £ € X. Then
r(X)+rY)—r(P)=m—1. Nowr(P|k)=r(P)—1.

Consider 7p (X — k) + rp(Y'). Suppose first that j € X — k. Then, by Lemma 14,
’f’pug<X — ]{7) = T(X) — 1 and Tpik(Y) = T(Y) Hence

rp(X —k)+rpp(Y)—r(Plk)=m-—1.

As P | k is 2-connected, we cannot have m = 1 since both X — k and Y are non-empty.
Thus m =2 so r(X)+r(Y)—r(P) = 1. Now max{|X|,7(X)} > 2 and max{|Y],7(Y)} >
2. Thus max{|Y|,rpx(Y)} > 2. If X = {j, k}, then, as {j, k} is a 3-separator of P, we
have 7(X) +r(Y) —r(P) = 2, a contradiction. We deduce that | X —k| > 2, s0 (X —k,Y)
is a 2-separation of P | k, a contradiction.

We may now assume that j € Y. Note that X — k is non-empty otherwise m — 1 =
r({k}) +r(E — k) —r(P) = 2, a contradiction. We have

Tpug(X—k?) —|—T‘p¢k(Y) —T’(P\L]{?) < (T(X) - 1) +T(Y) - (T(P) — 1) =m — 1.
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As P | k is 2-connected, m = 2 and equality holds throughout. We deduce that
rpp(X — k) =r(X) -1, (8)

and
re(Y) =r(Y). (9)
Moreover, max{rp;,(X — k), |X —k|} < 1. As X — k is non-empty,

max{rpik(X — k)), |X — k)|} =1.

Let X —k = {z}. Then rp;x({z}) < 1. Now

r({z}) if r({z, k}) > r({z});

re({z}) = {r({l‘}) —1 if r({x, k}) =r({z}).

Suppose r({z,k}) = r({z}). Then x and k are parallel lines. Thus r(E) = r(E — j)
r(E—{j,k}) =r(E)—1, a contradiction. We deduce that r({x,k}) > r({z}). Hence 1
repp({2}) = r({z}). But, by (8), rep({a}) = r({z, k}) =1, so r({z, k}) = r({z}) +1 >
Thus r({z}) =1 and r({z,k}) =2,s0r(Y) =r(P)—1. Asr(YUz) =r(E—k)=r(P),
we deduce that r({j,z}) = 3.

Now Y — j # () otherwise £ = {j, k,z} and r({j, k}) + r({z}) — r(E) =1, so {j, k} is

not a 3-separator, a contradiction. Since r({j,z,k}) =3 = r({j,x}), we have

TP¢k({j,ZE}) = T({j,l’}) —1=2.

By (9), rpie(Y) = r(Y). Thus r(Y U k) > r(Y), so r(Y —j)Uk) > r(Y —j) and
rp(Y —5) =7 — 7). Alsor(Y —j) <r(Y)sor(Y —j) <r(P)—2. Thus

2
2.

Tpik({j,ﬁ})—i-Tpik(Y—j)—T(P\L/{?):2+T(Y—j)—T(P)+1
<2+ (r(P)—2)—r(P) +1
= 1.

As P | kis 3-connected and Y —j is non-empty, equality must hold here and max{rp (Y —
DY =gl =1

Let Y —j = {y}. Then rp;x({y}) = r({y}) =1 and r({y}) = r(P) — 2, so r(P) = 3.
Moreover, r({j,y}) =r(Y) =r(P)+1—r(X) =2. As P | k is 3-connected, y and x are
not parallel points in P | k, so y does not lie on k. We conclude that P has rank 3 and
consists of two lines, 7 and k, and two points, y and z, where y is on 7 but not k, and z
is on k£ but not j. Thus the lemma holds. O]

3 Some results for connectivity and local connectivity

This section notes a number of properties of the connectivity and local-connectivity func-
tions that will be used in the proof of the main theorem. First we show that compression
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is, in most situations, a self-dual operation. We proved this result in [16, Proposition 3.1]
for the variant of duality used there. By making the obvious replacements in that proof,
it is straightforward to check that the result holds with the modified definition of duality
used here. We omit the details.

Proposition 20. Let e be a line of a 2-polymatroid M and suppose that M contains no

line parallel to e. Then
M*le=(M]e)".

The next proposition implies that Theorems 4 and 5 are self-dual results. Its proof
will use the following result.

Lemma 21. The set {j,k} is a prickly 3-separator of a 2-polymatroid M if and only if
it 1s a prickly 3-separator in M*.

Proof. Suppose {j, k} is a prickly 3-separator of M. By Lemma 2,

A= ({5, k}) = A ({5, k}) = 2.

Moreover, it is straightforward to check that ry«({j}) = 2 = ry«({k}), that ry- ({7, k}) =
3, and that My ({j}, E — {j, k}) = 1 = My=({k}, E — {j, k}). Hence {j,k} is a prickly
3-separator of M*. Conversely, suppose that {7, k} is a prickly 3-separator of M*. Then,
by what we have just shown, {j, k} is a prickly 3-separator of (M*)*, that is, of M°. Now
2= Np{{J,k}) = Au({J, k}). Moreover, since 7y ({j}) = 2, it follows that A({j}) = 2,
sor({j}) =2and r(E —j) = r(F). Similarly, \({k}) =2 =r({k}) and r(E — k) = r(E).
It follows, since ryp ({7, k}) = 3, that r({j, k}) = 3. By using the fact that M, ({7}, £ —
{j,k}) =1 =mpw({k}, E — {4, k}), it is not difficult to check that N({j}, K — {j,k}) =
1 =n({k},E — {j,k}). We conclude that {j,k} is a prickly 3-separator of M, so the
lemma holds. O

Proposition 22. Let P and QQ be compact 2-polymatroids. Then
(i) Q is an c-minor of P if and only if Q* is an c-minor of P*; and
(i1) Q is an s-minor of P if and only if Q* is an s-minor of P*.

Proof. By Lemma 2, both P* and Q* are compact. Moreover, (P*)* = P and (Q*)* = Q.
By Lemma 2 again, for an element £ of P, we have that (P\¢)* = P*/¢ and (P/{)* = P*\\{.
Part (i) now follows by a straightforward induction argument. To prove (ii), assume @
is an s-minor of P. It suffices to show that @Q* is an s-minor of P*. If {j,k} is a prickly
3-separator of P, then, by Lemma 21, it is a prickly 3-separator of P*. By Lemma 17,
P | k is compact and, by Proposition 20, (P | k)* = P* | k. This and the argument
for (i) give that the dual of each allowable move on P produces a 2-polymatroid that is
obtained from P* by an allowable move. Another straightforward induction argument
gives (ii). O
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Let M be a polymatroid (E,r). If X and Y are subsets of E, the local connectivity
M(X,Y) between X and Y is defined by M(X,Y) = r(X) +r(Y) —r(X UY). Sometimes
we will write My, for M, and M* for My~. It is straightforward to prove the following.
Again this holds for both the version of duality used here and the variant used in [16].

Lemma 23. Let M be a polymatroid (E,r). For disjoint subsets X and Y of E,
Mar* (X, Y) = HM/(E—(XUY))<X> Y)

The next lemma will be used repeatedly, often without explicit reference. Two sets X
and Y in a polymatroid M are skew if M(X,Y) = 0.

Lemma 24. Let M be a 2-polymatroid and z be an element of M such that (A, B) is a
2-separation of M/z. Suppose z is skew to A. Then (A, BU z) is a 2-separation of M.
Moreover, if M is 3-connected, then A is not a single line in M/z.

Proof. Clearly 7(AU z) —r({z}) = r(A), so (A, BU z) is a 2-separation of M. If M is
3-connected and A consists of a single line a of M/z, then a is a line of M, so a and z are
skew, and we obtain the contradiction that M has a 2-separation. O

Numerous properties of the connectivity function of a matroid are proved simply by
applying properties of the rank function; they do not rely on the requirement that r({e}) <
1 for all elements e. Evidently, such properties also hold for the connectivity function of
a polymatroid. The next few lemmas note some of these properties.

The first two are proved in [14, Lemmas 8.2.3 and 8.2.4].

Lemma 25. Let (E,r) be a polymatroid and let X1, X5, Y1, and Y be subsets of E with
Y, C X and Yo C X5. Then

H(}/la YvZ) < |—|(X17 X2)

Lemma 26. Let (E,r) be a polymatroid M and let X,C, and D be disjoint subsets of E.
Then

Mipjc(X) < Aar(X).
Moreover, equality holds if and only if
r(Xul)=rX)+r(C)

and
r(E—X)+r(E—D)=r(E)+r(E—(XUD)).

The following [14, Corollary 8.7.6] is a straightforward consequence of the last lemma.

Corollary 27. Let X and D be disjoint subsets of the ground set E of a polymatroid M.
Suppose that r(M\D) = r(M). Then

(1) Mnp(X) = An(X) if and only if D C cly(E — (X UD)); and
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(it) Mnp(X) = A (X U D) if and only if D C clpy(X).
It is well known that, when M is a matroid, for all subsets X of E(M),
A (X) = rar(X) 4+ ra=(X) — | X
It is easy to check that the following variant on this holds for polymatroids. Recall that
X1 = Yoex rde}).
Lemma 28. In a polymatroid M, for all subsets X of E(M),
A (X) = rar(X) + rar=(X) — [[X]].
In particular, if every element of X has rank one, then
A (X) = rp(X) 4 e (X) — | X
The next lemma contains another useful equation whose proof is straightforward.

Lemma 29. Let (X,Y) be a partition of the ground set of a polymatroid M. Suppose
ze€Y. Then

M(X, {2}) + My (XY — 2) = N(X, {2}) + Ay (X) = Au(X).

The next two lemmas are natural generalizations of matroid results that appear in
[15].

Lemma 30. Let (E,r) be a polymatroid and let X and Y be disjoint subsets of E. Then
AXUY)=XMX)+ANY)-N(X,Y) - (X,Y).
Lemma 31. Let A, B,C, and D be subsets of the ground set of a polymatroid. Then
(i) N(AUB,CUD)+M(A,B)+N(C,D) =N(AUC,BUD)+1(A,C)+MN(B,D); and
(ii) M(AUB,C)+N(A,B) =(AUC,B) +1MN(A,C).

Lemma 32. Let M be a polymatroid and (A, B,Z) be a partition of its ground set into
possibly empty subsets. Then

Auyz(A) = Anz(A) =M (A, Z) = (B, Z) + A (Z).
Proof. We have B=AUZ and A = BU Z. Then

Az (A) = ravyz(A) + 1z (B) —r(M)Z)
=r(AUZ)—r(Z)+r(BUZ)—r(Z)—r(M)+r(Z)
=r(B) +r(A) —r(M) —r(Z)
=r(A) +7(B) —r(M\Z) + r(M\Z) — r(M) — r(Z)
= Anz(A) +r(M\Z) —r(M) —r(Z).
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The required result holds if and only if
A Z)+ (B, Z) = Ay (Z) =r(M) +r(Z) —r(M\Z).
Now

M(A, Z)+M(B,Z) = Au(Z)=r(A)+r(Z) —r(AUZ)+r(B)+r(Z) —r(BUZ)
—7r(Z) —=r(M\Z) +r(M)
=r(A) +7(Z) =r(B) +r(B) +r(Z) —r(A) —r(2)
—r(M\Z)+ r(M)
=r(M)+r(Z) —r(M\Z),

as required. O

Corollary 33. Let M be a polymatroid and (A, B, Z) be a partition of its ground set into
possibly empty subsets. Suppose r(M\Z) =r(M). Then

)\M/Z(A) = )\M\Z(A> — |_|M(A, Z) — |_|M(B, Z) + T’(Z)

Proof. As \y(Z) = r(Z) + r(M\Z) — r(M) and r(M\Z) = r(M), the result is an
immediate consequence of the last lemma. O

Lemma 34. Let M be a polymatroid and (A, B,C) be a partition of its ground set into
possibly empty subsets. Suppose A(A) =1 = XNC) and \(B) =2. Then N(A, B) =

Proof. We have
2=r(B)+r(AUC)—r(M)

and

r(M)

r(AUB) +r(C) -1
=r(A)+r(B)—N(A,B) +r(C)—1.

Thus
2=r(B)+r(AUC) —7r(A) —r(B)—r(C)+1+N(A, B)

so M(A,B) =1+T(A,C) > 1. By Lemma 25, M(A,B) <N(A,BUC) =1,s0M(A, B) =
1. [l

Lemma 35. Let M be a polymatroid and (A, B,C) be a partition of its ground set into
possibly empty subsets. Then M*(A, B) = Ayjc(A).

Proof. By making repeated use of Lemma 2, we have
(A, B) = NMu= (A, B) = Auno(A) = Aoy (A) = Aoy (A) = Aye(4). O

The following is a consequence of a result of Oxley and Whittle [18, Lemma 3.1].
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Lemma 36. Let M be a 2-connected 2-polymatroid with |E(M)| > 2. If e is a point of
M, then M\e or M/e is 2-connected.

Lemma 37. Let M be a 3-connected 2-polymatroid having a and ¢ as distinct elements.
Then (E(M) — {a, t},{}) is not a 2-separation of M/a.

Proof. Assume the contrary. Then ¢ is a line in M /a, so M(a,f) = 0. We have
ravja(E(M) —{a,0}) + rysa(l) = r(M/a) + 1.
As M(a, ¢) = 0, it follows that (E(M)—¢, {¢}) is a 2-separation of M, a contradiction. [
The next result is another straightforward extension of a matroid result.
Lemma 38. Let M be a 2-connected 2-polymatroid having e and f as points. Then
(i) Ays({e}) = 0 if and only if e and f are parallel points; and
(ii) Anp({e}) =0 if and only if e and f form a series pair.

Proof. We prove (i) omitting the similar proof of (ii). If e and f are parallel points of M,
then Ay/r({e}) = 0. Now assume that Ay p({e}) = 0. Let M’ be the natural matroid
derived from M. Then M’/ f has {e} as a component. Hence {e, f} is a series or parallel
pair in M’. But if {e, f} is a series pair, then M’/ f is 2-connected, a contradiction. We
conclude that {e, f} is a parallel pair of points in M, so (i) holds. ]

There is an attractive link between the connectivity of a 2-polymatroid M and the
connectivity of the natural matroid associated with M.

Lemma 39. Let M be a 2-polymatroid with at least two elements and let M’ be the natural
matroid derived from M. Then

(i) M is 2-connected if and only if M' is 2-connected; and
(ii) M is 3-connected if and only if M’ is 3-connected.

Proof. The result is immediate if M is a matroid or has a loop, so we may assume that
M is loopless and has at least one line. Let L be the set of lines of M and let M* be
the matroid that is obtained from M by freely adding two points on each line in L. Then
M' = MT\L.

Suppose that M has a k-separation (X,Y) for some k in {1,2}. Replacing each line in
each of X and Y by two points freely placed on the line gives sets X’ and Y’ that partition
E(M") such that r(X') = r(X) and r(Y') = r(Y). Hence (X', Y”) is a k-separation of M.

Now suppose that M’ has a k-separation for some k in {1,2}. Choose such a k-
separation (X', Y”’) to minimize the number m of lines of M that have exactly one of
the corresponding points of M’ in X'. If m = 0, then there is a k-separation of M
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that corresponds naturally to (X', Y”). Thus we may assume that M has a line ¢ whose
corresponding points, s, and t,, are in X’ and Y’, respectively. Now

r(X) +r(Y') — (M) = k — 1. (10)

Suppose |E(M')| = 3. Then M consists of a point and a line. For each n in {2,3},
both M and M’ are m-connected if and only if the point lies on the line. Thus the
result holds if |[E(M')| = 3. Now assume that |E(M')] = 4. Then M consists of either
two lines, or a line and two points. Again the result is easily checked. Thus we may
assume that |E(M’)| > 5. We may also assume that |X’| > |Y’'|. Then |X’| > 3. Now
(X' —so)+r(Y'Usy) —r(M') > k, otherwise the choice of (X’,Y”) is contradicted. Thus
(X' —s) =r(X’) and r(Y' U sg) = r(Y’') + 1. Hence, in M*, as s, and t, are freely
placed on ¢, we see that r((X' — s,) Ul) = (X' — s¢), so

(X" —sp) = (X' —sp) Uty) = (X' Uty).

Hence (X' U t,, Y’ — t;) violates the choice of (X', Y”) unless either £ = 1 and Y’ =
{ts}, or k = 2 and Y’ consists of two points. In the first case, r(X’) = r(M’'), so
r(X') 4+ r(Y') —r(M') = 1, a contradiction to (10). In the second case, since one of the
points in Y is t,, the points are not parallel so r(Y’) = 2 and r(X’) = r(M’) — 1. Thus
r(X'Ut) =r(M')—1and (Y’ —t,) = 1, a contradiction to (10). O

The next result is a generalization of a lemma of Bixby [2] (see also [14, Lemma 8.7.3])
that is widely used when dealing with 3-connected matroids.

Lemma 40. Let M be a 3-connected 2-polymatroid and z be a point of M. Then either

(i) M/z is 2-connected having one side of every 2-separation being a pair of points of
M that are parallel in M/z; or

(ii) M\z is 2-connected having one side of every 2-separation being either a single line
of M, or a pair of points of M that form a series pair in M\z.

Proof. If z lies on a line in M, then M\ z is 3-connected. Thus we may assume that z does
not lie on a line in M. Take the matroid M’ that is naturally derived from M. Then, by
Bixby’s Lemma, either M’/z is 2-connected having one side of every 2-separation being a
pair of parallel points of M’, or M’\ z is 2-connected having one side of every 2-separation
being a series pair of points of M’. In the first case, if {a,b} is a parallel pair of points
of M'/z, then {a,b, z} is a circuit of M’. Because the points added to M to form M’ are
freely placed on lines, we cannot have a circuit containing just one of them. Since z is
not on a line of M, we deduce that a and b are points of M. We conclude that, in the
first case, (i) holds.

Now suppose that M’\ z is not 3-connected and has {u, v} as a series pair. Then either
u and v are both matroid points of M, or M has a line on which the points u and v are
freely placed in the formation of M’. We deduce that (ii) holds. O
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We recall from [16] that, when {a,b,c} is a set of three points in a 2-polymatroid @,
we call {a,b,c} a triangle if every subset of {a,b,c} of size at least two has rank two.
If, instead, r(E — {a,b,c}) = r(Q) — 1 but r(X) = r(Q) for all proper supersets X of
E —{a,b,c}, then we call {a,b,c} a triad of Q. When @ is 3-connected, {a,b,c} is a
triad of @ if and only if {a,b,c} is a triangle of @Q*. It is straightforward to check that a
triangle and a triad of () cannot have exactly one common element. Just as for matroids,
we call a sequence x1, 2o, ..., x; of distinct points of a 2-polymatroid @) a fan of length k
if £ > 3 and the sets {x1, xo, 23}, {22, 3, 24}, . . ., {Tk—2, Tx_1, 1 } are alternately triangles
and triads beginning with either a triangle or a triad.

The next two results were proved in [16, Lemmas 4.1 and 4.2]. The second can also be
proved by applying Tutte’s Triangle Lemma for matroids (see, for example, [14, Lemma
8.7.7]) to the matroid M’ that is naturally derived from M and using Lemma 39.

Lemma 41. Let M be a 3-connected 2-polymatroid having a point p such that neither
M\p nor M/p is 3-connected. Then M has points s and t such that {p,s,t} is a triangle
or a triad of M.

Lemma 42. Let M be a 3-connected 2-polymatroid having at least four elements.

(i) Let {e, f,g} be a triangle of M such that neither M\e nor M\f is 3-connected.
Then M has a triad containing e and exactly one of f and g.

(ii) Let {e, f,g} be a triad of M such that neither M /e nor M/ f is 3-connected. Then
M has a triangle containing e and exactly one of f and g.

The following lemma will be helpful in proving our main result when fans arise in the
argument.

Lemma 43. Let M and N be 3-connected 2-polymatroids where |E(N)| > 4 and M s
not a whirl or the cycle matroid of a wheel. Suppose M has a fan x1,xo,x3, T4 where
{1, 29,23} 1s a triangle and M /xq has a c-minor isomorphic to N. Then M has a point
z such that either M\z or M/z is 3-connected having a c-minor isomorphic to N, or both
M\z and M/z have c-minors isomorphic to N.

Proof. Assume that the lemma fails. Extend 1, x5, r3, x4 to a maximal fan xq, zo, ..., z,.
Since M /x5 has a c-minor isomorphic to N and has 21 and 3 as a parallel pair of points,
it follows that each of M/zo\x; and M /z5\z3 has a c-minor isomorphic to N. Thus
each of M\z; and M\x3 has a c-minor isomorphic to N. Hence M /x4 has a c-minor
isomorphic to N. A straightforward induction argument establishes that M /z; has a c-
minor isomorphic to N for all even i, while M\z; has a c-minor isomorphic to N for all
odd ¢. Then M/x; is not 3-connected when i is even, while M\z; is not 3-connected when
7 is odd.
Next we show that

43.1. M has no triangle that contains more than one element x; with ¢ even; and M has
no triad that contains more than one element x; with 7 odd.
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Suppose M has a triangle that contains z; and x; where 7 and j are distinct even
integers. Since M /z; has z; in a parallel pair of points, M/z;\z;, and hence M\z;, has
a c-minor isomorphic to N. As M/x; also has a c-minor isomorphic to N, we have a
contradiction. Thus the first part of 43.1 holds. A similar argument proves the second
part.

Suppose n is odd. Then, since neither M\ x,, nor M\xz,,_s is 3-connected, by Lemma 42,
M has a triad T™ containing z,, and exactly one of x,,_; and x,,_5. By 43.1, T™ contains
Zp—1. Then, by the maximality of the fan, the third element of 7* lies in {z1, x5, ..., 2,2}
But, as each of the points in the last set is in a triangle that is contained in that set, we
obtain the contradiction that M has a triangle having a single element in common with
the triad T™.

We may now assume that n is even. As neither M/x,, nor M/x, o is 3-connected,
by Lemma 42, M has a triangle T" that contains z,, and exactly one of x,_; and x,_».
By 43.1, z,_ 1 € T. The maximality of the fan again implies that the third element of
T is in {xy, 29, 23,...,T, 2}. As every element of the last set, except x1, is in a triad
that is contained in the set, to avoid having 7" meet such a triad in a single element, we
must have that T' = {z,,, x,—1, x1}. If n =4, then M|{z1, x2, x5, x4} = U g 50 {2, T3, 74}
is a triangle, a contradiction to 43.1. We deduce that n > 4. Now neither M\x; nor
M\x,_ is 3-connected. Thus, by Lemma 42, M has a triad T, containing z; and exactly
one of z, and x, ;. By 43.1, x,, € Ty. The triangles {x, x5, x3} and {3, x4, x5} imply
that o € Ty. Let X = {xy,29,...,2,}. Then, using the triangles we know, including
{2, 21,21}, we deduce that »(X) < §. Similarly, the triads in M, which are triangles in
M*, imply that 7*(X) < 5. Thus, by Lemma 28, A(X) = 0. Hence X = E(M). As every
element of M is a point, M is a matroid. Since every point of M is in both a triangle and
a triad, by Tutte’s Wheels-and-Whirls-Theorem [21], we obtain the contradiction that M
is a whirl or the cycle matroid of a wheel. O]

4 Parallel connection and 2-sum

In this section, we follow Matus [11] and Hall [5] in defining the parallel connection
and 2-sum of polymatroids. For a positive integer k, let M; and M, be k-polymatroids
(Ey,7) and (Ey,73). Suppose first that Ey N Ey = (. The direct sum M; & My of M,
and My is the k-polymatroid (E; U Es,r) where, for all subsets A of E; U Ey, we have
r(A) =r(ANE;) +r(AN Ey). The following result is easily checked.

Lemma 44. For k-polymatroids My and My on disjoint sets,
(M @ My)* = My @ M.

Clearly a 2-polymatroid is 2-connected if and only if it cannot be written as the
direct sum of two non-empty 2-polymatroids. Now suppose that F; N Ey = {p} and
ri({p}) = r2({p}). Let P(M;, M) be (Ey U Ey, 1) where r is defined for all subsets A of
E, U E; by

r(A) =min{r (AN E)) +ra(ANEy), (AN E)Up)+r((AN Ey) Up) —ri({p})}.
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As Hall notes, it is routine to check that P(Mj, Ms) is a k-polymatroid. We call it the
parallel connection of My and M, with respect to the basepoint p. When M; and M, are
both matroids, this definition coincides with the usual definition of the parallel connection
of matroids. Hall extends the definition of parallel connection to deal with the case when
r1({p}) # r2({p}) but we shall not do that here.

Now suppose that M; and M, are 2-polymatroids having at least two elements, that
E(M;) N E(My) = {p}, that neither Ay, ({p}) nor A\, ({p}) is 0, and that r({p}) =
ro({p}) = 1. We define the 2-sum, M; &y M, of M; and My to be P(M;y, Ms)\p. We
remark that this extends Hall’s definition since, to ensure that M; @, M, has more elements
than each of M; and Ms, he requires that they each have at least three elements. He
imposes the same requirement in his Proposition 3.6. The next result is that result with
this restriction omitted. Hall’s proof [5] remains valid.

Proposition 45. Let M be a 2-polymatroid (E,r) having a partition (X1, X3) such that
r(X1) + r(X2) = r(E) + 1. Then there are 2-polymatroids M; and My with ground sets
X1 Up and Xo Up, where p is a new element not in E, such that M = P(My, Ms)\p. In
particular, for all A C X7 U p,

r(A) = r(A), ifp & A;
r((A=p)UXy) —r(Xo)+1, ifpe A

Lemma 46. Let (X,Y) be a partition of the ground set of a 2-polymatroid M such that
MX) = 1. Then, for some element p not in E(M), there are 2-polymatroids My and My
on X Up and Y U p, respectively, such that M = Mx @y My . Moreover, for y € Y,

(i) Ay ({P}) = N(XY —y);
(i) Aary py({0}) + 11X {y}) = AX) = 1;
(iii) if (XY —y) =1, then M\y = My @, (My\y);
(iv) if (X, {y}) = 0, then My = Mx @, (My /y); and
(v) if r({y}) <1, then

M |y— {(Mx/p) ® (My\y/p), i N(X,{y}) =1
Mx o (My L y), if (X, {y}) =0.

(vi) if y is a line, then

M Ly = M) & (MA\p), i r(Y) =r(Y —y) +2;
Mx @, (My 1 y) ifr(Y) <r(Y —y) + 1.

