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Abstract

This thesis is concerned with finding the maximum density of rank-n matroids in a minor-
closed class. The extremal function of a non-empty minor-closed class M of matroids which
excludes a rank-2 uniform matroid is defined by

ham(n) = max(|M|: M € M is simple, and r(M) < n).

The Growth Rate Theorem of Geelen, Kabell, Kung, and Whittle shows that this function
is either linear, quadratic, or exponential in n.

In this thesis we prove a general result about classes with quadratic extremal function, and
then use it to determine the extremal function for several interesting classes of representable
matroids, for sufficiently large integers n. In particular, for each integer t > 4 we find the
extremal function for all but finitely many n for the class of C-representable matroids with
no Us,-minor, and we find the extremal function for the class of matroids representable over
finite fields GF(q) and GF(¢') where ¢ — 1 divides ¢’ — 1 and ¢ and ¢’ are relatively prime.
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Chapter 1

Introduction



This thesis is concerned with minor-closed classes of matroids which exclude some rank-2
uniform matroid, and do not contain all GF(g)-representable matroids for any prime power
q¢. The Growth Rate Theorem [12] proves that the number of points of a simple rank-n
matroid in such a class is bounded above by a quadratic function of n.

The most interesting classes of this type are classes of representable matroids, and in
this thesis we determine the extremal function for several natural classes of representable
matroids for all but finitely many integers n. As the following two theorems illustrate, we
prove results for both infinite fields and finite fields.

Theorem 1.0.1. For each integer t > 1, if M is a simple C-representable matroid