In particular, M |y = Mx &2 (My | y) when My, (X, Y —y) = 1.
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Proof. The existence of My and My such that M = P(Mx, My)\p is an immediate
consequence of Proposition 45. To see that P(Mx, My )\p = Mx @9 My, one needs only

to check that ry, ({p}) =1 = ran ({p}) and A\ ({p}) = 1 = Ay, ({0}).
The proof of (i) follows by a straightforward application of the rank formula in Propo-

sition 45. We omit the details. To see that (ii) holds, note that

)\MY/y({p}) = TMY({p7 y}) - T({y}) + Ty (Y) — My (Y U p)
=r(yUX)—r(X)+1—=r({y})+rY)—r(XUY)+rX) -1
=r(yuX) —r({y}) +rY) —r(XUY)
=r(X) =N {y}) +rY) —r(XUY)
= A (X) =X, {y}).

By Hall [5, Proposition 3.1], M\y = P(Mx, My\y)\p. If N(X,Y —y) = 1, then, by
(i), Ay \y({p}) = 1. Hence, by Hall [5, Proposition 3.1], M\y = Mx @, (My\y); that is,
(iii) holds.

To prove (iv), assume that M(X, {y}) = 0. We could again follow Hall [5, Proposition
3.1] to get that M/y = P(Mx, My /y)\p. But since he omits a full proof of this fact, we

include it for completeness.
By Proposition 45, M /y = P(Mj, My)\p for some M; and M,. For A C X Up,

rag (A) = {TM/y(A>a ifp & A
1 raupy(A=p) U (Y =) —ragp(Y —y) +1, if p € 4;
_)r(Auy) —r({y}), if p & A;
r(A—p)UuY)—r(Y)+1, ifpeA;
= TMX(A).
Thus M1 = Mx.
Now, for A C (Y —y) Up,
() = L) if p & A
? rapy((A=p)UX) —ragy(X)+1, ifpe A
_ {r(AUy) - r({y}), if p ¢ A
r((A=p)uXUy) —r({y}) —r(XUy) +r({y}) +1, ifpe A
_Jr(Auy) —r({y}), if p & A;
r((A-p)UXUy) —r({y}) —r(X)+1, ifpeA
But
TMY/y(A) = T'My (A U y) - TMY({y})
_ {r(AUy) - r({y}), if p ¢ A
r(A-pUXuy) —r({y}) —r(X)+1, ifpe A
= ’I"MQ(A).
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Thus My = My /y, so M/y = P(Mx, My /y)\p. As N(X,{y}) = 0, we see, by (ii), that
Aty y({p}) = 1. Hence M /y = Mx @©5 (My /y); that is, (iv) holds.

For (v), since r({y}) < 1, we have M | y = M/y. If (X, {y}) = 1, then y is parallel
to p in My, so, by [5, Proposition 3.1], M | y = (Mx/p) & (My/p). If N(X,{y}) =0,
then, as My | y = My /y, it follows by (iv) that

M | y=M/[y=Mx @ (My/y) = Mx & (My | y).
To prove (vi), suppose first that 7(Y) = (Y — y) + 2. We have

vy ({y;p}) = r(yU X) —r(X) +1=3-11(X, {y}).

Assume M(X,{y}) = 0. Then My is the 2-sum, with basepoint ¢, say, of two 2-
polymatroids, one of which has ground set {q,y,p} and consists of two points and the
line y freely placed in the plane. Clearly, M | y = (Mx\p) & (My\y\p). Now assume
that M(X,{y}) = 1. Then My is the direct sum of two 2-polymatroids, one of which
has rank 2 and consists of the line y with the point p on it. Once again, we see that

M |y = (Mx\p) ® (My\y\p).

We may now assume that r(Y) < (Y —y)+1. Hence rysp, (Y —y) = r(Y)—1. Clearly
r(X Uy) > r(X). Thus

Margy (X, Y —y) = 1. (11)

By Proposition 45, M | y = P(M,, Ms)\p for some 2-polymatroids M; and M, with
ground sets X U p and (Y — y) U p, respectively. We shall show that M; = My and
M; = My | y.

First observe that, for A C X, we have

ran (A) = rargy(A), ifpe A;
1 Py (A= p)U(Y =) —rargy (Y —y) +1, ifpe A

Since (X Uy) > r(X), we see that if p & A, then 7y, (A) = rayy(A) = rv(A) = ruy (A).
Now suppose p € A. Assume r((A—p)U (Y —y)) =r((A—p)UY). Then
ruy(A=p)U Y —y)) =r((A-p U —y)) -1 =r((A-p)UY)-L
Moreover, 7y, (Y —y) = r(Y) — 1. Hence
g (A) =ry(A=p)UY) —ry(Y) + 1 =1y, (A).

To show that M; = My, it remains to consider when p € A and r((A—p)U(Y —vy))
r((A—p)UY). Then, as (Y —y) > r(Y) — 1, we deduce that r((A —p) U (Y —y))
r(A—p)UY)—1,s0r(Y —y) =r(Y)— 1. Thus we have

m(A) = ruy(A=p)U Y —y)) —rug (Y —y) +1
r(A=p Uy —y) —r(Y —y) +1

= r((A-p)UY)—1—-rY)+1+1

= TMX(A).

A
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We conclude that M; = Mx.
To show that My = My | y, suppose that A C (Y —y) Up. Now

" (A) _ TMJ,:L/(A>’ ifp g A;
i gy (A=p)UX) —ryy(X) +1, ifpe A

Suppose p € A. Then

=10 e
= TMYiy(A)'

Now assume that p € A. Then rys,(X) = r(X). Thus

rans(A) = r((A—p)UX)—r(X)+1, if r((A—p)UX Uy) > r((A—p)UX);
" r(A=p)UX)—1—r(X)+1, otherwise.
Moreover,
TMy¢y(A) _ {TMY (A)7 if My (A U y) > TMy (A)7
ruy (A) — 1,  otherwise.

Now rpp (A) =7r((A—p)UX) —r(X)+ 1. Thus
T (AUY) — 1 (A) =1r(A—p) Uy U X) —r(X)+1—7((A—p)UX)
+7r(X)—1
=r((A=p)UyUX) —r((A-p)UX)
We conclude that, when p € A, we have 7y, 1,(A) = ran(A). Thus My | y = M.

Hence M | y = P(Mx,My | y)\p. Using (11), it is straightforward to show that
My 1y ({p}) = 1. Tt follows that M |y = Mx @2 (My | y). u

The following was shown by Hall [5, Corollary 3.5].

Proposition 47. Let My and My be 2-polymatroids (Ey,r1) and (Ea,r9) where By N Ey =
{p} and ri({p}) = ro({p}) = 1 and each of My and My has at least two elements. Then
the following are equivalent.

(i) My and My are both 2-connected;
(ii) My @y My is 2-connected;
(iii) P(My, My) is 2-connected.

One situation that will often occur will be when we have a certain 3-connected 2-
polymatroid N arising as a c-minor of a 2-polymatroid M that has a 2-separation. Recall
that a special N-minor of M is a c-minor of M that either equals N or differs from N by
having a single point relabelled.
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Lemma 48. Let M be a 2-polymatroid that can be written as the 2-sum Mx @9 My of
2-polymatroids Mx and My with ground sets X U p and Y U p, respectively. Let N be
a 3-connected 2-polymatroid with |E(N)| > 4 and E(N) C E(M). If Mx has a special
N-manor, then M has a special N-minor.

Proof. Since Mx\p = M\Y and Mx/p = M/Y, we may assume that the special N-minor
of Mx uses p. Hence every other element of the special N-minor of My is in E(N). For y
in Y, we will denote by Mx (y) the 2-polymatroid that is obtained from My by relabelling
p by y. We argue by induction on |Y|. Take y in Y.

Suppose Y| = 1. If y is a point, then the result is immediate since M = Mx(y). If y
is a line, then compactifying this line gives Mx(y) and again the result holds.

Now suppose that |Y| > 1. Suppose M({y},X) = 1. Then M|(X Uy) = Mx(y) if
y is a point. If y is a line, then compactifying y in M|(X U y) gives Mx(y). In each
case, the result holds. We may now assume that M({y}, X) = 0. Then, by Lemma 46(iv),
M/y = Mx @5 (My /y), so the result follows by induction. O

Lemma 49. Let M be a 2-polymatroid that can be written as the 2-sum Mx Gy My
of 2-polymatroids Mx and My with ground sets X Up and Y U p, respectively. Let N
be a 3-connected 2-polymatroid with |E(N)| > 4 such that N is a c-minor of M. If
|[E(N)NX| > |E(N)|— 1, then Mx has a special N-minor that uses E(N) N X.

Proof. As N is a c-minor of M, it follows by Corollary 8 that N can be obtained from M
by a sequence of deletions and contractions followed by one compactification at the end.
Let N; be the 2-polymatroid that is obtained prior to the last compactification. We know
that we can shuffle these deletions and contractions at will. In producing N; from M, let
Cy and Dy be the sets of elements of Y that are contracted and deleted, respectively.

Suppose M(X,Cy) = 1. Now M = P(Mx, My)\p. Consider P(Mx, My)/Cy\Dy.
This has p as a loop, so P(Mx,My)\p/Cy\Dy = P(Mx,My)/p/Cy\Dy. Because
P(Mx, My)/p = (Mx/p) & (My/p), we deduce that Y = Dy U Cy, so N; is a c-minor
of Mx/p. As we can perform a compactification whenever we want, N is a c-minor of
(Mx /p)’ and hence of My.

We may now assume that M(X,Cy) = 0. Suppose Y NE(N) = (. Then M\Dy /Cy =
M\Y = Mx\p. Hence N is a c-minor of My, so N is a c-minor of (Myx)’. It remains
to consider the case when Y N E(N) consists of a single element, y. In M/Cy\Dy, we
must have M(X,{y}) = 1, otherwise M(X,{y}) = 0 and {y} is 1-separating in N; and
hence in N, a contradiction. We deduce that, in My /Cy\Dy, the element y is either a
point parallel to the basepoint p or a line through p. In the latter case, (M/Cy\Dy)’
is (Mx(y))” where Mx(y) is obtained from My by relabelling p by y. In both cases,
(Mx(y))” has N as a c-minor so (Mx)" and hence My has a special N-minor. O

Lemma 50. Let p be a point in a 2-polymatroid P having ground set E. If (p, E—p) = 1,
then P has as a minor a 2-element 2-connected 2-polymatroid using p.

Proof. We argue by induction on |E — p|. the result is certainly true if |[E — p| = 1.
Assume it true for |E — p| < n and let |E — p| = n. If E — p contains an element z
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such that M(p, z) = 1, then the result is immediate. Thus E — p contains an element 2z
such that M(p,2) = 0. Then Mp/..(p, £ — {p,2}) = r(p) + r(E — p) — r(P) = 1. Thus,
by the induction assumption, P/z and hence P has, as a minor, a 2-element 2-connected
2-polymatroid using p. [

Lemma 51. Let (X,Y) be an exact 2-separation of a 2-polymatroid M and let N be a
3-connected 2-polymatroid that is a c-minor of M. Suppose that |E(N) — X| < 1 and
yey.

(i) If Tany (X, Y —y) =1, then M\y has a special N-minor.
(i) If Mary(X,Y —y) = 1, then M/y has a special N-minor.
iii) If My Y —y) =1, then as a special N-minor.
(id3) If Margy (X, Y = y) = 1, then M Ly h al N-mi

Proof. By Lemma 46, M = My &9 My where Mx and Myhave ground sets X U p and
Y Up, respectively. By Lemma 49, My has a special N-minor using E(N) N X. Suppose
Mang (X, Y —y) = 1. Then My, ({p},Y —y) = 1. Thus, by Lemma 50, My\y has as a
minor a 2-polymatroid with ground set {p, z} for some z in Y — y where either p and z
are parallel points, or z is a line and p is a point on this line. It follows that (M\y)® has
as a c-minor the 2-polymatroid that is obtained from (Mx )’ by relabelling p by z. Hence
M\y has a special N-minor and (i) holds.

Now suppose that My, (X,Y —y) = 1. Then, by Lemma 29, N(X, {y}) = 0. Thus,
by Lemma 46(iv), M/y = Mx @y (My /y). Moreover, My, ,,({p},Y —y) = 1. Then, by
replacing My \y by My /y in the argument in the previous paragraph, we deduce that (ii)
holds.

Finally, suppose that My, (X,Y —y) = 1. Assume first that r({y}) < 1. Then
M | y=M/y,so Myy(X,Y —y) =1, and the result follows by (ii). Now let y be a line
of M. Then, by Lemma 46(vi), M | y = Mx @5 (My | y). Again, by replacing My \y by
My | y in the argument in the first paragraph, we get that (iii) holds. O

Lemma 52. Let () be a 2-polymatroid having k and ¢ as distinct elements and suppose
that ¢ 1s a 2-separating line. Then

QLELk=Q L kLL.

Proof. The result is easily checked if A(¢) = 0, so assume that A(¢) = 1. Then, by
Lemma 46, Q = P(Q1,Q2)\p for some 2-polymatroids @); and Qs with ground sets
(E(Q) — ¢) Up and {¢,p} where ()3 consists of the line ¢ with the point freely placed
on it. Moreover, either

(i) k is a point that is parallel to p in @Qy; or
(i) Q@ Lk =P(Q1 1k Q)\p.
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Consider the first case. Then Q | k = Q/k and @ | k| ¢ can be obtained from Q4 /p
by adjoining ¢ as a loop. On the other hand, QJ ¢ can be obtained from Q; by relabelling
pas L. Thus Q| ¢ | k, which equals Q| ¢/k, can be obtained from Q1/p by adjoining ¢ as
a loop. Hence the result holds in case (i).

Now suppose (ii) holds. Then @ | k] ¢ can be obtained from @Q; | k by relabelling
p as £. On the other hand, QJ ¢ can be obtained from @Q; by relabelling p as . Hence
QJ ¢ | k can be obtained from @, | k by relabelling p as £. Thus the lemma holds. O

We end this section with three lemmas concerning 2-element prickly 3-separators.

Lemma 53. Let P be a compact 2-polymatroid (E,r) having {j,k} as a prickly 3-
separator. Suppose y € E —{j,k}. If {j, k} is not a prickly 3-separator of P/y, then

(i) r({j,k,y}) =3 and P/y has {j, k} as a 1-separating set; or
(ii)) Pl k/y=P/y\k; or
(i) P | k/y= P/y/k; or
(iv) Pl k/y can be obtained from P/y\j by relabelling k as j.

Proof. Suppose first that rp/,({j, k}) = 1. Then y is a line of P that is in the closure of
{7,k}. Thus Ap/,({j,k}) = 0 and (i) holds.

Next assume that rp/, ({7, k}) = 2. Then Ap/,({j,k}) = 1. Thus P/y can be written
as the 2-sum, with basepoint p of two polymatroids, one of which, P, has ground set
{j, k,p} and has rank 2. As P is compact, so is P/y. Hence neither j nor k is parallel to
p. There are four choices for P;:

(a) j and k are parallel lines and p is a point lying on them both;

(b) Py is isomorphic to the matroid Us s;

(c) P, has k as a line and has j and p as distinct points on this line; or
(d) P has j as a line and has k and p as distinct points on this line;

By Lemma 18, P | k/y = P/y | k. If P, is one of the 2-polymatroids in (b) or (d),
then, as k is a point of P/y, it follows that P/y | k = P/y/k, so (iii) holds. Next
suppose that P is the 2-polymatroid in (a). Then, as P/y is compact, it follows that
P/y | k = P/y\k, so (ii) holds. Finally, suppose that P; is the 2-polymatroid in (c).
Then P | j/y = P/yl j = P/y\j. By Lemma 16, P | j can be obtained from P | k by
relabelling j as k. Thus P | j/y can be obtained from P/y\j by relabelling k as j, that
is, (iv) holds.

We may now assume that rp/,({j,k}) = 3. Then N({y},{j,k}) = 0 and one easily
checks that {7, k} is a prickly 3-separator of P/y, a contradiction. ]

Lemma 54. Let {j, k} be a prickly 3-separator in a 3-connected 2-polymatroid M. Then
M | j and M | k are 3-connected.
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Proof. 1t suffices to show that M | j is 3-connected. We form M | j by freely adding a
point j’ to j, deleting j, and contracting j’. As M is 3-connected, so is the 2-polymatroid
M’ we get by adding j'. Now M | j = M'\j/j'. Assume this 2-polymatroid is not
3-connected, letting (U, V') be an m-separation of it for some m in {1,2}. Then

oy (U) + oy (V) = 7(M'/5') +m — 1.

Thus
TM/(UUj/) +TM/(VUj/> = T(M/> + m.

Without loss of generality, &k € V. Then ry(V U j") = ry(V U 7) and ryp (U U j') =
rar(U) 4 1. Therefore

ru(U)+ry(VUg)=r(M)+m—1.

As M is 3-connected, we deduce that m = 2. Then max{|U|,ry/;(U)} > 2. Hence
(U,V Uj) is a 2-separation of M, a contradiction. ]

Lemma 55. Let {j, k} be a prickly 3-separator in a 2-polymatroid P. Then
(i) PLR\j = P\k,j; and

(ii) Pl k/j=Plk,j.

Proof. Suppose X C E(P) — {j,k}. Then rp;x(X) = rp(X) as (X Uk) > r(X). Thus
(i) holds.

To see (ii), observe that rpyx/,;(X) = rpu(XUj)—r({j}) since r({j,k}) > r({s}). Now,
by Lemma 14, 7p (X Uj) = r(XUjUk)—1. Thus rpyx/;(X) = r(XUjUE) =3 = rp. ;(X),
so (ii) holds. O

5 The strategy of the proof

The proof of Theorem 4 is long and will occupy the rest of the paper. In this section,
we outline the steps in the proof. We shall assume that the theorem fails for M. Hence
|[E(M)| > |E(N)| +2. As |E(N)| > 4, we deduce that |E(M)| > 6.

We know that M has N as an s-minor. This means, of course, that N can be obtained
from M by a sequence of contractions, deletions accompanied by compactifications, and
series compressions. Our first goal will be to prove the following.

Lemma 56. The 2-polymatroid M has an s-minor that is isomorphic to N such that, in
the production of this s-minor, all of the series compressions are done last in the process.

Next we focus on the c-minor Ny of M that is obtained in the above process after
all of the contractions and compactified deletions are done but before doing any of the
series compressions. By Lemma 19, Ny is 3-connected. In view of this, we see that, to
prove Theorem 4, it suffices to prove Theorem 5, which we restate here for the reader’s
convenience.
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Theorem 57. Let M and N be distinct 3-connected 2-polymatroids such that N is a
c-minor of M and |E(N)| > 4. Then

(i) (M) =3 and M is a whirl or the cycle matroid of a wheel; or

(i) M has an element { such that M\ or M/l is 3-connected having a c-minor iso-
morphic to N, or

(i1i) M has a prickly 3-separator {y, z} such that M | y is 3-connected having a c-minor
1somorphic to N.

Note that this restatement of Theorem 5 omits mention of M | z in (iii) since, by
Lemma 16, M | 2 =2 M | j. Our focus now becomes proving Theorem 57. For the rest of
this section, we assume that the pair (M, N) is a counterexample to that theorem. Note
that, by Lemma 22, this means that (M*, N*) is also a counterexample to Theorem 57.
The first two steps in the argument, whose proofs appear in Section 7, are as follows.

Lemma 58. M has no point z such that both M\\z and M/z have c-minors isomorphic
to N.

Lemma 59. M has no element ¢ such that M\{ or M/ is disconnected having a c-minor
1somorphic to N.

Note that the use of ¢ above, and in what follows, does not imply that ¢ is a line,
although most of our attention will be focused on that case.

Now N occurs as a c-minor of M. Although we will often work with c-minors of M
that are isomorphic to IV, at a certain point in the argument, we will settle on a particular
labelled c-minor of M that is isomorphic to N.

When M has N as a c-minor and has a 2-separation (X,Y), either X or Y, say X,
contains at least |E(NN)| — 1 elements of N. We call X the N-side of the 2-separation and
Y the non-N -side.

Suppose M\ ¢ has N as a c-minor. As the theorem fails, M\\/ is not 3-connected. Now,
by Lemma 2(iii), Aprye = Aanye. Thus a partition (X,Y) of E — ¢ with min{|X|, [Y|} > 2
is a 2-separation of M\\/ if and only if it is a 2-separation of M\{. It follows that we
can label the N- and non-N-sides of a non-trivial 2-separation of M\¢ based on their
labels in the corresponding 2-separation of M\¢. Among all 2-separations of M\\/, let
the maximum cardinality of the non-N-side be p(¢). Similarly, if M /¢ has N as a c-minor,
let u*(¢) be the maximum cardinality of the non-N-side of a 2-separation of M/¢. We
observe that p(¢) and p*(¢) are not defined unless M\\¢ and M/{, respectively, have N
as a c-minor.

The next step in the argument establishes the following.

60. M has no element ¢ for which u(¢) =2 or p*(¢) = 2.

The argument for 60 is quite long since it involves a detailed analysis of the various
structures that can arise on the non-N-side when p(¢) = 2. We then use duality to
eliminate the cases when p*(¢) = 2. These arguments appear in Section 8.
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Recall that a special N-minor of M is any c-minor of M that is either equal to N or
differs from N by having a single point relabelled. The next major step in the argument,
which is dealt with in Lemma 93, proves the following.

61. If (X,Y) is a 2-separation of M\¢ where X is the N-side and |Y| = p(¢), then Y
contains an element y such that both M\\y and M /y have special N-minors.

We say that an element ¢ of M is doubly labelled if both M\¢ and M /¢ have special
N-minors. In Lemma 96, we use the doubly labelled element found in the last step to
prove the following.

62. There is a c-minor N’ of M that is isomorphic to N such that M has a 3-separator
(X,Y) with |E(N') NY]| < 1 such that if |Y| = 2, then both elements of Y are lines.

The particular c-minor N’ whose existence is proved in 62 is the one used throughout
the rest of the argument. From that point on in the argument, we use N to denote N’.
An exactly 3-separating set Y is called a non-N-3-separatorif |[E(N)NY| < 1 and, when
Y| = 2, both elements of Y are lines. By 62, a non-N-3-separator exists. Hence there is
a minimal such set.

At the beginning of Section 11, we prove that

63. M has a minimal non- N-3-separator with at least three elements.
The rest of Section 11 is devoted to showing the following.

64. A minimal non- N-3-separator of M with exactly three elements consists of three lines.
The purpose of Section 12 is to prove that

65. M has a minimal non-/N-3-separator with at least four elements.

The argument to show 65 is quite long since it involves treating all non-/N-3-separators
that consist of exactly three lines.
The next step, which is shown in Section 13, establishes the following.

66. If Y7 is a minimal non- N-3-separator of M with at least four elements, then Y; contains
a doubly labelled element.

Next we take the doubly labelled element ¢ identified in the last step. We then take
non-trivial 2-separations (Dy, Dy) and (Cy, Cy) of M\{¢ and M /{, respectively, having D,
and C as their N-sides. We show that these 2-separations can be chosen so that each of
Dy and Cs is contained in Y; — £, and neither contains any points of M.

We then show that each of Dy N Cy, Dy N CY, and Dy N Cy consists of a single line of
M, that the union of these lines spans ¢, and these four lines together make up Y.

The final contradiction is obtained by showing that M /fss is 3-connected having a
c-minor isomorphic to N, where f99 is the unique element in Dy N Cs.

6 The reduction to c-minors

The goal of this section is to prove Lemma 56 and thereby show that Theorem 4 can be
proved by verifying Theorem 57.
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Proof of Lemma 56. Consider the s-minors of M that are isomorphic to N and are ob-
tained using the minimum number of series compressions. Suppose N; is such an s-minor
and let the number of series compressions used in its production be m. If m = 0, then N;
is an s-minor of M satisfying the requirements of the lemma. Hence we may assume that
m > 0. Let n; be the number of elements that are removed, via deletion or contraction,
after the last series compression has been completed. For 2 < i < m, let n; be the number
of elements that are removed, via deletion or contraction, between the (m — i+ 1)st and
the (m — i + 2)nd series compressions. Consider the sequence (ny,ns,...,n,) and let
Ny be a choice for Ny for which the corresponding sequence is lexicographically minimal.
If each n; is zero, then we have found, as desired, an s-minor of M in which all of the
series compressions are performed after all of the contractions and compactified deletions.
Assume then that n; is the first non-zero n;. Let P be the 2-polymatroid that we have
immediately prior to the (m — i + 1)st series compression, with this series compression
involving compressing the line k from the prickly 3-separator {j,k} of P. Let @ be the
2-polymatroid we have immediately prior to the (m — i + 2)nd series compression.

By Lemma 55, we may assume that j is neither deleted or contracted in producing N,
otherwise we can replace the compression of k£ by a deletion followed by a compactification
or by a contraction. By Lemma 10, we may assume that either

(a) all of the elements removed in producing @) from P | k are done so by deletion
followed by compactification; or

(b) the next move in the production of @ is the contraction of an element, say y.

Assume that (b) holds. By Lemma 18, P | k/y = P/y | k. Assume that {j, k} is
not a prickly 3-separator of P/y. We now apply Lemma 53. If r({y,j,k}) = 3, then j
is a loop of P | k/y so j must be deleted or contracted to produce Ny, a contradiction.
If Pl k/yis P/y\k or P/y/k, then we do not need to compress k in the production of
Ny, so the choice of Ny is contradicted. We are left with the possibility that P | k/y
can be obtained from P/y\\j by relabelling k£ as j. Again we obtain the contradiction
that we can reduce the number of series compressions where, if j € E(Ny), we replace Ny
by the 2-polymatroid in which j is relabelled by k. We conclude that {j, k} is a prickly
3-separator of P/y. In that case, interchanging the compression of k and the contraction
of y in P produces a 2-polymatroid in which n; is reduced and so the choice of Ny is
contradicted. We deduce that (b) does not hold, so (a) holds.

In the construction of Ny, let y be the first element that is deleted following the
compression of k. Now, by Lemma 18, P | k\y = (P | k\y)’ = (P\y | k)’. By
Lemmas 2 and 17, P is compact, so r(E —y) = r(E) where E is the ground set of
P. If r(E —{y,j,k}) = r(E) — 3, then P\y has {j,k} as a l-separating set. This is a
contradiction as j cannot be deleted or contracted in the production of Ny from P. Hence

r(E—{y,j,k}) = r(E) - 2. (12)
Next we show that
66.1. rP\yUc(E - {yvjv k}) = T(E - {yvja k})
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By Lemmas 55(i) and 18(i), P | k\j = P\k,j and P | k\y = P\y | k. Thus
P\ENJ\y = P L k\j\y = P L k\y\j = P\y | k\j,

and 66.1 follows.
By definition,

r(E —A{y, k}) it r(E—y) >r(E—{y,k});
r(E—A{y,k}) -1 ifr(E-y)=r(E—{y,k}).
But 7(E) = r(F — y) and, by submodularity, r(E — {y,k}) > r(E —y) — 1. Thus, if

r(E—y)>r(E—{y,k}), then r(E—{y,k}) =r(E)—1; and if r(E —y) = r(E —{y, k}),
then r(E — {y,k}) — 1 =r(E) — 1. Hence

rewik(E —{y, k}) = {

r(P\y L k) = r(E) - L. (13)
We now show that

66.2. Apyy ({7, k}) = Apyyue({71)-
Using 66.1 and (13), we see that

Ay ({7, k) =r({4,k}) + r(E —{y,j,k}) —r(E —y)
=3+ rpyk(E —{y,j,k}) —r(E)
=2+ rpyw(E —{y,5,k}) — (r(£) = 1)
= rpw({7}) +revgn(E —{y, 4, k}) —r(P\y | k)
= Apvur({7})-

Thus 66.2 holds.

Let {¢1,0s,...,4;} be the set S of 2-separating lines in P\y. Clearly no member of
S — k is parallel to k. We show next that
66.3. SN{j,k} #0.

Suppose, instead, that neither 7 nor k£ is in S. Then, by Lemma 15, the set of 2-
separating lines of P\y | k is either S or S U j. Assume the latter. Then, by 66.2,
Ap\y({j, k}) = 1. Thus P\y is the 2-sum with basepoint p of two 2-polymatroids P; and
P, having ground sets (E — {y,7,k}) Up and {j, k, p}, respectively. Since neither j nor
k is 2-separating in P\y, it follows that, in the rank-three 2-polymatroid P,, the point p
does not lie on either of the lines j or k. By Lemma 46(vi), P\y | k = P, &2 (P2 | k).
Now P, | k consists of the line j with the point p lying on it. As S U j is the set of
2-separating lines of P\y | k, and P, | k| j = P»/k, we deduce that P\y | k| j = P\y/k.
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It follows that S is the set of 2-separating lines of P\y/k. Thus

PlE\y=(P\yl k)
=P\ylkljlbidlol ... L4
=(P\y L kljibll) ... Lt
= P\y/kl il b ... L4
= P/EK\yl t1l o] ... 14,
= P/k\y.
We conclude that, instead of compressing k, we can contract it, which contradicts that

choice of Nj.
We may now assume that S is the set of 2-separating lines of P\y | k. Then, by 66.2,

Apvy({J,k}) = 2. Now

P\ylk=Pylbill] .. .1l ]Fk

Thus, by repeated application of Lemma 52 and using Lemma 18, we see that

P\ylk=Pylkltilll .. .1t
=P lE\yltilll .. .14
=P | k\y.
Since neither j nor k is in S, we see that N({j}, £ —{y,j,k}) = 1 =Nk}, E—{y, j, k}).
Thus {j, k} is a prickly 3-separator of P\y. It follows without difficulty that {j,k} is a
prickly 3-separator of P\y. As P | k\\y = P\y | k, we can reduce n;, a contradiction.
We conclude that 66.3 holds.

We now know that j or k£ is in S. Suppose next that both j and k are in S. Thus
r(E—{y,j}) =r(F) —1=r(E —{y,k}). By submodularity and (12), we deduce that
r(E—{y,j,k}) = r(E)—2. Hence P\y is the 2-sum with basepoint p of two 2-polymatroids
P; and P, having ground sets (E — {y, j,k}) Up and {j, k, p}, respectively. Moreover, in
Py, the point p lies on both j and k. Now P\y = P\yl (1l l>] ...} 4] jl k. Hence P\y
has j and k as parallel points. Thus

PLE\y=(P\y k)
= P\y L kLlllo) .. L0]]
=P\yltlilb) ...} 6)jlk by Lemma 52;
=P\yllillol .. . LOLjlE\E as Q| x=Q|z\z when r({z}) =2;
= P\y\k
= P\y\k,
where the last step follows because P | k\\y is compact and so P\y\k is compact. Again

we have a contradiction since we have managed to remove k via deletion rather than by
series compression.
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Now assume that k is in .S but j is not. Then

PlE\y=(P\ylk)
—P\y Ll .. L0 Lk
= P\yL bl bl .. LOLR\K
= P\y\k
= P\wy\k.

Once again we have managed to avoid the need to perform a series compression on k, a
contradiction.

Finally, suppose j is in S but k is not. Then we use the fact, established in Lemma 16,
that P | jis P | k with j relabelled as k. The argument in the last paragraph yields a
contradiction where, when j € E(NVy), we replace Ny by the 2-polymatroid in which j is
relabelled as k. O

7 Eliminating doubly labelled points

In this section, we prove that, when (M, N) is a counterexample to Theorem 57, M has
no doubly labelled point and has no element whose deletion or contraction is disconnected
having a c-minor isomorphic to N.

The following elementary lemmas will be helpful.

Lemma 67. Let T be a set of three points in a 2-polymatroid () and suppose x € T.
(i) If T is a triangle of Q, then \g/o(T —x) < 1.
(ii) If T is a triad of Q, then Ao\.(T — x) < 1.

Lemma 68. Let T and T be distinct triads in a 2-polymatroid Q. Then r(E(Q) — (T} U
Ty)) <r(Q) — 2.

Proof. We know that r(FE(Q) — T;) = r(Q) — 1 for each i. The lemma follows easily by
applying the submodularity of the rank function. O]

Proof of Lemma 58. Suppose M has a point z such that both M\\z and M/z have c-
minors isomorphic to N. Then neither M\z nor M/z is 3-connected. We may also
assume that M is neither a whirl nor the cycle matroid of a wheel. By Lemma 41, M
has points s and ¢ such that {z,s,t} is a triangle or a triad of M. By replacing M by
M* if necessary, we may assume that {z,s,t} is a triangle of M. Then M/z has s and
t as a pair of parallel points. Thus both M/z\s and M/z\t have c-minors isomorphic to
N. As the theorem fails, neither M\s nor M\t is 3-connected. Thus, by Lemma 42, M
has a triad that contains z and exactly one of s and t. We may assume that the triad is
{z,s,u}. Then t, z,s,u is a fan in M.

Now take a fan x1, z, ...,z in M of maximal length such that both M\zy and M /x
have c-minors isomorphic to N. Then k£ > 4. A straightforward induction argument,
whose details we omit, gives the following.
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68.1. For all 7 in {2,3,...,k — 1}, both M\x; and M /x; have c-minors isomorphic to N.

Now consider {zy_2,zx_1,2r}. Suppose first that it is a triangle. As M/x;_; has a
c-minor isomorphic to N, so do M/zy_1\x; and hence M\xy. As M\xy_; also has a c-
minor isomorphic to N, neither M\zy nor M\zy_; is 3-connected. Thus, by Lemma 42, it
follows that M has a triad 7™ containing z; and exactly one of x;_5 and x;_1. Let its third
element be xyy1. By the choice of k, it follows that zx1 € {z1,29,...,25_3}. Suppose
k = 4. Then x; € T*. Then {z1, x5, x3, 24} contains two distinct triads so, by Lemma 68,
r(E — {z1, 29,23, 24}) < r(M) — 2. Thus A({z1,xs,23,24}) < 1, a contradiction since
|E| > 6. We deduce that k > 5.

As M cannot have a triangle and a triad that meet in a single element, either

(i) xpy1 = 21 and {xq, 9, 23} is a triad; or
(ii) T contains {xg, xx_o}, and Tgr1 € {T_3, T4}
In the latter case, let X = {xy_4, Tp_3, Tx—2, Tp—1, T }. Then, by Lemma 68,
r(X)+r(E—-—X)—r(M)<3+r(M)—2—-r(M)=1.

Since M is 3-connected, we obtain a contradiction unless £ — X is empty or contains a
single element, which must be a point. In the exceptional case, M is a 3-connected matroid
having 5 or 6 elements and containing a 5-element subset that contains two triangles and
two triads. But there is no 3-connected matroid with these properties. We deduce that
(ii) does not hold.

We now know that (i) holds and that 7% contains {zg,xx_1}. Then k is even. Let
X = {x1,x9,...,2}. As M\xs has a c-minor isomorphic to N and has {x,z3} as a series
pair of points, it follows that M\xzs/x1, and hence, M /x; has a c-minor isomorphic to N.
Thus, by Lemma 42, M has a triangle containing z; and exactly one of x5 and x3. This
triangle must also contain x; or zj_;. Hence r(X) < r({zs, s, w6, ..., 2,}) < & Also
r(X) < r({a1, 23,25, ..., 25-1}) < % Thus, by Lemma 28, A(X) = 0, so X = E(M).
Hence M is a 3-connected matroid in which every element is in both a triangle and a
triad, so M is a whirl or the cycle matroid of a wheel, a contradiction.

We still need to consider the case when {zy_ o,z 1,2} is a triad of M. Then it is a
triangle of M* and the result follows by replacing M by M* in the argument above. [

Proof of Lemma 59. Suppose M\/{ is disconnected having a c-minor isomorphic to N.
Then E(M\/) has a non-empty proper subset X such that Ayp,(X) = 0 and M\\X
has N as a c-minor. Then, by Lemma 58, every element of X must be a line. Let
Y = E(M\{) — X. Since r(M\{) = r(M), we deduce that

r(X)+rY)=r(M). (14)

As7(X) > 2 and (X, YUY) is not a 2-separation of M, we deduce that (Y Ul) = r(Y)+2.
It follows, since Y and ¢ are skew and M\ X has N as a c-minor, that M /¢ has N as a
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c-minor. Since (M, N) is a counterexample to the theorem, M // is not 3-connected. Thus
there is a partition (Cy, Cy) of E(M) — ¢ such that, for some k in {1,2},

raje(Cr) + raape(Ca) < (M6 + k=1 (15)
where, if & = 2, we may assume that min{|C4|,7a/¢(C1),|Ca|, a/e(C2)} > 2. Hence
r(CrUl) +r(CoUl) < r(M)+ 3. (16)

By (14), (16), and submodularity, 7(X UC; UL) +r(X NC)+r(Y UC,UL) +r(Y NCy) <
2r(M) + 3. Then
r(XuCiul)+r(YNCy) <r(M)+1 or

r
r(YUC,Ul) +r(XNCy) <r(M)+1,

S0
r(YNCy) <1 or r(XNCy) < 1.

By symmetry,
r(YNCy) <1 or r(XNCy) < 1.

<
Since X does not contain any points, either (Y NCy) < 1 and r(Y N C}) < 1; or, for
some i in {1,2},
XNnC;=0 and 7Y NC;) <1,

In the former case, |Y| < 2, a contradiction since Y contains E(N). In the latter case,
we may assume that C consists of a single point p. Then we deduce that £ =1 in (15).
Thus p is a point of M and {p} is a component of M /¢. Hence both M\p and M /p have
N as c-minors, a contradiction to Lemma 58. We conclude that if M\¢ has a c-minor
isomorphic to N, then M\/ is 2-connected.

Now suppose M/{ is disconnected having a c-minor isomorphic to N. By Lemma 2,

Amje = A1/ = Aarmgp = Av\e:

Thus, by replacing M by M* in the argument above, we deduce that if M /¢ has a c-minor
isomorphic to N, then M /¢ is 2-connected. ]

8 If all 2-separations have a side with at most two elements

The purpose of this section is to treat 60. The argument here is long as it involves
analyzing numerous cases. The setup is that M and N are 3-connected 2-polymatroids
such that |[E(N)| > 4. The pair (M, N) is a counterexample to Theorem 57 and M has an
element ¢ such that M\¢ has N as a c-minor. Thus M\\/ is not 3-connected. We assume
that the non-N-side of every non-trivial 2-separation of M\/¢ has exactly two elements.
Thus p(¢) = 2. Let (X,Y) be a non-trivial 2-separation of M\/ in which Y is the non-N-
side. Now M\ / can be written as the 2-sum, with basepoint p, of 2-polymatroids Mx and
My having ground sets X Up and Y Up. The first lemma identifies the various possibilities
for My .

THE ELECTRONIC JOURNAL OF COMBINATORICS 26(2) (2019), #P2.37 42



Lemma 69. Let P be a 2-connected 2-polymatroid with three elements and rank at least
two. Suppose P has a distinguished point p. Then P is one of the nine 2-polymatroids,
P, P, ..., Py, depicted in Figure 1.

Figure 1: The nine possible 3-element 2-polymatroids in Lemma 69.

Proof. As P is 2-connected having rank at least 2, we see that 2 < r(P) < 4. If r(P) = 2,
then P is one of Py, Py, P3, or Py; if r(P) = 3, then P is one of Ps, Py, Pr, or Py; if r(P) =4,
then P is Py. O

We shall systematically eliminate the various possibilities for My. In each case, we
will label the two elements of My other than p by a and b.

Lemma 70. My is not isomorphic to Py or Ps.

Proof. Assume the contrary. Then My and hence M has a point ¢ on a line y where
q # p. Thus M\q is 3-connected, so M\qg has no c-minor isomorphic to N. In particular,
q € E(N). Thus y € E(N). As M\{/y has q as a loop, we must delete y from M\{ in
constructing N. If P = P, then M\/\y has {¢q} as a l-separating set, a contradiction.
Thus P = P;. Then, in M\\¢, we see that y and ¢ are parallel points. Thus M\\¢\q, and
hence Mg, has a c-minor isomorphic to N, a contradiction. O
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Lemma 71. My 1is not isomorphic to Pj.

Proof. Assume the contrary. Let the two parallel lines in My be y and 3’ where we may
assume that y € E(N). Now M\y is 3-connected, so M\y does not have N as a c-minor.
Thus M/y has N as a c-minor. But ¢ is a loop of M/y, so ¢ ¢ E(N) and M\y' has N
as a c-minor. Since M\y' is 3-connected, we have a contradiction. ]

The next lemma is designed to facilitate the elimination of the cases when My is one
of P, P;, or P.

Lemma 72. Suppose both a and b are skew to p in My, and both My /a and My /b
are 2-connected. Then M/a and M /b have 2-separations (X, Y,) and (Xy,Ys) such that
€Y, NY,. Moreover, both M/a and M/b have special N-minors, and

(i) b e X, and a € X;
(ii) both Y, and Y} properly contain {(};

(111) (Xq,Y, — ) and (X, Y, — £) are 2-separating partitions of M/a\l and M/b\C, re-
spectively, and € € clyr)o(Yo —£) and € € cly(Yy — 0);

(v) (XoUa,Y, —{) and (X, Ub,Y, — () are 2-separating partitions of M\{;

(v) for ¢ in {a,b}, provided a or b is a point, (X., Y. — ) is a 2-separation of M/c\{
and (X.Uc, Y. —0) is a 2-separation of M\{;

(vi) either (Yo —€) N (Y, — ) £ 0; or each of X,y N (Y, —€) and X, N (Y, — £) consists of
a single point, both a and b are lines of M, and, when r({a,b}) = 4, the element ¢
1s a point of M.

Proof. Since both My /a and My /b are 2-connected, it follows by Lemma 51 that both

M\{l/a and M\¢/b have special N-minors. Hence so do both M/a and M /b. Since the

theorem fails, M/a and M /b have 2-separations (X,,Y,) and (Xy, Y}) such that ¢ € Y,NY,.
To see that (i) holds, it suffices to show that b € X,,. Assume b € Y,. Then

rv/a(Xa) +10sa(Ya) = r(M/a) + 1,

so ry(XoUa) —ry({a}) +ru(YoUa) =r(M)+ 1. As a is skew to p in My, it follows
that a is skew to X in M. Since X, C X, it follows that (X,, Y, Ua) is a 2-separation of
M, a contradiction. Hence (i) holds.

Part (ii) is an immediate consequence of Lemma 37. To prove (iii), first observe that,
by Proposition 47, M/a\/{ is 2-connected. We show next that

r(M/a\l) =r(M/a). (17)

Suppose not. Then r(M/a\l) < r(M/a) — 1. Since M/a is 2-connected, it follows that
equality must hold here and ¢ is a line of M /a. This gives a contradiction to Lemma 37.

Hence (17) holds.
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Now

r(M/a\l) +1 < Tarja\e(Xa) + 71706 (Ya — £)
ru/a(Xa) + 7arja(Ya)
=r(M/a)+1

=r(M/a\l) + 1,

where the last equality follows from (17). We see that equality must hold throughout the
last chain of inequalities. Hence (X,,Y, — ¢) is a 2-separating partition of M/a\¢, and
€ clpa(Ye — €). Using symmetry, we deduce that (iii) holds.

Since b € X, we see that Y, — ¢ C X so a is skew to Y, — ¢. It follows by (iii) that
(X, Ua,Y, —{) is a 2-separating partition of M\¢, and (iv) follows by symmetry.

To show (v), observe that, since Y, — ¢ avoids {a, b}, it follows that c is skew to Y. — /.
Thus it suffices to show that (X.,Y, — ¢) is a 2-separation of M/c\¢. Assume it is not.
Then Y, — ¢ consists of a single point e of M/c\¢. Then e is a point of M and, by (iii),

ruse({e.€}) = raye({e}) =1, so
ru({c e, 0}) =ru({c.e}) =1+ r({c}). (18)

Suppose ¢ is a point. If £ is a line, then ¢ and e are on ¢, so M \e is 3-connected. Since
M /c has e and ¢ as parallel points, M\e is 3-connected having a c-minor isomorphic to
N, a contradiction. Thus we may assume that ¢ is a point. Then {e, ¢, ¢} is a triangle in
M. Thus, for {c,d} = {a,b}, we see that (X Ul U c,{d}) is a 2-separation of M unless
d is a point of M. In the exceptional case, M has e, c,(,d as a fan with M/c having a
c-minor isomorphic to N. Thus, by Lemmas 43 and 58, we have a contradiction.

We may now assume that c¢ is a line. Then r({c,e}) = 3, so, by (18), r({c,£}) = 3.
Thus (X, {c, ¢}) is a 2-separation of M\d where {c, d} = {a,b}. Moreover, by hypothesis,
d is a point. Thus, by Lemma 40, we obtain the contradiction that M/d is 3-connected
unless M /d has a parallel pair {z, 22} of points. In the exceptional case, we deduce that
21, say, is £. Hence (X UZUd,{c}) is a 2-separation of M, a contradiction. We conclude
that (v) holds.

To prove (vi), assume that (Y, — )N (Y, —¢) = 0. Then Y, — ¢ C X, Ua. But
Cec((Ypy—L0)Ub) and b € X,, so £ € cl(X, Ua). Because M is 3-connected, it follows
that Y, — ¢ consists of a single point ’. By symmetry, Y, — ¢ consists of a single point &'.
Then (X, Ua,Y, —¥) is not a 2-separation of M\/(, so, by (v), each of a and b is a line of
M.

To finish the proof of (vi), it remains to show that, when r({a,b}) = 4, the element ¢
is a point of M. Assume ¢ is a line. Then, in M/a, we have o’ and ¢ as parallel points, so
M/a\a', and hence M\d’, has a c-minor isomorphic to N. As ¢ € clyo({a’}), it follows
that ¢ € cly (X Ua). By symmetry, ¢ € clp (X Ub). Thus

r(X)+2+r(X)+2=r(XUa)+r(XUD)
r(XUaUl)+r(XUbUY)
>r(XUl)+r(M)

r(X Ul +r(X)+3.

NN

THE ELECTRONIC JOURNAL OF COMBINATORICS 26(2) (2019), #P2.37 45



Thus
r(XUl) <r(X)+1.

Then

{d';a,0})+r(X UL

{d, 0}) +r(XU{d, a,rl})
{d',0})+r(X Ua)
{d,0})+r(X)+2.

A~ N/~

We deduce that r({a’,¢}) = 2, so @’ is a point on the line . Thus M\d' is 3-connected
having a c-minor isomorphic to N, a contradiction. O]

Next we eliminate the possibility that My is P;.
Lemma 73. My is not isomorphic to P;.

Proof. Assume My is isomorphic to P;. Since {a,b} is a series pair in M\/, it follows
that both M/a and M /b have c-minors isomorphic to N. Hence neither M/a nor M /b is
3-connected.

We show next that

73.1. ¢ is a line of M.

Assume ¢ is a point. Then {/¢,a,b} is a triad of M. Since neither M /a nor M/b is
3-connected, it follows by Lemma 42 that M has a triangle containing a and exactly one
of b and ¢. If M has {a,b,c} as a triangle, then M /a has {b, ¢} as a parallel pair of points.
Thus M /a\b, and hence M\b, has a c-minor isomorphic to N. Thus b is a doubly labelled
point, a contradiction to Lemma 58. We deduce that M has {a,f} in a triangle with a
point d, say. Then M has d,a,?,b as a fan with M /a having a c-minor isomorphic to N.
Thus, by Lemmas 43 and 58, we have a contradiction. We conclude that 73.1 holds.

By Lemma 72, M/a and M/b have 2-separations (X,,Y,) and (X;,Y;) such that
¢ €Y, NY,. Moreover, both M/a and M /b have special N-minors, and

(i) b€ X, and a € Xj;
(ii) both Y, and Y, properly contain {(};

(iii) (X,, Y, —¥¢) and (X,Y, — ¢) are 2-separating partitions of M /a\¢ and M/b\(, re-
spectively, and £ € clyr/q(Yy — €) and € € clyp (Y — £);

(iv) (XoUa,Y, —¢) and (X, Ub,Y, — () are 2-separating partitions of M\/¢; and
(v) (Ya=0)N (Y, =€) #0.
732. (Yo—-0O)U (Y, —¥()=FE —{a,b,(}.
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We know that Ay (Yo —€) = 1 = Ape(Yo — €) and (Y, — ) N (Y, — £) # 0, so
Mne((Yo =€) N (Y, — €)) > 1. Thus, by applying the submodularity of the connectivity
function, we see that

L+1=Xpne(Ya =€)+ Aane(Yy — £)
Z Ane((Ya =) N (Y = £)) + Aane((Yo = £) U (Y, = £))
> 1+ (Yo =0 U (Y, —0)).

Since M\/{ is 2-connected, we deduce that Ayp (Yo —€) U (Y, — 0)) = 1.

This application of the submodularity of the connectivity function is an example of
an ‘uncrossing’ argument. For the rest of the paper, we will omit the details of such
arguments and will follow the practice of using the abbreviation by uncrossing to mean
‘by applying the submodularity of the connectivity function.’

Now (X, Ua,Y,) is not a 2-separation of M, so, as £ € cly/a(Y, — £), we see that

r(Y,—0) <r(Y,) <r(YoUa)=r(Yo—0)Ua) <r(Y,—0)+ 1.

Hence
r(Y,) =r(YoUa)=r((Yo—¥0)Ua) =r(Y,—{)+ 1.

Thus r((Y,—0)U(Y,—0)U{a,b}) = r(Y,UY,U{a, b}) = r(Y,UYs) < r((Yo—0)U(Y,—¥))+1.
Also, as {a, b} is a series pair of points in M\/, we see that (X, N X;) < 7((Xo N Xp) U
{a,b}) — 1. Therefore, Ay (Y, U Y, U {a,b}) < 1. Thus, we may assume that X, N X,
consists of a single point, z, otherwise (Y, — ) U (Y, —¢) = E — {a, b, (} as desired.

Now AM\E(Xa N Xb) = )\M\g({a, b, Z}) =1 Ifa Q_ﬁ Cl({b, Z}), then )\M\g((Ya - f) U (YE, -
OUa) < 1,50 Ay (Yo —0OUY,—0)UaUl) = Ay (YoUY,Ua) < 1, a contradiction. Thus
a € cl({b,z}). Hence {a,b, z} is a triangle of M. It follows that the point b is doubly
labelled, a contradiction to Lemma 58. We conclude that 73.2 holds.

733. Y, — Y, £ 0 and Y, — Y, # 0.

By symmetry, it suffices to prove the first of these. Assume Y, — Y, = (). Then, as
Yo =0 U (Y, —¥) = E—{a,b,l}, we deduce that X, = {a}, so (X, Y, — ¢) is not a
2-separation of M\{/b, a contradiction. Thus 73.3 holds.

By 73.3 and the fact that (X,Ua) N (X,Ub) contains {a, b}, we see that each of X,Ua
and X, U b has at least three elements. It follows by the definition of u(¢) that each of
Y, — ¢ and Y, — ¢ has exactly two elements. Since each of Y, =Y}, (Y,NY;) —¢, and Y, - Y,
is non-empty, each of these sets has exactly one element. As the union of these sets is
E —{{,a,b}, we deduce that |E(M)| =6 and | X, Ua| = 3. Since at least one of a and b
is not in F(N), we deduce that each of X, Ua and Y, — ¢ contains at most two elements
of N, a contradiction as one of these sets must contain at least three elements of E(N).
We conclude that Lemma 73 holds. ]

Lemma 74. My is not isomorphic to P;.

Proof. Assume that My is isomorphic to P7, letting a be the line. Then, by Lemma 72,
M /a and M /b have 2-separations (X,,Y,) and (X,,Y;) such that ¢ € Y, NY,. Moreover,
both M/a and M /b have special N-minors, and
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(i) be X, and a € Xj;
(ii) both Y, and Y, properly contain {¢};

(iii) (Xq, Y, —¢) and (X, Y, — ¢) are 2-separating partitions of M /a\¢ and M/b\(, re-
spectively, and £ € cly/q(Y, — €) and € € clpp (Y — £);

(iv) (XoUa,Y, —¥¢) and (X, UDb, Y, — () are 2-separating partitions of M\/¢; and
(v) Ya—=0)N (Y, —0) #0.

We show next that
74.1. X, N X, is empty or consists of a single point.

Suppose b & cl(Y3). Then r(Y, Ub) = r(Y,) + 1. Thus (X, Ub,Y;) is a 2-separation of
M, a contradiction. Hence (Y, Ub) = r(Y;). Now

r((Ya=O)U=0)+22r((Yo-OU(Y, - 0)Ua)
=r(Y,U(Y,—{)Ua)
r(Y,UY,Ua)
=r(Yo,UY,UaUD).

Also r(X,NX,) < r((XaUa)N(XpUb)) — 2 since X, N X, € X and My (X,Y) = 1 while
rar({a,b}) = 3. Thus

I
— > 3 3

Ar(Xo N X,) = (Y, UY, UaUb) + (X, N Xy) — (M)
(Yo =OU(Yy=0) +2+7r((XsUa) N (X Ub)) =2 —r(M\L)

amve((Xa Ua) N (X, Ub))

N

Y

where the second-last step follows by uncrossing (X, Ua,Y, —¢) and (X, Ub, Y, — ). We
deduce that 74.1 holds.
74.2. E(M) — {{¢,a,b} contains no point 7 such that {a,b,~v} is 2-separating in M\/.

To see this, suppose that such a point «y exists. Recall that M\¢ has N as a c-minor
so at most one element of {a,b} is in E(N). Thus at most two elements of {a,b,v} are
in E(N). But |[E(N)| > 4. Hence {a,b,~} is the non-N-side of a 2-separation of M\/¢
contradicting the fact that p(¢) = 2. We conclude that 74.2 holds.

An immediate consequence of 74.2 is that X, N X, does not consist of a single point.
Hence, by 74.1, X, N X, = 0. As (X,,Y,) is a 2-separation of M/a, it follows that X,
cannot contain just the element b. Thus (X, Ua) N (Y, — ¢) # 0. We show next that
74.3. (X, Ub)N (Y, —0) # 0.

Suppose (X, Ub)N (Y, —¢) =0. Then Y, — ¢ = E(M) — {a,b,(} = X so r(Y, — ) =
r(M)—2. Hence r((Y,—£)Ub) < r(M)—1. But £ € clyp(Yp—¢). Thus r(Y,Ub) < r(M)—1,
so {a} is 2-separating in M, a contradiction. We deduce that 74.3 holds.
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By uncrossing, Ay e((Xp Ub) N (Yo —0)) =1 = Ane((XaUa) N (Y, —£)). As £ is in
both cl((Y, — ¢) Ua) and cl((Y, — ¢) Ub), we deduce that each of (X, Ua)N (Y, —¢) and
(Xp U b) N (Y, — ¢) consists of a single point. Thus we get a contradiction to 74.2 that
completes the proof of Lemma 74. n

On combining Lemmas 70, 73, and 74, we immediately obtain the following.
Corollary 75. The non-N-side of every 2-separation of M\{ does not contain any points.
Lemma 76. My is not isomorphic to Py.

Proof. Assume My is isomorphic to Py. Since each of My \¢/a and My \¢/b consists of a
line through p, it follows that both M /a and M /b have c-minors isomorphic to N. Hence
neither M/a nor M /b is 3-connected. Then M/a and M /b have 2-separations (X, Y;,)
and (Xj,,Y;) such that ¢ € Y, NY,. Moreover, by Lemma 72,

(i) b€ X, and a € X;
(ii) both Y, and Y, properly contain {(};

(iii) (X,, Y, —¢) and (X,Y, — ¢) are 2-separating partitions of M /a\¢ and M/b\(, re-
spectively, and £ € clyr/q(Yy =€) and € € clyp(Yy — £);

(iv) (XoUa,Y, —¢) and (X, Ub,Y, — {) are 2-separating partitions of M\/¢; and

(v) either (Y, — €) N (Y, — £) # 0; or each of X, N (Y, — ¢) and X, N (Y, — ¢) consists of
a single point, both a and b are lines of M, and ¢ is a point of M.

76.1. (Yo —0)Nn (Y, —0) #0.

Assume the contrary. Then, by (v), X, N (Y, — ) consists of a point, o/, say. By (iii),
0 € clyja({a'}), so £ € cl({ad’,a}). As r(M) —3 = r(X), it follows that (X Ua U () <
r(M) — 1. Hence the line {b} is 2-separating in M, a contradiction. Thus 76.1 holds.
76.2. |(Y, =) U (Y, —0)] > 2.

Assume (Y, — ¢) U (Y, — ¢) contains a unique element, z. Then, by 76.1, z € (Y, —¢)N
(Yy — £). Now £ € clp/a({2}), so £ € clp({z,a}). Thus

r(XUaU/l)=r(XUa)=r(X)+2=r(M)—1,

so(X Ua U/, {b}) is a 2-separation of M, a contradiction. Thus 76.2 holds.
By 76.1 and uncrossing, we see that Ay (X, Ua) N (X, Ub)) = 1. Next we show the
following.

76.3. (Y, — £) U (Y, — ¢) is the non-N-side of a 2-separation of M\/ and it is a 2-element
set, both members of which are lines.
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By 76.2, ((X,Ua)N (X, Ub), (Y, =€) U (Y, —¥)) is a 2-separation of M\{. Suppose
(X, Ua)N (XpUb) is the non-N-side of this 2-separation. Then, as p(f) = 2, we deduce
that (X, Ua) N (X, Ub) ={a,b}. Thus, as £ € cl((Y, — ¢) Ua),

(Yo =) U (Y, — 1)) +r({a,b})
=r((Ya=0)U (Y, — ) Ua) +r({b})
=r(Y,UY,Ua)+r({b}).

Hence {b} is 2-separating in M, a contradiction. Thus (Y,—¢)U(Y;—¢) must be the non-N-
side of a 2-separation of M\/, so this set has cardinality two. Moreover, by Corollary 75,
both elements of this set are lines. Thus 76.3 holds.

We deduce from 76.3 that Y, — ¢ and Y, — ¢ are the non-N-sides of 2-separations of
M\/(. Thus, by symmetry, we may assume that Y, — ¢ C Y, — ¢. Hence

Yo—0OuY,—0) =Y, — (. (19)
76.4. (Y, U{a,b}, X, N X,) is a 2-separation of M.
Since Y, — ¢ DY, — £, we have

F(YaUa) = (Yo — ) Ua) = r(Y — £) +2
and

r(YoUb) =r((Y,—0)ub) =r(Y, — ) +2.
Moreover,

r(YoU{a,b}) =r((Yo —¢) U{a,b}) = r(Y,— )+ 3.

Thus, by submodularity,

r(Yo—0)+24+r(Yo—0)+2=rY,Ua)+7r(Y,UD)
(YoUaUub) +r(Y,)
(Yo =€) +3+7r(Y,)
Yo—0)+3+r(Y,—0)+1,

T
r
r
r

where the last step follows because ¢ ¢ cl(Y, — {).

We see that equality must hold throughout the last chain of inequalities. Hence
r(Yy) =r(Yo—0)+1and r(YoU{a,b}) =r(Yo =€) +3 =r(Ya) +2. As p (Yo =€) =1,
it follows that Ay (Y,) = 2, that is,

r(Y,) +r(XoUa) N (X, Ub)) —r(M) =2.
Hence

r(YoU{a,b}) + r(XoNXy) —r(M) <r(Yy) +2+7r((XoUa) N (X, UD))
—3—r(M)
=1.
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Thus (Y, U{a, b}, X,NX}) is a 2-separating partition of M. Since (X,Ua)N(X,Ub) is the
N-side of a 2-separation of M\/, it follows that X, N X, contains at least two elements
of E(N) as {a,b} contains at most one element of F(N). Thus (Y, U {a,b}, X, N X;)
is a 2-separation of M, that is, 76.4 holds. But 76.4 gives a contradiction and thereby
completes the proof of Lemma 76. O]

We now know that there are only three possibilities for My, namely Ps, Py, or Fs.
The next few lemmas will be useful in treating all three cases.

Lemma 77. Assume M\{ has (X,{a,b}) as a 2-separation where r({a,b}) = 3 and each
of a and b is a line. Then r(XUL) =r(X)+1 if and only if {a,b} is a prickly 3-separating
set in M.

Proof. 1f {a, b} is a 3-separating set in M, then r(XU¥l) = r(M)—1. But r(X) = r(M)—-2,
so (X U/l) =r(X)+1. Conversely, if r(X U/) =r(X)+1, then r(XUl) =r(M)—1, so
{a,b} is a 3-separating set in M. Now (X UlUa) = r(M) otherwise {b} is 2-separating
in M. By symmetry, (X U¢Ub) = r(M). Hence {a,b} is a prickly 3-separating set in
M. O]

Lemma 78. Assume M has {a,b} as a prickly 3-separating set that is 2-separating in
M\{L. Then M | a and M | b are 3-connected having c-minors isomorphic to N.

Proof. By Lemma 54, M | a and M | b are 3-connected. Since My and My have ground
sets X Up and {a, b, p}, we see that r(My) = 3. By Lemma 18, M | a\¢ = M\( | a. But
M\? | a equals the 2-sum of My and the 2-polymatroid consisting of a line b through
the point p. Compactifying b in M\? | a gives the 2-polymatroid that is obtained from
Mx by relabelling p by b. Hence M | a\\¢ has a c-minor isomorphic to N. Thus, using
symmetry, so do M | a and M | b. O]

Lemma 79. If My is Ps, P, or Py, then r(X U/l) =r(X) + 2, so { is a line.

Proof. Assume r(X U/¢) = r(X)+ 1. Then, by Lemma 77, {a, b} is a prickly 3-separating
set in M. Then, by Lemma 78, M | a and M | b are 3-connected having c-minors isomor-
phic to N, a contradiction to the fact that (M, N) is a counterexample to Theorem 57.
Thus r(X U¥) # r(X) + 1. Since £ & cl(X), we deduce that r(X U¥l) =r(X) + 2, so £ is
a line. O

Next we deal with the case when M\ has (X,Y") as its only 2-separation with |Y| = 2,
beginning with the possibility that My = F.

Lemma 80. Suppose My = Ps and (X,Y) is the only non-trivial 2-separation of M\{.
Then

(i) M\a or M\ is 3-connected having a special N-minor; or
(i1) each of {a,l} and {b,¢} is a prickly 3-separator of M, and each of M | a and M | b

1s 3-connected having a c-minor isomorphic to N.
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Proof. By Lemma 79, ¢ is a line of M and M(X,¢) = 0. In M\\¢, we see that a and b are
parallel points. Hence each of M\a or M\b has a special N-minor. But r(E — {a,b,(}) =
r(M)—2and r(E — {a,l}) = r(M) — 1, so {¢} is 2-separating in M\a. Now both M\a
or M\\b have special N-minors. Hence we may assume that neither of these polymatroids
is 3-connected.

Next we show that
80.1. r({a,?}) = 3 =r({b, (}).

We shall show that r({b,¢}) = 3, which, by symmetry, will suffice. As M\a is not
3-connected, M\a has a non-trivial 2-separation (A, B) in which A contains ¢. Then
(A — ¢, B) is a 2-separating partition of M\a\¢. Observe that r(M\a\l) = r(M) — 1.
Suppose b € B. Then r(BUa) = r(B)+ 1. Thus (A—/¢, BUa) is a 2-separating partition
of M\{. Since BUa # {a, b}, we deduce that A — ¢ contains a unique element. Moreover,
as M(X, ¢) =0, it follows that r(A) = r(A —¥¢) + 2. Thus (A — ¢, BUa) is a 1-separating
partition of M\a, a contradiction to Lemma 59.

We may now assume that b € A—/. Then ((A—/¢)Ua, B) is a non-trivial 2-separation
of M\¢. Thus (A—/{¢)Ua = {a,b}, so A={b,¢}. Hence B = X and r({b,(}) = 3. Thus
80.1 holds.

Asr(X Ua) = r(M) — 1, we deduce that {b, ¢} is a prickly 3-separator of M. Now
M\? | b, which, by Lemma 18, equals M | b\¢, has a c-minor isomorphic to N. Hence
so does M | b and, by symmetry, M | a. Thus, by Lemma 54, part (ii) of the lemma

holds. O]
Lemma 81. Suppose My is Ps or Ps. Let a be an element of Y for which N({a}, {p}) = 0.
Then

(i) M/a has a 2-separation; and
(ii) for every 2-separation (A, B) of M/a with ¢ in A,

(a) b€ B;

(b) (A—1{,BUa) is a 2-separation of M\l and |B —b| > 2;

(c) |[A—4 <2 andif |[A—1{| =1, then A—{ consists of a line of M/a;
(d) rarja(A =€) = rr/0(A); and

(e) M({a,b},A—1¢) =0.

Moreover, if (X,Y) is the unique non-trivial 2-separation of M\, then M/a has a unique
2-separation (A, B) with ¢ in A. Further, A —{ consists of a line of M/a.

Proof. Certainly M\¢/a and hence M/a has a c-minor isomorphic to N. By Lemma 79,
¢ is a line and M(X,¢) = 0. As the theorem fails, M/a is not 3-connected, but, by
Lemma 59, it is 2-connected. Let (A, B) be a 2-separation of M/a with ¢ in A.

81.1. b € B.

Suppose b € A. Then a is skew to B in M, so (AU a, B) is a 2-separation of M, a
contradiction. Thus 81.1 holds.
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81.2. M does not have a point ¢ such that B = {b, c}.

Assume the contrary. We have ry/4(A) + rar/o(B) —7(M/a) =1, that is, r(AUa) —
2+ r({a,b,c}) —r(M)=1. But r(A—¥) <r(AUa) —2and A—{¢ = X — c. Hence
r(X—c)+r({a,b,c})—r(M) < 1. Since r(M) = r(M\{), this implies that (X —¢, {a, b, c})
is a 2-separation of M\/ that violates the fact that u(f) = 2.

If such a point ¢ exists, then AUa 2 X Ua, so r(AUa) = r(M). Hence r({a,b,c}) =
3 =r({a,b}), so (X —c¢,{a,b,c}) is a 2-separation of M\¢ that violates the choice of Y.
Thus 81.2 holds.

Next we show that
81.3. (A — ¢, B) is a 2-separation of M\//a.

Certainly (A — ¢, B) is 2-separating in M\{/a. We need to show that max{|A —
l,r(A—{)} > 2. By Lemma 24, A # {(}. Assume A = {/, ¢} where c is a point of M/a.
Then c is a point in M as a is skew to X. Moreover,

cecly(X —c (20)

otherwise (X — ¢, {a,b,c}) is a 2-separation of M\/ that violates the choice of Y.

By Lemma 24, a is not skew to {c, ¢}, so ra/a({c,¢}) < ra({c,€}) < 3. Suppose
rusa({c, €}) = 2. Then ry(BUa) =r(M) -1, so ({c}, BUa) is a 1-separation of M\/,
a contradiction. We conclude that
81.4. ryja({c,€}) =1, 50 ry({a, ¢, €}) = 3 and r(M\Ll/a) = r(M/a).

Since ¢ and £ are parallel points in M /a, we deduce that M\c has a c-minor isomorphic
to N. Thus M\c has a 2-separation (U, V') where we may assume that ¢ € U and a € V
otherwise M has a 2-separation.

Continuing with the proof of 81.3, next we show that

81.5. beU.

Suppose b € V. Then, as a € V, we see that r(VU/{) < r(V)+ 1 and r(U — ¥) =
r(U) — 2. Thus U = {¢} otherwise (U — ¢,V U /) is a 1-separation of M\c. But, by (20),
c € cl(E —c—{). Hence (U, V Uc) is a 2-separation of M, a contradiction. Hence 81.5
holds.

81.6. U # {¢,b}.

Assume U = {¢,b}. Then V = (X —c¢)Ua. Thus r(V) > r(X)+1=r(M) — 1. But
r(U) = 3 so (U, V) is not a 2-separation of M\c. This contradiction completes the proof
of 81.6.

81.7. M does not have a point d such that U = {¢, b, d}.

Assume the contrary. Then
r(V)=r(X —{c,d})Ua) = r(M) -2 (21)
so, as (U) + r(V) =r(M) + 1, we must have that

r({¢,b,d}) =r(U) < 3. (22)
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Thus equality must hold in each of (21) and (22).
As r({a,c,l}) = 3, we have

r({b,d}) +r((X = d) U{a, l}) = r({b,d}) + r((X — {c.d}) U{a, £})
<r({4,b,d}) +r((X —{c,d})Ua) + 1
=7r(M)+2.

Now r({b,d}) = 3, otherwise {a,b,d} contradicts the choice of Y since at most one
of @ and b is in E(N). Hence ({b,d}, (X — d) U {a,l}) is a 3-separation of M. Thus
r(X —d)U{a,l}) =r(M)—1,s0r(X—d)Ua) < r(M)—1. Hence (X —d) < r(M)—3,
while 7(X) = r(M) — 2. Thus (X — d,{a,b,d}) is a 2-separation of M\¢ contradicting
the choice of Y. We conclude that 81.7 holds.

Now recall that {¢,b} C U and a € V. Moreover, r({a,c,¢}) = 3 and M(a,b) = 1.
Thus

r(VUu{f,b}) <r(V)+2.

Also ¢ & cl(X U b) otherwise {a} is 2-separating in M, a contradiction. Thus
r(U—{4,0}) <r(U) -2,

It follows by 81.6 and 81.7 that (U — {{,b},V U {¢,b}) is a 2-separation of M\c, so
(U —{¢,b},VU{l,b}Uc) is a 2-separation of M. This contradiction completes the proof
of 81.3.

We deduce from 81.3 that (ii)(d) of the lemma holds, that is,

81.8. r((A—¢)Ua) =r(AUa).

Moreover, since a is skew to X, and A — ¢ C X, it follows, by Lemma 24, that
81.9. (A —¢,BUa) is a 2-separation of M\/.

Now (A, B) is a 2-separation of M/a and b € B. Since b is a point of M/a, it follows
that |B| > 2, so |[BUa| > 3. Hence BUa is the N-side of the 2-separation (A — ¢, BUa)
of M\(. At most one member of {a,b} is in E(N). Since |E(N)| > 4, it follows that at
least two elements of N are in B — b, so |B — b| > 2. Thus (ii)(b) of the lemma holds.
Moreover, |A — ¢| < 2. Since A — £ is one side of a 2-separation, if it contains a single
element, that element is a line of M /a. Thus (ii)(c) of the lemma holds.

Next we observe that
81.10. N({a,b}, A — ) = 0.

Since M({a, b}, X) = 1, we see that M({a,b}, A —¢) < 1. Assume MN({a,b}, A —¥¢) = 1.
Then r((A—¢)U{a,b}) =r(A—¥0)+2. But r(A—{)+r(BUa)=r(M\{)+ 1. Thus

r((A—0)U{a,b}) +r(B—-0b) <r(M\{)+ 1. (23)

By 81.8, r((A—¢)Ua) = r(AUa). Hence we obtain the contradiction that (AU{a, b}, B—b)
is a 2-separation of M. Thus 81.10 holds.

Now suppose that (X,Y") is the unique non-trivial 2-separation of M\¢. We complete
the proof of the lemma by showing that
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81.11. M/a has a unique 2-separation (A, B) with ¢ in A. Moreover, A — ¢ consists of a
line of M/a.

Let (A1, By) and (As, By) be distinct 2-separations of M/a with ¢ in A; N Ay. Then
b € BiNBy. By (ii)(c), |A; —¢| < 2. Suppose |A; —¢| = 2. Then, by (ii)(b), (A;—¢, B;Ua)
is a non-trivial 2-separation of M\¢, so A; — ¢ =Y, a contradiction as a &€ A; — {. We
deduce that |A; — ¢] =1, so A; — { consists of a line m; of M/a.

Now ({m}, BiUa) and ({m2}, BoUa) are 2-separations of M\¢. Thus r({mq,ms}) =4
otherwise one easily checks that ({my,ms}, (B1 N B2) Ua) is a 2-separation of M\ that
contradicts the uniqueness of (X,Y). Now M(a, X) = 0, so M(a, {mi,ms}) = 0. Thus
rma({mi, ma}) = 4. But, by (ii)(d) of the lemma,

2+ 2= rya({ma, €}) + rarga({mo, £})
> ragja({ma, ma, €}) + 7o/ ({€})
> 441,

This contradiction finishes the proof of 81.11 and thereby completes the proof of the
lemma. O]

Lemma 82. If My = Py, then (X,Y) is not the only non-trivial 2-separation of M\L.

Proof. Assume (X,Y) is the unique such 2-separation. By Lemma 81, M/a and M/b
have unique 2-separations (A, By) and (As, By) with £ in A; N Ay. Moreover, A; — ¢ and
Ay — { consist of lines ¢; and ¢y in M/a and M/b; and M\{ has (A; — ¢, B; U a) and
(Ay — ¢, By Ub) as 2-separations.

Assume q # (5. Then {b,ls} C ByUa, so ¢ € cl(B;Ua). Hence (A1 — ¢, By UaUY) is
a 2-separation of M, a contradiction. Thus ¢; = ¢5. Hence r({{1,b,¢}) = r({{1,b}) = 4.
But we also know that r({¢1,a,(}) = r({{1,a}) = 4. By Lemma 81(ii)(a) and (b), we see
that b ¢ cla/a(A1), so r({{1,¢,b,a}) > 5. Thus

4+4= 7"({61, g, b}) + 7’({61, & a})
= T({gl, E, b, a}) + 7"({61, é})
2 5 + T({gl, 6})

Therefore r({¢1,0}) < 3. As N({l1},{¢}) = 0, we deduce that r({¢}) = 1, a contradiction
to Lemma 79. [

Lemma 83. If My = Ps, then (X,Y) is not the only non-trivial 2-separation of M\/L.

Proof. Assume (X,Y) is the unique such 2-separation. Label Y so that M(a, X) = 0 and
(b, X) = 1.
83.1. N(a, () = 0.

Suppose M(a,¢) = 1. Then r({a,l}) = 3. Now r(E —{) = r(E) and r(E — {{,a}) =
r(E) — 1. Thus, by Lemma 77, {a, ¢} is a prickly 3-separator of M. Now M\{ | a has
a c-minor isomorphic to N since it is the 2-sum of My and the 2-polymatroid consisting

THE ELECTRONIC JOURNAL OF COMBINATORICS 26(2) (2019), #P2.37 55



of the line b with the point p on it. But, by Lemma 18 M\¢ | a = M | a\¢. Thus, by
Lemma 54, M | a is 3-connected having a c-minor isomorphic to N, a contradiction. We
conclude that 83.1 holds.

By Lemma 81, M/a has a unique 2-separation and it has the form ({¢;,¢}, E —
{l1,¢,a}) where ¢; is a line of M/a. Moreover, r({¢1,¢,a}) = r({¢1,¢}). Now M(¢,a) =0
and, by Lemma 79, ¢ is a line of M. Thus

r({a,l}) = 4. (24)

Now M\/\a, and hence M\a, has a c-minor isomorphic to N. Thus M\a has a non-
trivial 2-separation (U, V). Without loss of generality, we may assume that ¢; € U and
¢ €V since r({¢1,0}) =4 =r({l,¢,a}).

83.2. beV.

Suppose b € U. Then, as M(X, ¢) = 0, we see that, unless V' = {/, ¢} for some point c,
the partition (U UL,V —?) is a 2-separation of M\a, so (UU/lUa,V —/{) is a 2-separation
of M.

Consider the exceptional case. Then r(V —¢) = r(V) —2 = 1. Now r(M\a,l) =
r(M)—1and r(U)+r(V) =r(M)+ 1. We see that r(U) = r(E — {a,l,c}) =r(M) — 2.
Hence Aypqe({c}) = 0, a contradiction. We conclude that 83.2 holds.

We now have that V' D {f,b}. Next observe that

83.3. (U, (V —{)Ua) is a 2-separation of M\{, and r((V —¢)Ua) =r(V).
To see this, first note that, since b € V — £, we have

r(V =0 Ua) <r(V —0) + 1. (25)

We also have

r(V—-0<r(V)—1 (26)

otherwise r(V —¢) = r(V) so £ € cl(E — {a,(}). But r(E — {a,l}) = r(E) — 1, so
(E —a,{a}) is a 2-separation of M, a contradiction. Combining (25) and (26) gives 83.3.

Since (X,Y') is the unique non-trivial 2-separation of M\/¢, we deduce that (V —¢)Ua =
{a,b}. Moreover, by 83.3, r({a,b}) = 3 = r({b,¢}). It follows using submodularity that
r({a,b,0}) = 4. Thus b € clyo({£}). Hence ({¢1,¢,b}, E — {{1,£,a,b}) is a 2-separation
of M/a, which contradicts the fact that ({¢,,¢}, E — {{1,¢,a}) is the unique 2-separation
of M/a. This completes the proof of Lemma 83. n

By Lemma 78, M\¢ has no 2-element 2-separating set that is a prickly 3-separating
set in M.

Lemma 84. Let {a,b} and {c,d} be disjoint 2-separating sets of M\{ where each of a,
b, ¢, and d is a line, r({a,b}) =3 =r({c,d}), and N({a}, E — {a,b,l}) = 0. Then either

(i) M/a is 3-connected having a c-minor isomorphic to N; or

(ii) M/l has a c-minor isomorphic to N and { € cly/q({c,d}).
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Proof. Assume that the lemma fails. Let Z = E — {{,a,b,c,d}. Then, as neither {a,b}
nor {c,d} is a prickly 3-separating set of M, by Lemma 77, we see that

MN(Z U{c,d},{¢}) =0=1(ZU{a,b},{}),
so M(Z,{¢}) = 0 and N({a, b}, {¢}) = 0. It follows, as M({a}, Z) = 0, that
Maya (Z,{C}) = 0. (27)

Let X = F—{a,b,(} and Y = {a,b}. Then M\{ = My @5 My where My has ground
set {p,a,b}. Then My has a c-minor isomorphic to N. As M({a}, X) = 0, it follows that
M\¢/a, and hence M /a, has a c-minor isomorphic to N.

84.1. 0 € clyya({c, d}).

Assume ¢ & clyr/q({c,d}). Since M/a is not 3-connected, it has a 2-separation (A, B)
with £ € A and b € B. Moreover, by Lemma 81, we know that (A — ¢,BUa) is a
2-separation of M\(, that |B —b| > 2, that |[A — ¢| <2, and that ¢ € cly/(A —0).

Suppose |A—¢| = 1. Then, by Lemma 81 again, A — ¢ consists of a line m of M/a and
0 € clye({m}). Thus m & {c,d}, so m € Z and we have a contradiction to (27). Now
suppose that [A — ¢| = 2. Then ¢ € cly)o(A —¢). Thus {c,d} # A — (. If {c,d} avoids
A — {, then we again get a contradiction to (27). Thus A — ¢ meets {c,d} in a single
element. Then, by uncrossing the 2-separations (A — ¢, BUa) and ({¢,d}, E — {(,c,d})
of M\, we see that (A —/¢)U{c,d}) is a 3-element 2-separating set in M\/. At most one
element of {c,d} is in E(N). Thus (A —¢) U {c, d} is the non-N-side of a 2-separation of
M\/{. This is a contradiction as this set has three elements. We conclude that 84.1 holds.

We shall complete the proof of Lemma 84 by showing that M /¢ has a c-minor iso-
morphic to N. In the argument that follows, it helps to think in terms of the ma-
troids that are naturally derived from the 2-polymatroids we are considering. We know
that M\{ = Mx @y My where My has ground set {a, b, p} with p being the basepoint
of the 2-sum. As {c,d} is 2-separating in M\/, it is also 2-separating in Mx. Thus
Mx = Mz @9 My where My, has ground set {c, d, g} with ¢ being the basepoint of this 2-
sum. Now {¢, d} does not span p otherwise {a, b, ¢, d} is 2-separating in M\/¢ and contains
at most two elements of N, a contradiction to the definition of Y. By two applications of
Lemma 51, we see that My, and hence My, has a c-minor isomorphic to V.

Now M\l/a equals My after relabelling the element p of the latter by b. We will
call this relabelled 2-polymatroid MY%. By 84.1, M/a is obtained from M} by adding
¢ to the closure of {c,d} as a point or a line. Thus M/a is the 2-sum with basepoint
q of M7, and Mj, where M7, is obtained from My by relabelling p as b, while Mj, is
obtained from My, by adding ¢. By (27), ¢ is skew to Z in M/a, so ¢ is skew to ¢ in
M;j,. Now ¢ is a not a line of Mj,, otherwise at least one of ¢ and d is parallel to the
basepoint ¢ in Mj;,, so M/a/¢ and hence M /¢ has a c-minor isomorphic to N. Hence ¢
is a point of Mj,, so Mj, /¢ has rank 2. It has no point parallel to ¢ otherwise M/a/¢
has a c-minor isomorphic to N. Thus M, /¢ can be obtained from one of Py, P, or P, by
relabelling the element p by ¢. In the first two cases, we can contract a point from M, /¢
to obtain a 2-polymatroid consisting of two parallel points, one of which is ¢, so we get

THE ELECTRONIC JOURNAL OF COMBINATORICS 26(2) (2019), #P2.37 57



the contradiction that M/a/¢ has a c-minor isomorphic to N. In the third case, deleting
one of the lines, say ¢, of Mj,,/{ leaves d as a line through ¢. Thus {d} is 2-separating in
M/a\l\c. Compactifying d, we obtain a 2-polymatroid having a c-minor isomorphic to
N. Again we obtain the contradiction that M/a\¢ has a c-minor isomorphic to N. ]

Lemma 85. Let {a,b} and {c,d} be disjoint 2-separating sets of M\ where each of a,
b, ¢, and d is a line, r({a,b}) =3 =r({c,d}). Assume M/l has a c-minor isomorphic to
N. Then at least one of M({a}, E—{¢,a,b}) and N({b}, E —{¢, a,b}) is not equal to one.

Proof. As before, let Z = E — {a,b,c,d,(}. Since the theorem fails, it follows by Lem-
mas 59 and 78 that M /¢ is 2-connected and neither {a,b} nor {c,d} is a prickly 3-
separating set of M. Moreover, by Lemma 79, ¢ is a line that is skew to each of ZU{a, b}
and ZU{c,d}. Thus, if (R, B) is a 2-separation of M /¢, then, by Lemma 24, M(R, {¢}) > 1
and N(B, {(}) > 1.

By Lemma 32,

MR, {0}) +1(B, {€}) + Auye(R) = Aane(R) + A ({£}),
” M(R,{l}) +N(B,{{}) = Ane(R) + 1. (28)

AsN({l}, ZU{a,b}) = 0 = N({l}, ZU{c,d}), it follows by Lemma 25 that both R and
B meet both {a, b} and {c,d}. Without loss of generality, we may assume that {a,c} C R
and {b,d} C B.

Now suppose that N({a}, E — {¢,a,b}) =1 =N({b}, E — {¢,a,b}). By Lemma 31(i),

N{a, e}, {b d}) + N({a}, {e}) +N({b}, {d}) = N({a, b}, {e, d}) + N({a}, {0})
+M({c}, {d}).

As p(€) =2, we see that M({a,b}, {c,d}) =0, so N({a},{c}) = 0=n({b},{d}). Thus

M({a, ¢}, {b,d}) = N({a}, {0}) + N({c}, {d}) = 2.

Hence M(R, B) > 2, that is, Ay e(R) = 2. Thus, by (28), (R, {¢}) =2 or 1N(B, {{}) = 2.
By symmetry, we may assume the former. But, as M({¢,d} U Z,{¢}) = 0 and N({c¢,d} U
Z,{a}) =1, by Lemma 31(ii),

N{c,d}UZUa,{¢})+1=n({c,d}UZUa,{l})+N({c,d}U Z,{a})
=MN({c,d} UZ Ul {a})+N({c,d} U Z {})
<240.

Thus MN({c,d} UZUa,{l}) < 1. But R C ZU{a,c} so M(R,{l}) < 1, a contradiction. [

Lemma 86. The 2-polymatroid M\{ does not have two disjoint 2-element 2-separating
sets.
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Proof. Assume that M\/¢ has {a,b} and {c,d} as disjoint 2-separating sets. Then each of
a,b,c, and d is a line and r({a,b}) = 3 = r({c,d}). As before, let Z = E — {a,b,c,d, (}.
Suppose Y is {a,b} or {c¢,d}, and X = F — ¢ —Y. Then M\l = Mx &, My. By
Lemmas 70, 71, 73, 74, and 76, we know that My is isomorphic to Ps, Py, or Ps. By
Lemma 79,
86.1. ¢ is skew to X, so /¢ is skew to each of a, b, ¢, and d.

When My = P,, we shall say that Y is a type-n 2-separator of M\/.
86.2. Neither {a,b} nor {c,d} is of type-6.

Assume the contrary. Suppose {a, b} is of type-6. Then, by Lemma 85, M /¢ does not
have a c-minor isomorphic to N. Thus, by Lemma 84, neither M({c}, X) nor N({d}, X) is
0. Hence {¢, d} is also of type-6. Suppose a € {a,b} and v € {c,d}. Then r(ZU{a,v}) =
r(Z) 4+ 2. Of course, r(M) =r(Z) + 4.

Suppose 7(Z U {a,v} U{) = r(M). Then M(Z U{a,~},¢) = 0. Let the elements of
{a,b,¢,d} —{a,~v} be g and §. In M\5\J, the set {¢} is 1-separating. Thus M\S\I\{ =
M\p\d/l. As M\S\6\C has a c-minor isomorphic to N, so does M/¢. We then get a
contradiction to Lemma 85 since M(a, £ — {¢,a,b}) =1 =1(b, E — {{,a,b}).

We may now assume that r(ZU{a,y}Ul) < r(M)—1. By 86.1, £ is skew to ZU{a, b},
sor(ZUaU/l)=r(M)— 1. Thus, using the submodularity of r, we have

2r(M) —1=r(ZUaU/l)+r(M)
<r(Zufa,c}Ul)+r(ZU{a,d}UY)
<2

r(M) — 2.

This contradiction establishes 86.2.

We now know that each of {a,b} and {c,d} is of type-5 or of type-8. In particular,
we may assume that M({a}, Z U {c,d}) = 0 = N({c}, Z U {a,b}). Since u(¢) = 2 and
{a,b,c,d} contains at most two elements of N, we see that

r({a,b,c,d}) = 6. (29)

By Lemma 84,
86.3. € € cly/a({c,d}) and € € cly/c({a, b}).

We deduce that r({a,c,d,(}) = r({a,c,d}) = 5 and r({a,b,c,¢}) = r({a,b,c}) = 5.
By submodularity and (29),

10

r({a,c,d,}) +r({a,b,c,l})
> r({a,b,c,d, l}) +r({a,c, (})
>64+4=10.

We conclude that
r({a,c, €}) = 4. (30)

Next we show the following.
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86.4. Both {a,b} and {c,d} are of type-5.

Suppose {a,b} is of type-8. Then M({b}, Z U {c,d}) = 0. Thus we can replace a by b
in the argument used to prove (30) to get that r({b,c,¢}) = 4. Hence

44+4=r({a,c,t})+r({b,c, })
> r({a,b,c,l}) +r({c,(})
> 54 4.

This contradiction and symmetry implies that 86.4 holds.

Now, by Lemma 51, M\/\a, and hence M\a, has a c-minor isomorphic to N. Thus
M\a is not 3-connected. Let (U, V) be a non-trivial 2-separation of M\a. Then we may
assume that ¢ € U and ¢ € V otherwise M has a 2-separation.

Suppose d € U. Then, by 86.1, (UUc, V —c) is a 1-separation of M\a, a contradiction.
Thus d € V. By 86.1 again, (U — ¢) = r(U) — 2, so we obtain the contradiction that
(U—¢,VUlUa) is a 1- or 2-separation of M unless U — ¢ consists of a single point, u, and
r(U) = 3. In the exceptional case, since M\a\¢ is 2-connected, we see that u € cl(V'), so
(U —u,V Uu) is a 1-separation of M\a, a contradiction. O

Lemma 87. Suppose that M has an element € such that M\{¢ has N as a c-minor. Then
the largest non-N-side in a 2-separation of M\{ has size exceeding two.

Proof. Assume pu(¢) = 2. Then M\{ = Mx @&y My where |Y| = 2. In Lemma 69, we
identified the nine possibilities for My. We showed in Lemmas 70, 71, 73, 74, and 76
that My must be isomorphic to P5, Fs, or Ps. In Lemmas 80, 82, and 83, we showed
that (X,Y") cannot be the sole non-trivial 2-separation of M\¢. Lemma 86 completes the
proof by showing that M\/¢ cannot have a second non-trivial 2-separation. O

Lemma 88. Suppose that M has an element ¢ such that M /¢ has N as a c-minor. Then
the largest non-N-side in a 2-separation of M/l has size exceeding two.

Proof. By Lemma 12, (M/¢)* has a c-minor isomorphic to N*. By Lemma 2, (M/{)* =
(M*\£)’. Thus M*\¢ has a c-minor isomorphic to N*. Let Y be a largest non-N-side in

a 2-separation of M/¢. By Lemma 2 again, Y is a largest non-N*-side in a 2-separation
of M*\{. Replacing (M, N) by (M*, N*) in Lemma 87, we deduce that |Y| > 2. O

9 Finding a doubly labelled line

Recall that we are assuming that (M, N) is a counterexample to Theorem 57 where N
is a 3-connected 2-polymatroid that is a c-minor of M. In this section, we prove some
lemmas that will eventually enable us to deduce that M has a doubly labelled line. The
first step in this process is to prove the following elementary but useful lemma.

Lemma 89. Suppose y € E(M)— E(N). Ify is not a doubly labelled element of M, and
M’ has a special N-minor for some M’ in {M\y, M/y}, then M’ has N as a c-minor.
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Proof. Since y € E(M) — E(N), some M"” in {M\y, M/y} has N as a c-minor. Since y
is not doubly labelled, we see that M"” = M’. O]

The next lemma identifies an important dichotomy.

Lemma 90. Let M’ be a c-minor of M having N as a c-minor and let (X',Y') be a
2-separation of M' having X' as the N-side. Assume that, for all elements y of Y', at
least one of M'\y and M'/y does not have a special N-minor. Then either

(i) My ({y}, X') =1 for ally inY'; or

(i1) My (Y —y, X') =0 for ally in Y.
Proof. Suppose y € Y'. If My ({y}, X') = 0, then, by Lemma 29, My, (X', Y —y) = 1,
so, by Lemma 51(ii), M’/y has a special N-minor. If My (Y’ —y, X’) = 1, then, by

Lemma 51(i), M"\y has a special N-minor. By hypothesis, M"\y or M’/y has no special
N-minor. We deduce the following.

90.1. Either My ({y}, X') =1 or My (Y —y, X') =0.
Next we show that all the elements of Y’ behave similarly.
90.2. If My ({y}, X') =1, then My ({2}, X) =1 for all zin Y.

To see this, note first that M’ = MY, @y My, Since My ({y}, X') = 1, it follows that
pE clM;,({y}). Suppose z € Y’ —y. Then p € ClM;/,(Y/ —2). Hence My (X", Y' —2) =1
so M'\z has a special N-minor. Thus M'/z does not have a special N-minor. Hence, by
Lemma 51(ii), My /- (X', Y’ —2) = 0, so, by Lemma 29, My (X', {z}) = 1, and 90.2 holds.

Now suppose that My ({y}, X’) = 0. Then, for all z in Y’, by 90.2, My ({2}, X') =0
so, by 90.1, My (Y — 2z, X') = 0. m

The next lemma describes what happens when (i) of Lemma 90 holds.

Lemma 91. Suppose M\{ has N as a c-minor. Let (X,Y) be a 2-separation of M\{ in
which X is the N-side and |Y| > 3. Then

(i) Y contains a doubly labelled element; or
(i) M({y}, X) # 1 for somey inY; or

(i1i) Y contains an element y such that M\\y has N as a c-minor and every non-trivial
2-separation of M\y has the form (Z,Zy) where Zy is the N-side and Zo CY —y.

Proof. Suppose that M({y},X) = 1 for all y¥ in Y and that Y does not contain any
doubly labelled elements. As usual, we write M\¢ as the 2-sum with basepoint p of the
2-polymatroids My and My having ground sets X Up and Y U p, respectively. First we
show that

91.1. Y does not contain a point.
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Assume that Y does contain a point, z. Then, since M({z}, X) = 1, we see that z is
parallel to p in My. By Proposition 47, M\/¢\ z is 2-connected. Hence M\ z is 2-connected.
Also, in Mx and My, the sets X and Y — 2z span p, and hence span z. We show next that

91.2. M\z is 3-connected.

Suppose that M\z has a 2-separation (R, B) where ¢ € R. Then (R — ¢, B) is 2-
separating in M\ z\/. Note that r(M\{) = r(M), so r(M\l\z) = r(M). We have

r(R) +r(B) =r(M\z) + 1.

Thus
r(R—{¢)+r(B) <r(M\z/)+ 1.

Now R # {{} otherwise Y — 2z C B and we obtain the contradiction that (R, BU z) is a
2-separation of M. Observe that, since M\/\z is 2-connected, (R — ¢) = r(R). As M is
3-connected, neither B nor R — ¢ spans z. Thus neither X nor Y — z is contained in B
or R— (. Hence (X,Y — z) and (R — ¢, B) cross.

Now Mpne:=(Y — 2) = Ane(Y) = 1 and Aypp-(B) = 1. Thus, by uncrossing,
Awnev=(BN(Y —2)) = 1. Since ¢ € cl(R—{) and z € cl(X), we deduce that Ay (BN (Y —
z)) = 1. As M is 3-connected, it follows that B N (Y — z) consists of a single point y.
Then, by assumption, M(X, {y}) = 1. But M(X,{z}) = 1. Thus y is parallel to p in My
Hence y and z are parallel points in M, a contradiction. We conclude that 91.2 holds.

To complete the proof of 91.1, we shall show that M\ z has a special N-minor. We
know that M\¢ = Mx @y My where z is parallel in My to the basepoint p of the 2-sum.
Moreover, by Lemma 49, Mx has a special N-minor. Now M\/\z is 2-connected and, by
[5, Proposition 3.1], M\{\z = Mx @, (My\z). Hence M\z has a special N-minor. Thus
M\ z is 3-connected having a c-minor isomorphic to N, a contradiction. We deduce that
91.1 holds.

We now know that every element of Y is a line y with M(X, {y}) = 1. Hence, in My,
the basepoint p lies on y. Thus, for all y in Y, we see that M\/¢\y is 2-connected. Then,
by Lemma 48 again, we deduce that

91.3. for all y in Y, both M\/¢\y and M\y have special N-minors.
Since every line in Y contains p, it follows that My /p is a matroid. Next we show that
91.4. My /p has a circuit.

Assume that My /p has no circuits. Let y and ¢y’ be two distinct elements of Y. Then
r(XUY —{y,vy'})) =r(X)+|Y —{y, ¢} and (X UY) = r(X)+|Y|. As a step towards
91.4, we show that

91.5. N(X U (Y —{y,y'}),{¢}) =0.
Suppose that (X U (Y — {y,v'}), {¢}) = 1. Then, as r(Y) = |Y| + 1,

M({y,y'}) =r(XU Y —{y,y}H) Ul +r{y.y'}) — r(M)
<r(X)+ Y —{y, ¢} +1+3—r(M)
=7r(X)+7r(Y) —r(M\() +1=2.
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As M is 3-connected, we see that Ay ({y,y'}) = 2, so equality holds thoughout the last

chain of inequalities. Thus {y,y'} is a prickly 3-separator of M and A e({y,¥'}) = 1.

By Lemma 54, M | y is 3-connected. By Lemma 46(vi), (M\0) | y = Mx o (My | y).

Thus Map ey (X, Y —y) = 1 so, by Lemma 51(iii), (M | y)\¢, and hence M | y, has a

special N-minor. This contradiction implies that 91.5 holds for all distinct y and 3’ in Y.
As the next step towards proving 91.4, we now show that

91.6. M /! has a c-minor isomorphic to N.

In M\/{, deleting all but one element, y, of Y leaves the 2-polymatroid that, when y
is compactified, equals Mx with p relabelled as y. Hence M\/\(Y — y) has a c-minor
isomorphic to N. By 91.5, since |Y'| > 3, we deduce that {¢} is 1-separating in M\ (Y —v).
Hence M\(Y —y)\¢ = M\(Y —y)/¢, so, by 91.3, we deduce that 91.6 holds.

Still continuing towards the proof of 91.4, next we observe that
91.7. ¢ is a line of M.

Suppose £ is a point. By Lemma 40, M /¢ is 2-connected having one side of every
2-separation being a pair of points of M that are parallel in M/¢. By 91.6, M must have
such a pair {u,v} of points. Then both M\u and M\v have c-minors isomorphic to N.
By Lemma 42, M has a triad of points containing ¢ and one of v and v, say u. Let w be
the third point in this triad. Then M\¢ has {u,w} as a series pair of points, so M\{/u,
and hence M /u, has a c-minor isomorphic to N. Thus the point u contradicts Lemma 58.

By 91.6, M /¢ has a 2-separation (U,V'). Thus r(U U¥) +r(V U{l) —r(M) = 3. By
symmetry, we may assume that U C (X UY') —{y, '} for some 3/ in Y —y. Then, by 91.5
and 91.7, r(UUL) = r(U)+2. Hence (U,V U/) is a 2-separation of M. This contradiction
completes the proof of 91.4.

Choose y in Y such that y is in a circuit of My /p and y € E(M) — E(N). By
91.3, M\y has a special N-minor. Thus, by Lemma 89, M\y has N as a c-minor. Now
r(M\O\y) = r(M\l) = r(M) = r(M\y). Hence ¢ € clyp, (X U (Y —y)) and M\l\y is
2-connected. Next we show the following.

91.8. Every non-trivial 2-separation of M\y has the form (X UY’' U/, Y"”) where Y’ and
Y are disjoint and Y/ UY" =Y — .

Let (A, B) be a non-trivial 2-separation of M\y that is not in the stated form. Without
loss of generality, £ € A. Then X Z A. Since M \/l\y is 2-connected having the same rank
as M\y, it follows that r(A—¢) = r(A) and (A—¢, B) is a 2-separation of M\/\y. We also
know that (X,Y — y) is a 2-separation of M\/\y. Now ¢ & cl(X) and ¢ & cl(Y —y). But
tec(A—=0),s0 (A—0)NY —y) #0 # (A—{)NX. By uncrossing, Ay, (BNX) = 1.
As l € cl(A—7Y) and y € cl(Y — y), we deduce that A\ (BN X) = 1. Thus BN X
consists of a single point 2 of M. Then BN (Y —y) # 0. Therefore, by uncrossing again,
Aoy (X N(A=20)) =1, 50 Aane(X N(A—¢)) =1. Thus (X —z,Y Uxz) is a 2-separation
of M\C. If r(Y Uz) =r(Y), then z is parallel to p in Mx. Hence, we see that z lies on
y. Then M\z is 3-connected having a special N-minor, a contradiction. Thus we may
assume that r(Y Uz) =r(Y)+ 1. Then r(X —z) = r(X) — 1. Hence, in M, the points
p and z are a series pair. Thus Mx is the 2-sum with basepoint ¢ of a 2-polymatroid
MY, say, and a copy of U3 with ground set {¢,p,x}. Moreover, every element of YV is a
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line through p in My. Thus we see that both M\y and M/y have special N-minors, a
contradiction. We conclude that 91.8 holds, so (iii) of the lemma holds, and the proof of
the lemma is complete. O

Next we determine what happens when (ii) of Lemma 90 holds.

Lemma 92. Suppose M\{ has N as a c-minor. Let (X,Y) be a 2-separation of M\{ in
which X is the N-side and |Y'| > 3. Let Mx @9 My be the associated 2-sum decomposition
of M\{ with respect to the basepoint p. Then

(i) Y contains a doubly labelled element; or
(i) (Y —y, X) >0 for somey inY; or

(111) (X UL Uyy) > r(X Uyg) for some yo inY, and M/yy has a special N-minor.
Moreover, either

(a) every non-trivial 2-separation of M /yo has the form (Z1,Z3) where Zy is the
N-side and Zy CY — yo; or

(b) Mx is the 2-sum with basepoint q of two 2-polymatroids, one of which is a copy
of Uy 3 with ground set {p,z,q}.

Proof. Assume that neither (i) nor (ii) holds. Suppose y € Y. As M(Y, X) = 1, it follows
that (Y) > r(Y —y) so
922.1. r(Y —y) <r(Y) - 1.

Next we show that
92.2. Ay ({y}) = Aanxuo ({w}) + 1.

We see that Ay ({y}) = rae({y}) +7ra (Y —y) Up) —r(My). Since N(Y —y, X) = 0,
we deduce that 7y, (Y —y)Up) = ry (Y —y) + 1. As My is 2-connected, r(Y') = r(My)
and 92.2 follows.

We now extend 92.1 as follows.

92.3. Let {y1,v2,...,yr} be a subset of Y. Then

r(Y —{y, v, uk)) <7(Y) — k.

By 92.1, (Y — ) < r(Y)—1and (Y — y3) < r(Y) — 1. Thus, by submodularity,
r(Y —{y1,y2}) < r(Y) — 2. Repeating this argument gives 92.3.
Next we show the following.

92.4. For all y in Y, the 2-polymatroid M\¢/y has a special N-minor and Appe/y(X) = 1.
Let M’ = M\{. By Corollary 33,

Aty (X) = Mg (X) = Mapr (X, 9) = T (Y =9, 9) + r({y})
= Mng(X) =1 (Y —y) +rap(Y) as (X, Y —y') =0 for all ' in Y
=ryu(Y)—ry (Y —y). (31)
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But

1= M\ (X)
=r(X)+rY)—r(M)
2r(XUy) —r({y}) +rY) —r({y}) —r(M) +r({y})
= Ay (X).

We conclude, using (31) that, since r(Y) # (Y —y), we have A\ppy(X) =1 for all y in
Y. Then, by Lemma 51(ii), M’/y has a special N-minor. Hence M\{/y has a special
N-minor, that is, 92.4 holds.

92.5. If y € Y and ¢ is in a parallel pair of points in M/y, then (X UlUy) =r(X Uy).

To see this, observe that, as M is 3-connected, ¢ ¢ cly/(Y). Thus ¢ is parallel to a
point of X in M/y, and 92.5 follows.

92.6. Let Y = {y1,90,...,yn}. U r(XULUy) =r(X Uy) for all ¢ in {1,2,...,n},
then {y,_1,yn} is a prickly 3-separator of M, and M | y, is 3-connected having a special
N-minor.

First observe that each y; in Y is a line for if y; is a point, then
r(XUlUy) =r(XUy) =rX)+r({y}) =r(X)+ 1.

Asr(Y —y;) < r(Y) — 1, we deduce that (X UlUy,;, Y — y;) is a 2-separation of M, a
contradiction.
Continuing with the proof of 92.6, next we show the following.

92.7. For 1 <k<n—1,

r(XUlU{y,ye,...,yx}) =7r(X)+1+k and
T(Y_ {ylvaa"'vyk}) ZT(Y) — k.

We argue by induction on k. By assumption, (X UlUy,) = r(X)+r({y1}) = r(X)+2.
Moreover, (Y —y1) < 7(Y') — 1. Equality must hold otherwise we get the contradiction
that (X UlUy;, Y —yy) is a 2-separation of M. We deduce that the result holds for k = 1.
Assume it holds for k¥ < m and let kK =m > 2. Then

T(XU{Z/byQ,---,ymﬂ}Uf)+T(XU{y2>y3,---aym}U€)
> r(X U A{y2ys, s Yma} U ) + (X U {y1,v2,-- -, Ym} U L).

If m =2, then (X U{y2,y3,. .-, Ym-1} ULl) = (X UL > r(X)+ 1. Ifm > 2 then
(X U{y2,¥sy .o, Ym—1} U L) =7r(X) 4+ m — 1 by the induction assumption. Thus

r(XU{yL, 92, ymp U0 <r(X)+m+r(X)+m — (r(X)+m—1)
r(X)+m+ 1. (32)
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But
T<Y - {yla Y2, - 7ym}) < T(Y) —m. (33)
It follows that equality must hold in (32) and (33). Thus, by induction, 92.7 holds.

By 92.7, r(Y — {y1,y2, - s Yn-1}) = 7(Y) = (n = 1). But »(Y — {y1,92,. .-, Yn_1}) =
r({yn}) = 2. Thus r(Y) = n + 1, and it follows by 92.7 that r({y,-1,y»}) = 3 and
{Yn_1,yn} is a prickly 3-separating set in M. Hence, by Lemma 54, M | vy, is 3-connected.
Recall that

r(2), if r(ZUy,) >r(Z); and
"y, (Z) = .
r(Z)—1, otherwise.
Thus

Mgy, (KoY = yn) = rangy, (X) + rangy, (Y = yn) = Taagy, (XU (Y = y))

=r(X)+r(Y —y,) —r(M)+1
=r(X)+rY)—r(M) by 92.7;
=1.

It follows by Lemma 46(vi) that (M\() | y, = Mx ©2 My | y,. Then, by Lemma 51(iii),

(M\?) | y, has a special N-minor. We deduce that M | y, is 3-connected having a

special N-minor. Thus 92.6 holds.

Since we have assumed that the theorem fails, it follows, by 92.6, that, for some

element yo of Y,
r(X UlUyo) > r(X Uyo).

By 92.4, M/yo has a special N-minor. Thus M /y, is not 3-connected. Moreover, by 92.5,
the element ¢ is not in a pair of parallel points of M /yq.
Let (AU, B) be a 2-separation of M/yy with £ ¢ A. Next we show that

92.8. (A, B) is an exact 2-separation of M /yo\l, and € € clyz/y,(A).
If (A, B) is not exactly 2-separating in M /y\¢, then, by Proposition 47, My /vy, is not
2-connected, so we obtain the contradiction that Y contains a doubly labelled element.

Thus 77y, (AU L) = rar/y,(A) and 92.8 holds.
We shall show that

92.9. either (iii)(b) holds, or (A, B) does not cross (X, Y — yo).

Assume each of A and B meets each of X and Y —yy. Then, by uncrossing, A e/y, (XN
B) =1. But (X, {yo}) = 0, 50 1y (XNB) = rar/y, (XNB). Also rp (Y —yo) UAULUy,) =
Ty (Y —190) UAUL) +7({yo}). Then

r(XNB))+r((Y —yo) UAULUyp) — (M)

= Ta/yo (X N B) 4 gy (Y — y0) UAUL) +7({yo}) — 7(M/yo) — r({yo})
= AM/yo(X N B)

= AM/yO\Z(X N B) as { € ClM/yO(A);

=1.
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Since M is 3-connected, it follows that X N B consists of a point z of M.
Now Aanve/ye (Y —90) Uz) =1, so

L= 701790 (Y = 90) U2) 4+ "aa/g (AN X) — (M /1y0)
=r(YUz) —r({y}) +r(ANX)Uyo) —r({yo}) — (M) +r({%0})
=r(YU2)+r(AnX)—r(M\{) since N(X,{yo}) = 0.

Thus Y U z is 2-separating in M\(. If r(Y Uz) = r(Y), then z is parallel to the basepoint
p of the 2-sum. Hence each element of Y is doubly labelled, a contradiction. Thus we may
assume that (Y Uz) = r(Y) 4+ 1. Then (X — z) = r(X) — 1. Now My is 2-connected,
so r(Mx) = r(X) and My has {p, z} as a series pair of points. It follows that My is
the 2-sum with basepoint ¢ of a 2-polymatroid M% and a copy of U3 with ground set
{q, z,p}. Thus (iii)(b) of the lemma holds. Hence so does 92.9.

We shall now assume that (iii)(b) does not hold.

92.10. AZY —yoand BZ X and A € X.

To see this, first suppose that A CY — yo. Then, as £ € cly;/y,(A), we deduce that
¢ € clpy(Y), a contradiction. Thus A €'Y — y,.
Now suppose that B C X. We have

1= /\M/yo(B)
= rM/yo(B) + Taajye (AU L) — (M /yo)
=r(BUyo) —r({w}) + r(AUlUyo) — r({yo}) — r(M) + r({yo})
=r(B)+r(AUlUy) —r(M) as B C X.

Thus (AU Uy, B) is a 2-separation of M, a contradiction. Thus B Z X.
Next suppose that A C X. As (AU/, B) is a 2-separation of M /yy, we have

L= 7n7y (AUL) + "M /yo (B) = r(M/yo)
=r(AULUyo) —r({yo}) +r(BUwo) = r({yo}) — (M) +r({yo})
r(AUy) = r({yo}) + (B Uyo) — (M)
r(A) +r(BUyy) —r(M\{) as A C X
1 as M\{ is 2-connected.

VoWV WV

We deduce that equality holds throughout, so r(AU U yy) = r(AUyp). But A C X so
r(X UlUyy) =1r(X Uyp), contradicting the choice of yy. Hence A € X, so 92.10 holds.

By 92.9, we deduce that B C Y —yy. Since, by 92.4, M /vy, has a special N-minor, we
see that (iii)(a) of the lemma holds, so the lemma is proved. O

We now combine the above lemmas to prove the following result. This lemma and its
corollary are the main results of this section.

Lemma 93. Suppose M\{ has N as a c-minor. Let (X,Y) be a 2-separation of M\{
having X as the N-side and |Y| = u(¢). Then'Y contains a doubly labelled element.
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Proof. By Lemma 87, |Y'| > 3. Assume that Y does not contain a doubly labelled element.
Then, by Lemma 91,

(i)(a) M({y}, X) # 1 for some y in Y; or

(i)(b) Y contains an element y such that M\\y has N as a c-minor and every non-trivial
2-separation of M\y has the form (Z;, Z;) where Z; is the N-side and Zy C Y —y.

Now, since |Y| = u(¢), outcome (iii)(b) of Lemma 92 does not arise. Thus, by that
lemma and Lemma 89,

(ii)(a) (Y —y,X) > 0 for some y in Y’; or

(ii)(b) Y contains an element y such that M/y has N as a c-minor and every non-trivial
2-separation of M /y has the form (Z;, Z3) where Z; is the N-side and Z, C Y — .

By Lemma 90, (i)(a) and (ii)(a) cannot both hold. Thus (i)(b) or (ii)(b) holds. There-
fore, for some y in Y, either M\\y has N as a c-minor and has a 2-separation (Z;, Z3) where
Zy is the N-side, Zy C Y —y, and |Zs| = pu(y) < u(€), or M/y has N as a c-minor and has
a 2-separation (21, Z) where Z; is the N-side, Zo CY —y, and |Z3| = p*(y) < p(f). We
can now repeat the argument above using (y, Z») in place of (¢,Y") and, in the latter case,
M* in place of M. Since we have eliminated the possibility that p(¢) = 2 or p*(¢) = 2,
after finitely many repetitions of this argument, we obtain a contradiction that completes
the proof. n

Corollary 94. The 2-polymatroid M contains a doubly labelled line.

Proof. Take ¢ in E(M) — E(N). Then M\¢ or M /¢ has N as a c-minor, so applying the
last lemma to M or its dual gives that M has a doubly labelled element. By Lemma 58,
this element is a line. O

10 Non-N-3-separators exist

The purpose of this section is prove the existence of a non-N-3-separating set in M where
we recall that such a set Y is exactly 3-separating, meets F(N) in at most one element,
and, when it has exactly two elements, both of these elements are lines. The following
lemma will be key in what follows.

Lemma 95. Let (X,Y) be a 2-separation of M\l where X is the N-side, |Y| > 2, and
Y is not a series pair of points in M\{. ThenY contains no points.

Proof. Assume that Y contains a point y. Then, by Lemma 58, y is not doubly labelled.
95.1. M\y or M/y has a special N-minor.

To see this, consider the 2-connected 2-polymatroid My. By Lemma 36, My\y or
My [y is 2-connected, so Mypy (X, Y —y) = 1 or My, (X, Y —y) = 1. As Mx has a special
N-minor, so does M\y or M/y.
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95.2. M\y does not have a special N-minor.

Assume M\y does have a special N-minor. Then, as y is not doubly labelled, M /y
does not have a special N-minor. Then, by Lemma 51(ii), Maz/y(X,Y —y) = 0, that is,
Fatgy () + 207, (Y —) —r(M/g) = 0, 50 7(X U)+(Y) = (M) +r({y}) = r(M)+1. But
r(X)+r(Y)=r(M)+1,s0or(XUy) =r(X) and (Y —y) = r(Y) otherwise (X Uy, Y —y)
is a 1-separation of M\/, a contradiction to Lemma 59. Since y € Y and (X Uy) = r(X),
we see that M(X,{y}) = 1. But M(X,Y) = 1. Thus, in My, the point y is parallel to the
basepoint p of the 2-sum. Hence M\/¢\y is 2-connected and r(M\l\y) = r(M).

Let (A U/, B) be a non-trivial 2-separation of M\y where ¢ ¢ A. Now

1<r(A)+r(B)—r(M\{,y)
<r(AUL) +r(B) —r(M\y)
1

Thus r(A) = r(AU ). Hence ¢ € cl(A) so r(A) > 2. Continuing with the proof of 95.2,
we now show the following.
95.3. (A, B) crosses (X,Y —y).

Because y € cl(X) Necl(Y —y) but y ¢ cl(A) Ucl(B), we deduce that neither A nor B
contains X or Y — g, so 95.3 holds.

By uncrossing, Ay (BN (Y —y)) =1. But £ € cl(A) and y € cl(X) so Ay (BN (Y —
y)) = 1. Hence BN (Y — y) consists of a single point, say z. As z is not parallel to v,
we deduce that M(X, {z}) = 0. Thus, by Lemma 29, My;/.(X,Y — 2) = Ape/(X) = 1.
Hence, by Lemma 51(ii), M\¢/z, and hence M/z, has a special N-minor. On the other
hand,

1=n(X,{y}) <X,V —2)<NX,Y) =1

Thus Myn-(X,Y — 2) = 1 so M\z has a special N-minor. Since z is a point, we have a
contradiction to Lemma 58 that proves 95.2.

By combining 95.1 and 95.2, we deduce that M /y has a special N-minor but M\y
does not. Since (M, N) is a counterexample, M /y is not 3-connected. By Lemma 59,
M /y is 2-connected.

As M\y does not have a special N-minor, by Lemma 51(i), M(X,Y —y) = 0. But
MN(X,Y)=1. As y is a point, it follows that

rY —y)=rY)-1

and (X U (Y —y)) = r(X UY). Moreover, as (X Uy,Y — y) is not a l-separation of
M\{, we deduce that
954. r(XUy) =r(X)+1.

Now r(My\p,y) = r(Y —y) = r(Y)—1. But r(My\p) = r(Y). If r(My\y) =r(Y)—1,
then {y} is a 1-separating set in My . We deduce that {p,y} is a series pair of points in
My-. Thus My \y is not 2-connected but My is, so, by Lemma 36, My /y is 2-connected.
Hence, by Proposition 47, M\{/y is 2-connected.
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95.5. ({{},X U (Y —y)) is not a 2-separation of M/y.

Assume the contrary. Then r({{,y}) + r(X UY) = r(M) + 2. But ry,({£}) = 2
otherwise we do not have a 2-separation. Thus r({{,y}) = 3, so ({{},X UY) is a 2-
separation of M, a contradiction. Therefore 95.5 holds.

Let (AU/, B) be a 2-separation of M/y with £ not in A. By 95.5, A # (). Since M /y\/
is 2-connected, Apry0e(A) > 0. Hence Aprjpe(A) =1, so £ € clpy/y(A). Hence one easily
checks that

95.6. (i) r(AUyUl) =r(AUy); and

(i) r(AUy) +r(BUy) =r(M\{) + 2.
Next we show that
95.7. (A, B) crosses (X,Y —y).
Assume BN(Y —y) =0 or BNX =0. Asr(XUy) =r(X)+1land r(Y) =r(Y —y)+1,
we have r(BUy) =r(B)+ 1. Then, as r(AUyU/{) =r(AUy), we have, by 95.6,

r(AUyUl)+r(B)=r(M)+1,

that is, (AUyU/{, B) is a 2-separation of M, a contradiction. We deduce that BN (Y —y) #
0#BnNnX.

Now assume that AN(Y —y) = 0. Then A C X and Y —y C B, so r(XUyUl) = r(XUy).
Asr(XUy)=r(X)+1and r(Y —y) =r(Y) — 1, it follows that (X Uy UL, Y —y) is 2-
separating in M. Hence Y —y consists of a single point z. Now 7(X)+7(Y) = r(M\{)+1,
so r(X) =r(M\f) — 1. As M\/{ is connected, neither y nor z is in cl(X) so {y, 2} is a
series pair of points in M\/¢, a contradiction. Hence AN (Y —y) # 0.

Finally, assume that X N A =(. Then A CY —y, so, as r(AUyU/l) =r(AUy), it
follows that (Y U ¢) = r(Y), so (X,Y U/) is a 2-separation of M, a contradiction. We
conclude that 95.7 holds.

Next we determine the structure of the set B.

95.8. In M, the set B consists of two points, 2’ and ¢/, that lie in BN X and BN (Y —y),
respectively.

By uncrossing, A ey (X N B) =1, so
r(XNB)Uy) +r(AUY) —r(M\() = 2.

As XN B C X, we deduce that r(X N B)Uy) = r(XNB)+1. Alsoy € Y, so
r(AUY) =r(AUuY U/l). Thus (X N B,AUY U/) is 2-separating in M. Hence X N B
consists of a point, say z’.

By uncrossing again, we see that Ayp e, (Y —y) N B) =1, so

r((Y —y)NnB)Uy)+r(AUuX Uy) —r(M\{) = 2.
Thus
r(Y—y)NB)+r(AUXUyUl)=r(M)+1
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since r((Y —y)NB)Uy) =r((Y —y)NnB)+land r(AUX Uy) =r(AUX UyUl).
Hence ((Y —y)N B, AUX UyU/) is 2-separating in M, so (Y —y) N B consists of a single
matroid point, 3y'. We deduce that 95.8 holds.

95.9. The element 3 is doubly labelled.

To see this, first observe that, in M/y, the set B is a 2-separating set consisting of
two matroid points, 2" and y'. Suppose ry,(B) = 2. Then ry;,(AUL) =r(M/y) —1, so
r(AUlUy) = r(M)—1. Hence (AULUy, {z',y'}) is a 2-separation of M, a contradiction.
We deduce that 7/, (B) = 1 so {a,y'} is a pair of parallel points in M /y. Then M/y\y/,
and so M\y', has a special N-minor.

Now a7y ({2, y'}) = 1, so ({2, v, y}) = 2. Thus y € clpyy (X), so (X Uy Uy) =
r(X Uy'). But, by 95.4, r(X Uy) > r(X), so (X Uy') > r(X). Hence N(X,{y'}) = 0.
Thus, by Lemma 29, My (X, Y —3') = MN(X,Y) = 1. We conclude by Lemma 51 that
M /y' has a special N-minor. Therefore 95.9 holds.

As 95.9 contradicts Lemma 58, we deduce that Lemma 95 holds. O

Lemma 96. There is a c-minor Ny of M that is isomorphic to N such that M has a
non-Ny-3-separating set.

Proof. By Corollary 94, M has a doubly labelled line ¢. Moreover, by Lemma 59, each of
M\{ and M /¢ is 2-connected.

Assume the lemma fails. Let Np and Ng be special N-minors of M\¢ and M //,
respectively. We now apply what we have learned earlier using Np in place of N. Let
(X,Y) be a 2-separation of M\¢ in which X is the Np-side and |Y| = p(€). Then |Y]| > 3.
Now M(X, {¢}) € {0,1}.

We show next that
96.1. (X, {¢}) =0 and (Y, {¢}) = 0.

Assume that M(X,{¢}) = 1. Then (X U/l) =r(X)+ 1,50 A\y(Y) =2. Thus Y is a
non-Np-3-separating set, a contradiction. Thus M(X, {¢}) = 0. Similarly, if (Y, {¢}) = 1,
then Ay (X) = 2, so Y U/ is a non-Np-3-separating set. This contradiction completes the
proof of 96.1.

We deduce that M\¢ has a 2-separation (Dy, Dy) where D; is the Np-side, |Do| =
w(l) = 3, and M(Dy,¢) = 0 = M(Dy,£). A similar argument to that used to show 96.1
shows that M /¢ has a 2-separation (C4,Cy) where C is the Ng-side, |Cy| = p*(¢) > 3,
and M(CY, 0) = 2 =M(Cy, ¢). We observe here that the definition of x*(¢) depends on N¢
here rather than on Np.

By the local connectivity conditions between ¢ and each of Dy, Dy, C4, and Cj,

96.2. (Cy,Cy) and (Dy, Dy) cross.
We have r(Dy)+r(Dy) = r(E—£)+1 and r(Cy) +7r(Cs) = r(E—{)+3. By uncrossing,

Anve(D2 N Cy) + A (DN Cy) < 4.

Suppose A\yp (D2 N Cs) < 1. Since £ € cl(D; U Ch), it follows that Ay (Dy N Co) < 1.
Thus Dy N Cy consists of a single point, z. Then

2=11(Co, {f}) <UDy Uz {f}) <T(Dr, {€}) +1 =1,
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a contradiction. We deduce that Ay (D2 N Ca) =2 = Aap (D1 NCY), 50 Apr(D2 N Cy) =
2 = Ay (D1 N CY). By symmetry, Ay (D1 NCy) =2 = Ay (DN CY).

Clearly each of Do N and Dy N Cy contains at most one element of Np. As |Ds| > 3,
we deduce from Lemma 95 that Dy contains no points. Hence, some Z in { DoNCY, DoNCy}
contains at least two elements. Then Z is a non-Np-3-separator of M. O

For the rest of the proof of Theorem 57, we will use the c-minor Ny of M found in the
last lemma. To avoid cluttering the notation, we will relabel Ny as N.

Lemma 97. Let Y7 be a minimal non-N-3-separating set in M with |Y1| > 3, and let
X, = E(M) —Y;. Suppose € is an element of Yy such that M\{ has N as a c-minor. Let
(A, B) be a 2-separation of M\ where A is the N-side and |B| = u(f). Then one of the
following holds.

(Z) )\M\Z(Yi — 6) = 1,’ or
(ii) B C Yy —4; or

(iii) (A, B) crosses (X1,Y1 =€) and Aype(AN (Y1 = 0)) =1 = Mpe(BN (Y = 1)), while
/\M\g(A N Xl) =2 = )\M\g(B N Xl) = )\M\£<Yi — E)

Proof. Assume neither (i) nor (ii) holds. Then ¢ € cl(Y; —¥¢) and B € Y, — (. If B C X},
then Ay (B) = 1, a contradiction. If B D Y; — ¢, then Ay (A) = 1, a contradiction.
Finally, observe that |X; N A| > 2 since |E(N)| > 4 and X; and A are the N-sides of
their separations. We conclude that (A, B) crosses (X1,Y; — /).

By Lemma 87, |B| > 3. By Lemma 95, B contains no points. Now App (BN X;) > 2
otherwise, as ¢ € cl(Y; —¢), we get the contradiction that A\, (BNX;) = 1. By uncrossing,
we deduce that Aype(A N (Y7 —¢)) < 1. Since [ Xy N A|] > 2, we get, similarly, that
Ane(ANXy) 22,50 (BN (Yr =€) < 1. As M\{ is 2-connected, we deduce that
)\M\g(A N (Yi — é)) =1= )\M\g(B N (Yi — 6)) Hence )\M\g(A N Xl) =2= )\M\g(B N Xl)
We conclude that (iii) holds. Hence so does the lemma. O

11 Finding big enough 3-separators

In this section, we first establish 63, which is restated in the next lemma. We also start
the proof of 65. That proof will be completed in Section 12.

Lemma 98. M has a minimal non-N -3-separator with at least three elements.

Proof. Assume every minimal non-N-3-separating set has exactly two elements. Let {a,b}
be such a set, Z. Then both of its members are lines. We may assume that b ¢ E(N).
Suppose first that 7(Z) = 2. Then a and b are parallel lines. Suppose that N is a c-minor
of M/b. Since a is a loop of M /b, we deduce that a ¢ E(N) so M\a has N as a c-minor.
Since M\a is 3-connected, this is a contradiction. We may now assume that M\b has N
as a c-minor. Since it is 3-connected, we have a contradiction that implies that r(Z) > 2.
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Suppose next that r(Z) = 4. Then r*(Z) = ||Z||+r(E—Z)—r(M) = 4—2 = 2. Hence
Z consists of a pair of parallel lines in M*, so we obtain a contradiction as above. We
may now assume that 7(Z) = 3. Then Z is a prickly 3-separating set and, by Lemma 54,
M | bis 3-connected. Hence M | b has no c-minor isomorphic to V.

Now M\bor M/bhas N as a c-minor. We begin by assuming the former. Let (SUa,T)
be a non-trivial 2-separation of M\b with a ¢ S. Suppose the non-N-side of (S Ua,T)
has u(b) elements. By Lemma 87, u(b) > 3. We have r(SUa) +r(T) —r(M) = 1. As
N({a},{b}) =1 and M is 3-connected, r(SUaUb) =7r(SUa)+ 1, so

An(T) = 2. (34)

Moreover,
r(SUa)=>r(S)+1

otherwise r(S Ua) = r(S) so r(E —b) = r(E — {a,b}), a contradiction.
Next we show the following.

98.1. Suppose M\b has a 2-separation (S7,S3) where S is the N-side and Sy contains a
prickly 3-separator {u,v} where v ¢ E(N). Then M\b | u is not 2-connected.

Suppose M\b | wu is 2-connected. Now M\b = M; @9 M, where M; has ground set
S; Up. Since M\b | u is 2-connected, Myppyu(S1,S2 —u) = 1. Then, by Lemma‘51(iii),
M\b | u has a special N-minor. By Lemma 54, M | u is 3-connected. Since it has a
c-minor isomorphic to N, we have a contradiction. Thus 98.1 holds.

Now suppose that 7" is the N-side of (S Ua,T). Then, by Lemma 95, S U a contains
no points. Assume that r(SUa) =r(S)+ 1. Asr(SUa)+r(T) — r(M\b) = 1, we see
that

[r(S)+ 1] +r(T) — [r(M\b,a) + 1] = 1.
Hence M(S,T) = 1, so, by Lemma 51(i), M\b\a has a special N-minor. As {a,b} is a
prickly 3-separating set, we see that M\b\a = M | b\a so M | b has a c-minor isomorphic
to N, a contradiction.

Next we consider the case when T is the N-side of (SUa,T), and r(SUa) = r(S) + 2.
Then 7(S) + r(I'UaUb) = (M) + 2. Thus S is a non-N-3-separator and so contains a
minimal such set, {u,v} where u ¢ E(N). From above, we know that {u,v} is a prickly
3-separator of M. By 98.1, M\b | u is not 2-connected. Now M\b | v = M | u\b. Let
(J, K) be a 1-separation of M | u\b with a € J. Then r,(J Ub) < rarpu(J) + 1. Thus

sy (JUD) + mapg(K) — (M L w) < [rapu(J) + rarpu(K) — m(M ] u\b)]
+ [L+r(M L u\b) —r(M | u)]
=14 r(M | u\b) —r(M | u).

By Lemma 54, M | u is 3-connected, so r(M | u\b) = r(M | u), and K consists of a
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single point, k, of M | u. Then

L=ryu(J) +rapu({E}) — (M ] u\b)
= ragu(E — {0, u, k}) + rau({k}) — r(M | u)
=r(E—{bk})—1+r({k}) —r(M)+1
=r(E—{bk})+r({k}) —r(M\b).

Hence {k} is 1-separating in M\b. Thus k contradicts Lemma 58.

When M\b has N as a c-minor, it remains to consider the case when SUa is the N-side
of (SUa,T). As u(b) = 3, it follows that |T| > 3. By (34), Ay (7)) = 2. By assumption,
T contains a minimal non-N-3-separating set 7”. The latter consists of a pair, {u, v}, of
lines that form a prickly 3-separating set. We may assume that u ¢ E(N). Now M\b is
certainly 2-connected. By Lemma 54, M | u is 3-connected. Since M({a},{b}) = 1, it
follows that M | u\b is 2-connected, a contradiction. We conclude that M\b does not
have a c-minor isomorphic to N.

We now know that M /b has N as a c-minor. Moreover, M* has N* as a c-minor and
has {a, b} as a prickly 3-separating set; and (M/b)* = (M*\b)’. This means we can use
(M*, N*, M*\b) in place of (M, N, M\b) in the argument above to complete the proof of
the lemma. O

The argument to establish that M has a minimal non- N-3-separator with at least four
elements is much longer than that just given since it involves analyzing a number of cases.
We shall use three preliminary results. In each, we denote F(M) —Y; by Xj.

Lemma 99. Let Y] be a minimal non-N -3-separator with exactly three elements. Suppose
¢ €Yy, and M\l has N as a c-minor. Let (A, B) be a 2-separation of M\{ where A is
the N-side and |B| > 3. Suppose £ € cl(Yy — (). Then (A, B) crosses (X1,Y1 —{) and
Ane(X1 N A) = 2. Moreover, Y1 N B consists of a single line.

Proof. As ¢ € cl(Yr — (), we see that Ay (Y1 — ¢) = 2. To see that (A, B) crosses
(X1,Y1 — ), note first that, as |Y; —¢| = 2 and |A|,|B| > 3, neither A nor B is contained
in Y; — ¢. Moreover, Y; — ¢ is not contained in A or B otherwise (AU {, B) or (A, BUY)

is a 2-separation of M, a contradiction. Hence (A, B) crosses (X3, Y — ).
As |[E(N)| = 4, we see that | X; N A| > 2. Then

Amne(X1NA) =2

otherwise, as ¢ € cl(Y; — (), we get the contradiction that Ay (X;NA) < 1. By uncrossing,
Ane(Yr N B) < 1. By Lemma 95, B contains no points, so Y3 N B contains no points. As
Y1 — €| = 2, we see that Y} N B consists of a single line. O

Lemma 100. Let Y7 be a minimal non-N -3-separator with exactly three elements. If Yy
contains a line { such that M\{ has N as a c-minor, then Y consists of three lines.

Proof. Assume that the lemma fails. Let (A, B) be a 2-separation of M\¢ where A is the
N-side and |B| > 3. First we show that
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100.1. ¢ € cl(Yy — 0).

Assume that £ & cl(Y; —/). Then (X7,Y; —/{) is a 2-separation of M\{ with |Y; —¢| = 2.
By Lemma 95, we may assume that Y7 — ¢ consists of a series pair {y;,y2} of points. Now
r(M\l) =r(M) =r(Xy) + 1, so r({{,y1,y2}) = 3. Moreover, for each i in {1, 2}, we see
that M\(/y;, and hence M/y;, has a special N-minor.

As the theorem fails for M, we know that M /y; is not 3-connected. Now M /y; is
certainly 2-connected. Let (J, K) be a 2-separation of it where we may assume that
0 € J. Now rapy, ({4, y;}) = 2 where {i,j} = {1,2}.

Suppose 7rr/y, ({€}) = 2. Assume y; € K. Then (J Uy;, K —y;) is a 2-separation of
M /y; unless K —y; consists of a single point. In the exceptional case, y; is in a parallel pair
of points in M/y;. Hence M\y; has a special N-minor. As M /y; also has such a minor,
we contradict Lemma 58. We deduce that we may assume that J contains {¢,y;}. Then
r(JUy) +r(KUy;) =r(M)+2,so r(JUy;, K) is a 2-separation of M, a contradiction.

We may now assume that s/, ({¢}) = 1. Then y; lies on the line £. Since this must
be true for each i in {1,2}, we see that r({{,y1,y2}) = 2, a contradiction. We deduce
that 100.1 holds.

By Lemma 99, we know that (A, B) crosses (Xi,Y7), that Apype(X:1 N A) > 2, and
that Y7 N B consists of a single line. As the lemma fails, AN (Y] — ¢) consists of a single
point, a. As Ay e(X1NA) > 2 and A\yp(A) = 1, we deduce that 7(A —a) = r(A) and
r(BUa) =71(B)+ 1. Hence a € cl(X;). Thus Y] — a is a minimal non-N-3-separator, a
contradiction. 0

The next lemma verifies 64.

Lemma 101. Let Y] be a minimal non-N -3-separator having exactly three elements. Then
Y] consists of three lines.

Proof. As |Y1 N E(N)| <1, at least two of the elements of Y] are not in E(N). Let ¢ be
one of these elements. Suppose ¢ is a line. If M\¢ has N as a c-minor, then the result
follows by Lemma 100. If M/¢ has N as a c-minor, then (M*\¢)’, and hence M*\/ has
N* as a c-minor and again the result follows by Lemma 100.

We may now assume that ¢ is a point. By switching to the dual if necessary, we may
assume that M\¢ has N as a c-minor. Let (A, B) be a 2-separation of M\{¢ where A is
the N-side and |B| > 3. Next we show that

101.1. £ ¢ cl(Y; — 0).

Assume ¢ € cl(Y; —¢). Then, by Lemma 99, we know that (A, B) crosses (X1, Y; —¥{),
that Ay e(X1NA) > 2, and that Y, N B consists of a single line, say m. Now |[BNX;| > 2
since |B| > 3. Then

)\M\g(B N Xl) > 2

otherwise, since ¢ € cl(Y; — ¢), we deduce that A\ (B N X;) > 1, a contradiction. By
uncrossing, Apyne(Y1NA) < 1.

Since |Y1| = 3 and Y; N B consists of the line m, we deduce that AN (Y; — ¢) consists
of a single point, say a, otherwise one of the elements of Y; — £ is a line that is not in
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E(N) and we have already dealt with that case. As App (X1 N A) > 2 and Ay e(A) =1,
we deduce that
r(A—a)=r(A) and r(BUa)=r(B)+ 1. (35)

Hence
a € cl(X). (36)

We may assume that m € E(N) otherwise m is removed in forming N and that case was
dealt with in the first paragraph.

Now Y = {a,¢,m}. As m € B, it follows by (35) that r({m,a}) = 3. Moreover, as
{m,a} =Y, —Cand ¢ € cl(Y; —¥), we deduce that r(Y;) = 3. By (36), r(X1Ua) = r(X,).
We deduce that

r({a,f,m}) =r({¢,m}) =3 and r(X;Ua)=r(M)—1. (37)

Since m € E(N), it follows that a € E(N). Suppose that M\{¢/a has N as a c-minor.
Still as part of the proof of 101.1, we show next that

101.2. M/a is the 2-sum with basepoint ¢ of two 2-polymatroids, one of which consists of
the line m having non-parallel points ¢ and ¢ on it.

By (37), ({¢,m}, X;) is a 2-separation of M /a. Thus M/a is the 2-sum with basepoint
q of two 2-polymatroids, one of which, @) say, consists of the line m having points ¢ and
¢ on it. Suppose ¢ and ¢ are parallel points in Q). Then ({m}, X; U /) is a 2-separation
of M/a. Tt follows that ({m}, X; UfUa) is a 2-separation of M, a contradiction. Thus
101.2 holds.

By 101.2, both M /¢ and M\¢ have N as a c-minor, a contradiction to Lemma 58.

We now know that N is a c-minor of M\f\a. In that 2-polymatroid, {m} is 2-
separating so, in the formation of N, the element m is compactified. As the next step
towards showing 101.1, we now show that

101.3. Mim is 3-connected.

To see this, it will be helpful to consider the 2-polymatroid M; that is obtained from
M by freely adding the point m’ on m. By definition, M| m = M;/m;. Certainly M is
3-connected, so M, /m/ is 2-connected. Assume it has a 2-separation (U, V) where m € U.
Then
r(UUum')+r(Vum')—r(M) = 2.

But »(U Um’) = r(U). Hence r(V Um’) = r(V) otherwise M; has a 2-separation, a
contradiction. But, as m’ was freely placed on m, we deduce that »(V Um’ Um) =
r(Vum') = r(V). Now, in M;\m, we see that {¢,m'} is a series pair of points. As
m’ € cl(V), it follows that ¢ € V. Then r(U —m) < r(U) since {m} is 2-separating in
M\{. Now r(U—m) = r(U)—1 otherwise r(U—m) = r(U)—2 and (U—m, VU{m’,m}) is
a l-separation of My. As (U —m,V U{m/,m}) is not a 2-separation of Mj, it follows that
U —m consists of a single point u and r({u, m}) = 2. Thus, in M\¢, when we compactify
m, we find that u and m are parallel. Since m € E(N), we see that u ¢ E(N). Moreover,
M\u has N as a c-minor. Since u lies on m in M, we deduce that M\u is 3-connected
having N as a c-minor. This contradiction completes the proof of 101.3.
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Now, in M;/m/, the elements a, ¢, and m form a triangle of points. We know that
M, /m/\{ is not 3-connected otherwise (M\/)’ is 3-connected having N as a c-minor.
Because M\a has N as a c-minor, M\a is not 3-connected, so M;\a is not 3-connected.
Still continuing with the proof of 101.1, we show next that
101.4. My\a/m’ is not 3-connected.

Let (G, H) be a 2-separation of M;\a with m in G. Then (GUm',H —m/) is a
2-separation of M;\a unless H consists of two points. In the exceptional case, 7(H) = 2
so 7(G) = r(M) — 1. But then a U (H —m/) is a series pair in M, a contradiction. We
conclude that we may assume that m’ € G. Then ¢ € H, otherwise, by (37), (GUa, H)
is a 2-separation of M, a contradiction.

Observe that G # {m, m'} otherwise {m} is 2-separating in M\« and so, as a € cl(X;),
we obtain the contradiction that {m} is 2-separating in M.

Now

Tai\asm (G — M) + rapayme (H) — r(Mi\a/m') = r(G) +r(HUm') — 1 — r(Mi\a). (38)

Suppose that r(H Um') = r(H). Then r(H Um' Um) =r(H) as m' is freely placed
on m. Thus, as G 2 {m,m'} and {m} is 2-separating in M\{\a, we see that (G'—m —
m', H U {m,m'}) is a l-separation of M;\a. Therefore (G —m —m/,H U {m,a}) is a
1-separation of M, a contradiction.

We now know that r(HUm') = r(H) + 1. Then, as (G, H) is a 2-separation of M;\a,
it follows by (38) that (G — m/, H) is a 2-separation of M;\a/m’ unless either |H| = 1
and 7y, e (H) = 1, or |G —m/| = 1 and 7y, /(G —m') = 1. Consider the exceptional
cases. The first of these cannot occur since m’ is freely placed on m; the second cannot
occur since it implies that G = {m,m’}, which we eliminated above. As neither of the
exceptional cases occurs, M;\a/m’' has a 2-separation and so 101.4 holds.

Recall that M;/m’ = M| m. In this 2-polymatroid, we have {a, ¢, m} as a triangle
such that the deletion of either a or ¢ destroys 3-connectedness. Hence, by Lemma 42,
there is a triad of M;/m’ that contains a and exactly one of ¢ and m. Assume this triad
contains ¢. Thus, in M\¢| m, we have that a is in a series pair with some element b.
Then M\//a has N as a c-minor, so a is a doubly labelled point of M, a contradiction
to Lemma 58. We deduce that M;/m’ has a triad containing {a,m} but not ¢. Then
M, /m/\{, which equals M\ m, either has a triad containing {a, m} or has a in a series
pair. This is straightforward to see by considering the matroid that is naturally derived
from M\l m and using properties of the cocircuits in this matroid. Now a is not in
a series pair in M \l{ m otherwise we again obtain the contradiction that a is a doubly
labelled point. We deduce that M\£] m has a triad containing {a, m}. Since m € B and,
by (35), r(A — a) = 7(A), we must have that the third point, b, of this triad is in A — a.

Now M\¢] m has (A, B) as a 2-separation and has {a, b, m} as a triad with {a,b} C A.
Thus (AUm, B —m) is a 2-separation of M\ m. Since £ is in the triangle {a,m, ¢} in
M| m, it follows that (AUm U ¢, B —m) is a 2-separation of M| m. This contradiction
to 101.3 completes the proof of 101.1. B

Since ¢ & cl(Yr — (), we deduce that (X; U ¢, Y; — () is 3-separating in M. By the
argument in the first paragraph of the proof of the lemma, Y} — ¢ does not consist of
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two lines; and, if it contains one line, that line is in E(NN). Moreover, (X;,Y; — /) is a
2-separation in M\/.
101.5. Y]} — ¢ does not consist of a point and a line.

Assume that Y; — ¢ consists of a line k and a point y. Then k € E(N), soy € E(N).
If r(Y; — £) = 2, then M\/\y, and hence M\y, has N as a c-minor. Since y is on the line
k, we see that M\y is 3-connected, a contradiction. We deduce that r(Y; —¢) = 3. Hence

r(Xy)=r(M)—2 and r(X;U/l)=1r(M)—1. (39)

Now M\/ is the 2-sum with basepoint p, say, of two 2-polymatroids, My and My,
with ground sets X; Up and (Y] — ¢) Up, respectively. Then r(My) = 3. Moreover, y does
not lie on k in My, otherwise My is not 2-connected, a contradiction to Proposition 47.
Thus M*\y has N* as a c-minor. Then, by applying 101.1 to M*\y, we deduce that
y & cly+ (Y1 —y). Thus r*(Y) —y) = r*(Y1) — 1. It follows that r(X; UlUy) = r(X; U /).
But (X UlUy) = r(M\k) = r(M) yet (X, U¥) = r(M) — 1. This contradiction
completes the proof of 101.5

We now know that Y; — ¢ consists of a series pair of points, say y; and y,. Now
r(M\f) = r(M) = r(Xy) + 1. Also r({¢,y1,v2}) = 3. Thus {¢,y1,92} is a triad of M.
Moreover, both M /y; and M /y, have special N-minors. Thus neither is 3-connected. By
Lemma 42, M has a triangle that contains y; and exactly one of y, and ¢. Likewise, M
has a triangle that contains ys and exactly one of y; and ¢. Thus either

(i) M has a triangle {y1,ys, 2}; or
(ii) M has triangles {yi, ¥, z1} and {y2, ¢, 2o} but no triangle containing {y1, y2}.

In the first case, M /y; has {2, 2} as a pair of parallel points. Hence M \y; has a special
N-minor. Thus y, is doubly labelled, a contradiction. We deduce that (ii) holds. Thus M
contains a fan xy, zy, ..., x, where (1, z9, 3,24, T5) = (22, Y2, ¢, Y1, 21). Hence M/xs has
a c-minor isomorphic to N. Then, by Lemmas 43 and 58, we obtain a contradiction. [

We complete the proof of 65 by analyzing the various possibilities for a minimal non-
N-3-separator consisting of exactly three lines.

12 Finding a minimal non- N-3-separator with at least four ele-
ments

In this section, we finish the proof of 65. We begin by restating that assertion.
Lemma 102. M has a minimal non-N -3-separator with at least four elements.

By Lemma 101, a minimal non-/N-3-separator of M with exactly three elements con-
sists of three lines. To prove Lemma 102, we look at the number of these lines that
have local connectivity one with the other side of the 3-separator and then systematically
eliminate all possibilities.
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We have (X1,Y]) as a 3-separation of the 3-connected 2-polymatroid M. We shall
consider the extension M + z of M that is obtained by adjoining the line z to M so that
z is in the closure of each of X; and Y; in M + z. To see that this extension exists,
we note that, by building on a result of Geelen, Gerards, and Whittle [3], Beavers |1,
Proposition 2.2.2] showed that, when (A, B) is a 3-separation in a 3-connected matroid
@, we can extend ) by an independent set {21, 25} of size two so that these two points are
clones, and each lies in the closure of both A and B in the extension )’. By working in
the matroid naturally derived from M, we can add z; and z5. This corresponds to adding
the line z to M to form M + z where z = {z1, 22 }.

More formally, recall that the natural matroid M’ derived from M is obtained from
M by freely adding two points, s, and t;, on each line ¢ of M and then deleting all
such lines (. After we have extended M’ by z; and z3, we have a matroid with points
{z1,20y U{p : pisapoint of M} U {sy,t, : ¢isaline of M}. Taking z = {21, 22}, we
see that M + z is the 2-polymatroid with elements {2z} U {p : pis a point of M} U {¢ :
¢is aline of M} = {2z} UE(M). We call M + z the 2-polymatroid that is obtained from
M by adding the guts line z of (X1,Y7).

When we have Y] as a minimal non-/N-3-separator of M consisting of three lines, we
look at (M + z)|(Y1 U z). This 2-polymatroid consists of exactly four lines.

Lemma 103. (M + z)|(Y1 U 2) has no parallel lines, so rar4.(Y1 U z) > 3.

Proof. Suppose a and b are parallel lines in Y;. Then we may assume that b ¢ E(N).
Now M\b or M/bhas N as a c-minor. In the latter case, as a is a loop of M/b, it follows
that a« € E(N) and M\a has N as a c-minor. We conclude that M\b or M\a has N as
a c-minor. Since each of M\b and M\a is 3-connected, we obtain the contradiction that
the theorem holds. Thus Y] contains no pair of parallel lines.

Suppose z is parallel to some element y of Y;. Then (X; Uy, Y; —y) is a non-N-3-
separator of M contradicting the minimality of ;. Thus (M + z)|(Y1 U z) has no parallel
lines and the lemma holds. O]

Lemma 104. r(Y;) > 3.

Proof. Assume that (Y1) = 3. Then ry4.(Y1Uz) =3, s0 N({z},{y}) =1 for all y in Y.
Moreover, r(Y; —y) = 3 = r(Y7) for all y in Y.

Suppose that y € Y7 — F(N) and N is a c-minor of M/y. Then the remaining two
elements, y; and y,, of Y are parallel points in M/y. We may assume that y; ¢ E(N).
Thus M\y; has N as a c-minor. We conclude that N is a c-minor of M\y for some
element y of Y;. We now focus on this element .

Let (R, G) be a non-trivial 2-separation of M\y, that is, Aypn,(R) = 1 and both R and
G have at least two elements. We show next that

104.1. (R, G) crosses (X1,Y) —y).

If RC Xy, then G DY, —ysoy € cly(G) and (R, GUy) is a 2-separation of M. This
contradiction implies, using symmetry, that both R and G meet Y; — y.

Suppose RN X; = (). Then R consists of single line, so (R, G) is a trivial 2-separation.
This contradiction, combined with symmetry, completes the proof of 104.1.
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Let Y7 —y = {a,b}. We may assume that « € R and b € G. Now, as y € cl(Y; — y),
we see that A\yp, (Y7 —y) = 2. Thus
1+2 = Ay (R) + Aang (Y1 — y)
= Any({a}) + Aang (RU (Y1 — )
= )\M\y({a}) + )\M\y(G N Xy).
We know 7(E — Yy) = r(X;) = (M) — 1 since r(Y1) = 3. Thus r(F — {y,a}) =
r(X;Ub) =r(M). Hence
Mng({a}) =r({a}) +r(E —{y,a}) —r(E—y) =r({a}) = 2,

so Ay (GNXy) < 1. But y € cl({a, b}) so Ay (GNX;) < 1. By symmetry, Ay (RNX;) <
1. We conclude that |G N X;| <1 and |[RN X;| <1, so | X;| < 2. This is a contradiction
since |E(N)| > 4. We conclude that the lemma holds. O

Lemma 105. 7y, (Y1 Uz) = ry(Y)) = 4.
Proof. We know that ry., (Y1 U z) = ry (Y1) > 4. Suppose ry(Y7) = 5. Then 7y, (X7) <
r(M) — 3, so
rae (V1) = D r({y}) + ran(X1) = r(M) < 6+ r(M) = 3 —r(M) = 3.
yeY1

By using M* in place of M, we get a contradiction to Lemma 104. We conclude that the
lemma holds. O

We will now work with the 2-polymatroid (M + z)|(Y; U 2z), which we rename P. This
has rank 4 and consists of four lines.

Lemma 106. If BCY; and A=Y, — B, then
|_|P(AU zZ, B) = |_|M+Z(AUX1 U Z,B)

Proof. Since P = (M + z)|(Y1 U 2), we can do all of these local connectivity calculations
in M+ 2. Now MAUz, X;) =N(AU 2z, X, Uz), so

2=V Uz X)) >2NAUzX;)=MN(AUz X;Uz) > 2.

Thus
r(AUz)—2=r(AUzUX;) —r(Xy).

Hence
AUz)+r(B)—r(AUzUB)
AUuzUXy) —r(Xy)+24+r(B) —r1)
AUzUXy) 4+ r(B) —[r(X1) + (Y1) — 2]
AUzUXy)+r(B) —r(M)
=MN(AU X, Uz, B). O
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Lemma 107. P is 3-connected.

Proof. From the last lemma, if (A, B) is a k-separation of P for some k in {1,2} and
z € A, then (AU X, Uz, B) is a k-separation of M + z, a contradiction. n

Lemma 108. Ify € Y7 and N(Xy,{y}) =1, then r(Y; —y) = 4.

Proof. By Lemma 103, r(Y; —y) > 2. If r(Y1—y) = 3, then (X Uy, Y1 —y) is a 3-separation
violating the choice of (X71,Y}). O

Lemma 109. Suppose y € Yy, and r(Y1 —y) = 4. If m is a line such that {m} is
2-separating in M\y, then m € Y1 —y.

Proof. We have 1 =r({m})+r(E—{y,m}) —r(M\y). Thus r(E —{y,m}) =r(M)— 1.
Suppose m € Y)—y. Then E—{y, m} contains Y; —y and so spans y. Thus r(E—{y, m}) =
r(M\m) = r(M), a contradiction. O

The next four lemmas will help eliminate many of the possibilities for P. Let a, b, and
¢ be the lines in P other than z.

Lemma 110. If ¢ is skew to Xy in M, and M/c has a and b as parallel lines, then M/c
s 3-connected.

Proof. Assume (A, B) is a k-separation of M /c for some k in {1,2} where |A| < |B|. If
{a,b} C Z for some Z in {A, B}, and {Z, W} = {A, B}, then r(ZUc)+r(WUc)—r(M) =
k+ 1. But ¢ is skew to W since W C X, so (Z Uc¢,W) is a k-separation of M, a
contradiction. We may now assume that a € A and b € B. Then (AUb, B —b) is a k-
separation of M/c with {a,b} C AUb and this possibility has already been eliminated. [

Lemma 111. If ¢ is skew to each of a, b, and X, in M, then M/c has no c-minor
1somorphic to N.

Proof. We see that M/c has a and b as parallel lines. Since (M, N) is a counterexample
to the theorem, we obtain this lemma as a direct consequence of the last one. O]

Lemma 112. Assume that M\b has a c-minor isomorphic to N and that P\b has rank
4, has ¢ skew to each of a and z, and has N({a},{z}) = 1. Then M/c has a c-minor
1somorphic to N.

Proof. Let (A,C) be a non-trivial 2-separation of M\b. If {a,c} is contained in A or C,
then M has a 2-separation, a contradiction. Thus we may assume that a € A and c € C.
Because ¢ is skew to z in P, and C' — ¢ C X in M\b, we see that ¢ is skew to C' — ¢ in
M\b. Thus (AUc, C — c¢) is 2-separating in M\b. Hence (AUcUDb, C' — ¢) is 2-separating
in M. Thus C — ¢ consists of a point d of M. Now, by Lemma 109, the only 2-separating
lines in M\b can be a and ¢. But a is not 2-separating. Thus (M\b)’ = M\bl ¢, so ¢
is a point of M\b} c. The rank of this 2-polymatroid is 7(M) — 1, and it has {c,d} as a
series pair since A has rank r(M) —2 in it. Thus M\b| ¢/c, and hence M /¢, has a c-minor
isomorphic to N. - O
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Lemma 113. IfN({a},{z}) = 1 and both b and ¢ are skew to each other and to z, then
M\a has no c-minor isomorphic to N.

Proof. Assume that M\a has a c-minor isomorphic to N. Let (B,C) be a k-separation
of M\a for some k in {1,2}. If B or C contains {b,c}, then M has a k-separation. Thus
we may assume that b € B, that ¢ € C, and that |B| > |C|. As b is skew to z in P, we
deduce that b is skew to B — b in M\a. The partition (B —b,C UbU a) of E(M) now
shows that M is not 3-connected, a contradiction. O

By Lemma 103, for all y in Y;, we have M({y},{z}) € {0,1}. We shall treat the
possibilities for P based on the number § of members y of Y; for which N({y}, {z}) = 1.
The most difficult case is when 8 = 3 and we will treat that after we deal with the cases
when 6 = 2 and when 6 = 1.

Lemma 114. 6 # 2.

Proof. Suppose that M({a},{z}) = 1 = N({b},{z}) and N({c},{z}) = 0. Then, by
Lemma 108, r({b,c¢}) = 4 = r({a,c}). Thus, by Lemma 111, M/c has no c-minor
isomorphic to N. By Lemma 112, neither M\a nor M\b has a c-minor isomorphic to N.
Thus, without loss of generality, we may assume that M/a has a c-minor isomorphic to
N. Now, in M/a, we have {b,c} as a 2-separating set where ¢ is a line and b is either a
point on that line or is a parallel line. Thus, by Lemma 51, M /a\b, and hence M\b, has
a c-minor isomorphic to NV, a contradiction. O]

We can exploit duality to eliminate the case when 6 = 1.
Lemma 115. 6 # 1.

Proof. Suppose that M({a},{z}) = 1 and N({b},{z}) = 0 = MN({c},{z}). Then, by
Lemma 108, r({b,c}) = 4. By Lemma 35, M*({y}, X1) = A\y(vi—y) ({y}) for y in 3. Since
{b,c} spans a in M, we deduce that M*({a}, X;) = 0. If 0*({b}, X7) = 1 = *({c}, X1),
then # = 2 in M* so the result follows by Lemma 114. Thus, we may assume, by symmetry,
that M*({b}, X1) = 0. Hence {a, c} spans b in M, so r({a,c}) = 4. Thus, by Lemma 111,
M /c does not have a c-minor isomorphic to N. By Lemma 112, M\b has no c-minor
isomorphic to N. If M({a}, {b}) = 0, then, by symmetry, the argument of the last two
sentences shows that neither M /b nor M\c has a c-minor isomorphic to N. Thus both b
and ¢ must be in every c-minor of M isomorphic to N, a contradiction. We deduce that
N{a}, {0}) = 1.

By Lemma 113, M\a has no c-minor isomorphic to N. Suppose M /a has a c-minor
isomorphic to N. In M/a, we see that {c, b} is a 2-separating set with ¢ as a line and b
as a point on it. Hence, by Lemma 51, M/a\b, and so M\b, has a c-minor isomorphic to
N, a contradiction. We conclude that M /a has no c-minor isomorphic to N. It follows
that a is in every c-minor of M isomorphic to N. Thus M /b has N as a c-minor. In M/b,
we see that a is a point on the line c. Suppose that a is parallel to some point e, say.
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Then e € X;. Moreover, M/b\e, and hence M\e, has a c-minor isomorphic to N. Now
r(X; U{a,b}) =r(X;) + 2. Thus

r(X1)+1+3=r(X1Ua)+r({a,b,e})
> r({a,e}) +r(X1U{a,b})
=r({a,e}) +r(X1) + 2.

Hence r({a,e}) = 2, so e lies on a in M. Thus M\e is 3-connected having a c-minor
isomorphic to NV, a contradiction. We deduce that, in M /b, the point a is not parallel to
another point, so M /b is simple.

We complete the proof by showing that M /b is 3-connected. Suppose it has (A, C) as
a 2-separation. If A or C, say A, contains {a,c}, then b is skew to C, so (AUb,C) is a
2-separation of M, a contradiction. Thus, we may assume that a € A and ¢ € C. Then,
as a is a point on the line ¢ in M /b, we see that (A — a,C' Ua) is 2-separating in M/b. It
is not a 2-separation otherwise we obtain a contradiction as before. It follows that A is a
parallel pair of points in M /b, contradicting the fact that M /b is simple. O

Next we eliminate the case when § = 3. The core of the argument in this case mimics
the argument used to prove Tutte’s Triangle Lemma for matroids (see, for example, [14,
Lemma 8.7.7]).

Lemma 116. 6 # 3.

Proof. Assume that N({a},{z}) = N({b},{z}) = N({c},{z}) = 1. Then, by Lemma 108,
r({a,b}) = r({b,c}) = r({a,c}) = 4. First we show the following.
116.1. Y] has at least two members y such that M\y has a c-minor isomorphic to N.

Assume that this fails. Since |Y; — E(N)| > 2, there is an element, say a, of Y1 — E(NV)
such that M/a has N as a c-minor. In M/a, we see that b and ¢ are parallel lines and {b, ¢}
is 2-separating. Thus, by Lemma 51, each of M /a\b and M /a\c have special N-minors.
This contradiction implies that 116.1 holds.

We now assume that both M\a and M\b have special N-minors. Clearly, M\a has b
and ¢ as 2-separating lines, and, by Lemma 109, these are the only 2-separating lines in
M\a. Thus (M\a)’ = M\a} bl c. Symmetrically, (M\b)” = M\bl.alc. As the theorem
fails, neither (M\a)” nor (M\b)" is 3-connected. Thus each of M| c\a and M| c\b have
non-trivial 2-separations. It will be convenient to work in the 2-polymatroid M| ¢, which
we shall rename M,. Let (X,,Y,) and (X3, Y};) be non-trivial 2-separations of M \a and
M_\b, respectively, with b in Y, and a in Y.

Now it is straightforward to check the following.

116.2. If Z C X, and e € {a, b}, then My (Z,{e}) = M. (Z,{e}).

We deduce that
116.3. My (X1, {a}) =1 =My, (X1, {b}).

Next we show that
116.4. c € X, N X,
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Suppose ¢ in Y,. Since {¢, b} spans a in M., it follows that (X,, Y,Ua) is a 2-separation
of M. and hence of M, a contradiction. Thus ¢ € X, and, by symmetry, 116.4 holds.

116.5. For Z C Xy, if My (Z,{a}) =1 =Ny (Z,{b}), then My (Z,{a,b}) = 2.
Assume My (Z,{a,b}) < 2. Then My (Z, {a,b}) = M (Z, {a}) = 1. Thus
r(Z) +r({a,b}) —r(ZU{a,b}) =r(Z)+r({a}) —r(Z Ua),
sor({a,b}) —r({a}) =r(ZU{a,b}) —r(ZUa). Hence b is skew to Z U a, so b is skew to
7, a contradiction. We deduce that 116.5 holds.
116.6. For Z C X, if My (Z,{a}) =1 = My (Z,{b}), then My (Z, {a,b}) = 2.
By 116.2, My (Z, {a}) = Ny (Z,{a}). Moreover,

M (Z,{a,b}) = 1o (Z) + . ({a, 0}) — rar. (2 U{a, b})
=ru(Z) + [ru{a, b)) — 1] = [ru(Z U{a, b}) — 1]
=My (Z,{a,b}).
Thus 116.6 follows immediately from 116.5.
116.7. Assume Z C X; and My, (Z,{a,b}) = 2. Then ¢ € cly, (2).
To see this, note that

ra, (Z U{a,b,c}) =ry (ZU{a,b}) =ry(Z2) +ry.({a,b}) —2=ry(Z) + 1.
By submodularity,
ra, (B —{a,b}) + 1y (ZU{a,b,c}) = r(M.) + ry.(Z Uc).
Thus
r(M.) —1+ry (Z)+12r(M.)+ ry.(ZUec).
Hence ry, (Z) > ry,(Z U c) and 116.7 holds.
116.8. Neither a nor b has a point on it in either M or M..

Assume there is a point e on @ in M. Then M e is 3-connected. Moreover, in (M\b)’,
we see that e is parallel to a so (M\b)’\e, and hence M\e, has a c-minor isomorphic to
N, a contradiction. We conclude that 116.8 holds.

The next step in the proof of Lemma 116 is to show that

116.9. M.\a,b is 2-connected.
Suppose (A, B) is a 1-separation of M.\a, b having ¢ in A. Then

ra(A) + 7 (B) = r(M\a,b) =r(M,) —1=r(M) — 2. (40)
Thus
rau,(AUa) + 7y (B) — r(M,)
= (A) + ra.({a}) — N (A, {a}) + ra(B) — r(Me)

= [rm.(A) +ra(B) —r(Me) + 1] = 1+ ra.({a}) — M (A, {a})
= 0 -1 4 2 — M AAfa}) = 1 — (4 {a}).
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If My (A, {a}) =1, then (AU aUDb, B) is a l-separation of M, and hence of M, a
contradiction. We deduce that My, (A, {a}) =0 and (AU a Ub, B) is 2-separating in M,
and hence in M. Thus B consists of a point, say d, of M. Moreover, ry, (AUa) = r(M.).
Thus, as My, (A, {a}) = 0, we see that

ra, (A) = r(M,.) — 2. (41)
Still working towards proving 116.9, we show next that
116.10. {b,d} is a series pair of points in (M\a)’.
Recall that (M\a)’ = M,\al b. Now

ra, ({d,b}) + o (A) — r(MN\a) <3+ 1r(M,) —2 —r(M,) = 1.

Thus {d, b} is 2-separating in M.\a. It follows that it is also 2-separating in M.\al b, that
is, in (M\a)’. But d and b are points in (M\a)’, which is 2-connected. We deduce by
116.8 that 116.10 holds.

By 116.10, (M\a)’/d, and hence M/d, has a c-minor isomorphic to N. Next we show
that
116.11. (A — ¢,{a,b,c}) is a 2-separation of M\d.

By (41), rar, (A —¢) < r(M,) —2 =r(M) — 3 and 116.11 follows.

It follows from 116.11 and Lemma 40 that M /d is 3-connected unless M has a pair
{e, f} of points such that e and f are parallel in M /d. Consider the exceptional case. Then
M has {d, e, f} as a triangle. Then {e, f} C A—c. Thus, by 116.11, ((A—c)Ud,{a,b,c})
is a 2-separation of M, a contradiction. We conclude that 116.9 holds.

By 116.9, we deduce that

116.12. Ayap(Xa) = 1 = Anrona(Xa) and Aapap(Xp) =1 = A (Xs).

Since r(M:\a,b) = r(M:\a) — 1, it follows from 116.12 and symmetry that
116.13. 7y (Yo — b) = rpp. (Ya) — 1L and rpy (Y — a) = rp (Ys) — 1.

It follows from this, symmetry, and the fact that ry (Y, Uc¢) > ray(Y,) that
116.14. rp (Yo — b) = ryy(Ye) — 1 and ry (Y, — a) = rar(Ys) — 1.

By uncrossing,

2 = Miap(Xa) + Anrap(Ys — )
= )‘Mc\a,b(Xa N (Yb - a)) + )‘Mc\a,b(Xa U (Yb - a))- (42)

116.15. X, NY, # 0 # X, NY,.

Suppose X, NY, = 0. Then Y, —a C Y, —b. Thus, by 116.13, My, (Y, —0,{b}) =1 =
M (Yo—0,{a}). Hence, by 116.6, My, (Yo—0b, {a,b}) = 2. Thus, by 116.7, ¢ € clp, (Y, —D).
It follows that (Y, U ¢, X, — ¢) is 2-separating in M.\a. Thus (Y, UcUa, X, —¢) is 2-
separating in M. As M is 3-connected, we deduce that X, consists of exactly two points,
c and z, say. If ry ({z,c}) = 1, then, in M, we see that x is a point that lies on the
line c. Thus M\z is 3-connected. As (M\a)’ has a c-minor isomorphic to N and has z
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and ¢ as a parallel pair of points, we deduce that M\z has a c-minor isomorphic to N,
a contradiction. We conclude that ry, ({z,c}) = 2. Thus {z} is l-separating in M., a
contradiction. We deduce that X, NY, # () and 116.15 follows by symmetry.

We now choose the non-trivial 2-separation (X,,Y,) of M.\a such that |X,| is a mini-
mum subject to the condition that b € Y,. Since X,NY;, and X, NY, are both non-empty,
we deduce from (42) and symmetry that

Miap(Xa NY3) = 1= Apap(Xp N Y,).

We show next that
116.16. Aypoa(Xa NY5) = 1= Ay (X, N Y,).

We have that 1 = ry (X, N Yy) + 7 (Yo — ) UXy) — r(M\a, b). But r(M\a,b) =
r(MA\a) — 1 and, by 116.13, ra, (Yo — b) = ra (Ya) — 1. Hence 7. (Yo — b) U X)) =
rar (Yo U Xp) — 1. Thus 116.16 follows by symmetry.

By the choice of X, and the fact that b and ¢ are the only 2-separating lines of M\a,
we deduce that X, NY} consists of a single point, say w.

116.17. X, consists of a series pair {w, c} in M \a.

Suppose w ¢ clp (X, — w). Then (X, — w,Y, Uw) violates the choice of (X,,Y,)
unless | X, — w| = 1. In the exceptional case, {w, c} is a series pair in M_.\a.

Now suppose that w € cly, (X, —w). Then w € clp, (Xp). Thus (X, Uw, Y, —w) is a
2-separation of M.\b. But Y, — w avoids X, so we have a contradiction to 116.15 when
we replace (Xp,Ys) by (X, Uw, Y, — w) unless Y, = {a,w}. In the exceptional case, by
116.13, r(Y;) = 2 and we have a contradiction to 116.8. We conclude that 116.17 holds.

Since M \a has {w, c} as a series pair, it follows that M.\a/w has a c-minor isomorphic
to N. Thus so do (M\a)’/w and M/w. In M\a, we have {c, w} and {b} as 2-separating
sets. Now w ¢ cly\o(X1 — w). Hence ry(Xy —w) = ry(Xy) =1 = (M) — 3. As
r(Y1) = 4, we deduce that (X; —w,Y7) is a 2-separation in M\w. Thus, by Lemma 40,
M /w is 3-connected unless M has a triangle T of points including w. In the exceptional
case, T —w C X; — w, so (Xi,Y7) is a 2-separation of M. This contradiction completes
the proof of Lemma 116. O]

Lemma 117. 6 # 0.

Proof. Assume that § = 0. Thus M(Xy,{y}) = 0 for all y in ¥;. We may assume that
M*(X1,{y}) =0 for all y in Y} otherwise, in M*, we have 6 € {1,2,3}. Thus, for all y in
Y1, we have r(Y; —y) = r(Y1) = 4. Then, by Lemma 111, none of M/a, M/b, nor M/c
has a c-minor isomorphic to N. Hence we may assume that a and b are deleted to get
N. But, in M\a,b, we see that {c} is a component, so ¢ can be contracted to get N, a
contradiction. O

Proof of Lemma 102. By Lemma 101, a minimal non-/N-3-separator Y; of M having ex-
actly three elements consists of three lines. Above, we looked at the number 6 of members
y of Y} for which M(Xy,{y}) = 1. In Lemmas 114 and 115, we showed that § # 2 and
0 # 1, while Lemmas 116 and 117 showed that 6 # 3 and 6 # 0. There are no remaining
possibilities for ¢, so Lemma 102 holds. O
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13 Finishing the proof of Theorem 57

By 65, we may now assume that M has a minimal non-/N-3-separator Y; having at least
four elements. As before, we write X; for E(M)—Y;. Our next goal is to prove 66, which
we restate here for convenience.

Lemma 118. Let Y] be a minimal non-N-3-separating set having at least four elements.
Then Yy contains a doubly labelled element.

Proof. Assume that the lemma fails. For each e in Y] — E(N), let v(e) be equal to the
unique member of {u(e), u*(e)} that is defined. Choose ¢ in Y) — E(N) to minimize v(¢).
By switching to the dual if necessary, we may suppose that v(¢) = u(¢). Let (A, B) be
a 2-separation of M\/¢ where A is the N-side and |B| = p(¢). We now apply Lemma 97.
Part (ii) of that lemma does not hold otherwise, by Lemma 93, Y; — ¢ contains a doubly
labelled element.

Assume next that (iii) of Lemma 97 holds. Then App (Y1 —£€) = 2 and App (AN (Yr —
E)) =1= /\M\g(B N (}/1 - E)), while )\M\g<A N Xl) =2= )\M\g(B N X1> Then using the
partitions (AN (Y1 —¥¢), AnNXy, B) and (BN(Y1—¢), BNX;,A) as (A, B,C) in Lemma 34,
we deduce that M(AN (Y1 —¢),ANX;)=1land (BN (Y} —¢),BNX;) = 1.

Now M\/ is the 2-sum of 2-polymatroids M, and Mp having ground sets A U ¢ and
B U g, respectively. Since M\/ is 2-connected, it follows by Proposition 47, that each of
M, and Mp is 2-connected. Now Ap (BN (Y1 —=0)) = Mapne(BN (Y1 —£), (BNX;)UA) =1
and My, (BN (Y: — ), BN X;) = 1. Noting that M\¢ = P(My, Mg)\q, we see that, in
P(Ma, Mpg), we have (BN (Y1 —{),(BNX;)UAUq) = 1. Hence My, (BN (Y1 —4), (BN
X;1)Ugq) = 1. Thus Mp is the 2-sum of two 2-connected 2-polymatroids Mpy and Mp x
having ground sets (BN(Y;—¢))Us and (BNX;)UgUs. Note that Mp = P(Mp x, Mpy)\s.
Let My = P(Mp x,Mgpy) and consider P(M4, My) noting that deleting ¢ and s from
this 2-polymatroid gives M\/.

By Lemma 31(ii),

MA,B)+1(BNX;,BN(Y1 —4)=N(AU(BNX;),BN (Y1 —4)) +1N(A, BN X,).
Since the first three terms in this equation equal one,
N(A,BNX;) =1 (43)

We deduce, by Lemma 51(i) that if y € BN (Y; — {), then M\{¢\y has a special N-minor.
Now Mp x has ¢ and s as points. We show next that

118.1. Mgy, 1 /s({g}) = 0.

Assume that Ay, (/s({q}) # 0. When we contract s in Mp, the set B N (Y; — £)
becomes 1l-separating. Moreover, in Mpy/(B N (Y; — {)), the element s is a loop, so
Mp\s/(BN(Y1—{)) = My/s/(BN(Y1—1{)). It follows that My e/ sy —o (A, BNX;) = 1.
Hence, by Lemma 51(ii), if y € BN (Y; — {), then M\{/y has a special N-minor. Thus
each y in BN (Y; —¢) is doubly labelled. This contradiction completes the proof of 118.1.
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By 118.1, {q, s} is a parallel pair of points in Mg x. From considering P(M, M}y),
we deduce that Ayp (BN X;) = 1. This contradiction implies that (iii) of Lemma 97 does
not hold.

It remains to consider when (i) of Lemma 97 holds, that is, (X7, Y] —/) is a 2-separation
of M\¢. We now apply Lemma 91. By assumption, (i) of that lemma does not hold; if
(iii) holds, then u(y) < w(¢), contradicting the choice of ¢. Thus (ii) of Lemma 91 holds,
that is, M({y}, X1) # 1 for some y in Y} — ¢. Then, by Lemma 90, M(Y; —y, X;) = 0 for
all y in Y7 — . Thus, by Lemma 92 and the choice of ¢, (iii)(b) rather than (iii)(a) of that
lemma holds. Then, with z as in (iii)(b), (X7 — 2, (Y1 — £) U 2) is a 2-separation of M\/¢
having X; — 2z as the N-side. Since z is a point, we have a contradiction to Lemma 95. [

The doubly labelled element found in the last lemma will be crucial in completing the
proof of Theorem 57. We shall need another preliminary lemma.

Lemma 119. Let ¢ be a doubly labelled element of M. Then M\{ does not have a series
pair of points {a,b} such that r({a,b,{}) = 3.

Proof. Assume that M\{¢ does have such a series pair {a,b}. By Lemma 58, ¢ is a line.
Thus M /¢ has {a, b} as a parallel pair of points or has a or b as a loop. In each case, M
has a or b as a doubly labelled point, a contradiction. O

We will now take ¢ to be a doubly labelled element of Y7, a minimal non- N-3-separating
set having at least four elements.

Lemma 120. There is a 2-separating set @ in M\{ such that Q CY; —{ and |Q| > 2
and contains no points.

Proof. Suppose ¢ ¢ cl(Yy — £). Then (X;,Y; —¥) is a 2-separation of M\¢ and r(Y]) =
r(Y1 — ¢) + 1. Then, by Lemma 119, Y; — ¢ does not consist of a series pair of points.
Hence, by Lemma 95, Y} — ¢ contains no points so the result holds by taking Q) =Y; — ¢.

We may now assume that ¢ € cl(Y; — £). Let (A, B) be a 2-separation of M\{ where
A is the N-side and |B| = u(¢). Since |B| > 3, it follows by Lemma 95 that B contains
no points. If B C Y; — £, then the lemma holds by taking () = B. Thus we may assume
that BN X, # 0.

Since X; and A are the N-sides of their respective separations and |E(N)| > 4, we
see that [ANX;| > 2. If A C Xy, then B DY) — ¢, so (A, BUY) is a 2-separation
of M, a contradiction. Likewise, if B C X, then (A U/, B) is a 2-separation of M, a
contradiction. We conclude that (A, B) crosses (X3,Y; — /).

Since |[AN X;| > 2 and ¢ € cl(Y; — ¢), it follows that Ay (AN X;) > 2 otherwise
(AN X, BUY)]) is a 2-separation of M, a contradiction. Then, by uncrossing, we deduce
that Ay (B NY;) < 1. Since B contains no points, the lemma holds with Q@ = BNY;
unless this set contains a single line.

Consider the exceptional case. As|B| > 3, we deduce that |[BNX;| > 2. Now Ay (BN
X1) > 2 otherwise, as ¢ € cl(Y; — £), we obtain the contradiction that (BN Xy, AUY7) is
a 2-separation of M. Hence, by uncrossing, Ay¢(ANY1) =1 and, as |Yi| > 4, it follows
using Lemma 95 that the lemma holds by taking Q = AN Y;. O
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Lemma 121. The 2-polymatroid M\{ has a 2-separation (Dy, Dy) where Dy has at least
two elements, is contained in Y1 — £, and contains no points. Moreover, either

(1)) Do Ul =Y1; and N(Dy,{l}) =0 and N(Ds,{¢}) = 1; or
(11)) Y1 — € — Dy # 0 and M(Dy, {¢}) = 0 =11(Do, {¢}).

Proof. Let Dy be the set @@ found in Lemma 120 and let Dy = E(M\{) — Dy;. Now
(Dy, Dy) is a 2-separation of M\¢. Thus, there are the following four possibilities.

() Dy, {£}) = 1 =N(Dy, {£});

(1

M

I) M(Dy,{¢}) =1 and N(Dy, {€}) = 0;
(1)

V)

(IV) M(Dy, {£}) = 0 =1(Dy, {£}).

121.1. Neither (I) nor (II) holds.

Suppose (I) or (II) holds. Then Ay (Dy Uf) =2, so A\y(D2) =2 and |Dy| > 2. Since
Dy contains no points and Dy C Y — £, we get a contradiction to the minimality of Y.
Thus 121.1 holds.

121.2. If (III) holds, then Dy U =Y].

As Ay (Dy U¥) = 2, we must have that D; N'Y; = () otherwise Dy U £ violates the
minimality of Y;. Thus 121.2 holds.

121.3. If (IV) holds, then Dy U ¢ = Y].

Suppose D1 NY; = (. Then D; = X; and Dy = Y; — £. Thus Ay (X;) > 2 as
M(Dy, {¢}) = 0. This contradiction establishes that 121.3 holds and thereby completes
the proof of the lemma. O

) =
) =
M(D1,{¢}) =0 and M(Dy, {¢}) = 1; and
) =
(I

Lemma 122. The 2-polymatroid M/{ has a 2-separation (Cy,Cy) where Cy contains at
least two elements and is contained in Yy — £, and contains no points of M. Moreover,
either

(1) Co Ul =Y1; and N(Cy,{l}) =1 and N(Cq, {{}) = 2; or
(i) Y1 — 0 — Cy £ 0 and M(Ch, {€}) =2 =1(Cy, {}).

Proof. We apply the preceding lemma to M*\¢ recalling that (M*\¢)> = (M/{)* and that
the connectivity functions of M*\¢ and M /¢ are equal. Thus M /¢ does indeed have a
2-separation (Cf, Cy) where Cy contains at least two elements, is contained in Y; — ¢, and
contains no points of M*. Thus Cy contains no points of M. Since r(E — {) = r(M),
one easily checks that IM*(C;, {¢}) +1(C;, {¢}) = 2 where {i,j} = {1,2}. The lemma now
follows from the preceding one. O]
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Lemma 123. There are 2-separations (D1, D) and (Cy,Cy) of M\{ and M/{, respec-
tively, such that each of Dy and Cy contains at least two elements, both Dy and Cy are con-

tained in Y1 —{, and neither Dy nor Cy contains any points of M. Moreover, Y| —{— Dy #
0 #£Y,—€—Cy and N(Dq, {€}) = 0 =M(Do, {£}) while N(Cy,{L}) =2 =11(Cy, {¢}).

Proof. Assume that (i) of Lemma 121 holds. Then, as Dy = Y] — £, we see that M(Y; —
¢,{¢}) = 1. Thus (i) of Lemma 122 cannot hold. Moreover, if (ii) of Lemma 122 holds,
then M(Cy, {¢}) = 2. This is a contradiction as M(Dy,{¢}) = 1 and Cy C Dy. We
conclude that (ii) of Lemma 121 holds. If (i) of Lemma 122 holds, then M(X;, {¢}) = 1.
But X; C Dy and M(Dq, {¢}) = 0, a contradiction. O

We now use the 2-separations (D, Dy) and (Cy, Cs) of M\ and M /¢, respectively,
found in the last lemma.

Lemma 124. The partitions (D1, Dy) and (Cy,Cy) have the following properties.
(Z) )‘M\Z(Cl) =3= )\M\e(cz);
(ii) (Dy, Dy) and (Cy,Cy) cross;

(iii) each of D1NCy, DoNCsy, and DyNCy consists of a single line, and CoU Dy = Y] —{;
and

(’L’U) )\M\g(Dl N Cl) = )\M(Dl N Ol) = 2.

Proof. We have M(Dy,{l}) = 0 = M(Ds, {¢}) and N(C,{¢}) = 2 = M(Cs, {¢}). Thus
neither C; nor Cy is contained in Dy or Ds, so (ii) holds. Moreover, as r(Cy U f) +
r(CeU L) —r(M) = 3, we see that (i) holds. To prove (iii) and (iv), we use an uncrossing
argument. We have, for each 7 in {1, 2},

> Ane(D2 N C;) + Aane(D2 U C).
Since Dy N C; # B and contains no points and ¢ € cl(C;) where j # 4, we deduce that

Ane(D2 N C;) = A (Do N C;) = 2. Thus Ape(D2 U C;) < 2. Hence, as £ € cl(C;), we see
that

22> (D2 UCy) = Ay (D UC; U Y). (44)
But Dy, U Cy C Y] — £, so, by the definition of Y], we deduce that
Dy,uCy =Y, —{¢and D;NC) = X;. (45)
Moreover, as Ay o(D2 U C;) = 2, we see that Aype(Dy N C;) = 2. Hence
A (DN Cy) = 2. (46)

Since D; N C; = X; and Dy N 5 is non-empty containing no points, it follows from
(44) that

2= Mne(D2UCy) = Ay(Do UGy U L) = Mpe(D1 N Cy) = A (D1 N CY). (47)

Thus (iv) holds. By that and (46), it follows, using the minimality of Y;, that each of
Dy N Cy, Dy N Cy, and Dy N Cy consist of a single line in M. Hence (iii) holds. O
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For each (i, 7) in {(1,2),(2,2),(2,1)}, let C; N D; = {4;;}.
Lemma 125. The following hold.

(i) r(Dg) =3 sor(Dy) =r(M)—2;
(i) 7(Dy) = r(Xy) + 1;
(111) (Y1) =5; and

(iv) r(Cs) = 4.

Proof. Now Dy consists of two lines, ¢15 and 5. Suppose first that 7(Ds) = 2. Then both
M\ {5 and M\ {5y are 3-connected. Without loss of generality, M /¢ has N as a c-minor.
But M /{,5 has {55 as a loop, so M\ /s, is 3-connected having a c-minor isomorphic to N.
Thus r(D9) > 3.

Now suppose that r(Dy) = 4. Then r(D;) = r(M)—3. Clearly r(DyUfly) < r(M)—1.
Now D; U /lay D Co 80 (D1 Uly Ul) < r(M)— 1. Hence {l15} is 2-separating in M, a
contradiction. Hence (i) holds.

Since Cy U Dy = Y] — £, we see that D1 = X; U fy;. Suppose r(Dy) = r(X;y). As
X; C (4, we deduce that ¢y € cl(Cy). But £ € cl(C}). Hence

r(M) +

(C1) +r(C2)
(C1U0) +1r(CyUY)
(

(

.
.
r(CLULlUly) +1(CyUl)
>r(CLUC,UL) + ({0 }).

Thus r({¢, 021 }) < 3, so M(Dy,{¢}) > 1, a contradiction. Hence r(Dy) > r(X;) + 1.
Suppose (D) = r(X;) + 2. Then

r(M)+1=r(Dy)+r(Dy) =r(X1)+2+3,

sor(Xy) =r(M)—4. Thus r(Y1) = 6. Now r(Cy) = r(C2Uf). Thus 6 = r(Yy) = r(Y1—7).
Since Y7 — £ consists of three lines, two of which are in Dy, we deduce that r(Dy) =4, a
contradiction to (i). We conclude that r(D;) = r(X7) + 1, that is, (ii) holds.

Finally, as r(D3y) = 3, we see that (M) = r(D;) + T(Dg) —1=rX)+1]+3-1
But (M) = r(X;) + (Y1) — 2. Thus (Y1) = 5, so (iii) holds. Moreover, r(Y; — {) = 5,
that is, 7(Cy U Dg) = 5. Now Cy consists of two lines so r(Cy) < 4. Thus

4433 r(Cy) +3
=1r(Cs) + r(Dy)
> r(CyU Dy) 4+ r(CyN Dy)
=5+ 7({l22})
—5+2.

We deduce that r(Cy) = 4 so (iv) holds. O
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By proving the following lemma, we will establish the final contradiction that com-
pletes the proof of Theorem 57.

Lemma 126. The 2-polymatroid M/l is 3-connected having a c-minor isomorphic to
N.

Proof. First we show the following.
126.1. T(Dy, {li2}) = 0 for each i in {1,2}.

Suppose M(Dy, {lix}) = 1. Then r(D1Uly) < r(D1)+1. But £ € cl(C;) C cl(DyUly),
so r(Dy UlU ;) < r(Dy)+ 1. Also r({{j2}) = 2 where {7, 5} = {1,2}. Thus

T’(D1U€U€i2)+’f’({€j2})<T(D1)+1+2
r(M)—2+1+2
r(M)+1.

Hence {{;5} is 2-separating in M, a contradiction. Hence 126.1 holds.

Now M\/ has a c-minor isomorphic to N and M(Dy, Dy) = 1. As M(Dy, {{in}) = 0,
Lemma 29 implies that My, (D1, Da—{;2) = 1 for each i in {1,2}. Thus, by Lemma 51(ii),
126.2. M\{/l;5 has a c-minor isomorphic to N for each i in {1, 2}.

It remains to show that M /ls is 3-connected. By Lemma 59, this polymatroid is
certainly 2-connected. Next we show that

126.3. ¢ and {5, are parallel lines in M /{s5.
To see this, note that, by Lemma 125(iv),

T(CQ U 6) = T(Cg) = T({€21,£22}>.

Also, for each 7 in {1,2}, we have M({¢}, {ls;}) < N({¢}, D;) = 0, so 126.3 holds.

Now take a fixed c-minor of M\/{/ls isomorphic to N; call it N;. Let (A" U ¢, B')
be a 2-separation of M /l55 in which the non-N;-side has maximum size and ¢ ¢ A’. By
Lemma 88, both A’ U ¢ and B’ have at least three elements.

126.4. 49 € A

To see this, note that, since ¢ and (9 are parallel lines in M /lo, if ¢5; € B’, then
0 € clpjep (B'), 80 Magyey, (A" UL, B') > 2, a contradiction.
126.5. ra(DiNCy) =1(M) = 3 = ragye,, (D1 N Ch).

By Lemma 124(iii), D; N C; = X;. By Lemma 125(i) and (ii), 7(D;) = r(M) — 2 and
r(Dy) =r(DiNCY) +1,s0 ry(DyNCy) =r(M)—3. By 126.1, (D1 N Cy, {lae}) = 0, so
rm (D1 N Ch) = Taye,, (D1 N CY).

126.6. TM/ZQQ((Dl N Cl) U 512) == T(M) — 2.

THE ELECTRONIC JOURNAL OF COMBINATORICS 26(2) (2019), #P2.37 92



To see this, observe that

Tar/ess (D1 N Cr) U i) = r((D1 N Ch) Ul U lyy) —
(D1NCy) Ul UlU 622) —2 as /e cl(Cy);
(M\Egl) -2
(M) —

By combining 126.5 and 126.6, we deduce that
126.7. T’M/gQQ(Dl N Cl) = TM/ZQQ((Dl N Cl> U 612) — 1.
Next we show that

126.8. Ang/en, ({€12, 021, £}) = 1 0r Angjey, ({021, £}) = 1.
Recall that X7 = Dy N Cy and Yy = {{, 12, {1, {22 }. By uncrossing, we have

T
r
r
r

1 + 2 = AM/ZQQ(B/) _'_ )\M/€22<X1)
> )\M/ZQZ(B, U Xl) + /\M/Zgz(B/ N Xl)-

As |B'| > 3, it follows by 126.4 that |B’' N X;| > 2. Suppose Ay s, (B'NX;) = 1. Now
B'NX; C Dy, soN(B'NXy, {la2}) <MDy, {l22}) < 0. Thus, by Lemma 29, \y,(B'NX;) =
1. This contradiction implies that Ay, (B’ N X1) =2, 50 1 = Ay, (B U X7). Now, by
1264, 621 c Al, so B — 622 — (B/ U X1> is {612,621,6} or {621,6}. Thus 126.8 holds.

Suppose Anr/e,, ({€12,021,¢}) = 1. Then, as fy is skew to X; in M, we deduce
that A\p({l12, 001, ¢, 020}) = 1, that is, A\ (Y1) = 1, a contradiction. We conclude that

Amjeas ({21, }) = 1.
By Lemma 29, as Ay (D1 NCy) = 2 and M(D1NCy, {la}) = 0, we see that Apg/e,, (D10
C1) = 2. Thus, by 126.7 and Lemma 125,

2 = ")y (D1 NV CL) 4 Taag ({12, €o1, £}) — 7(M [ l2)
= [ra/e5, (D1 NV COL) 4 1] + [7ar/e5, ({12, €21, £}) — 1] — (M /{32)
= a0, (D1 N Cy) U lyg) + [r(Ye) —2 — 1] — (M /ly)
= "0/t (D1 N C1) U lyp) + [1(Co) — 2] — (M /L)
= "0 /ta5 (D1 NV CY) U lia) + Taaja,, ({1, £}) — (M [ l)
= At/ ({€01, €}).

This contradiction to 126.8 completes the proof of the lemma and thereby finishes the
proof of Theorem 57. O
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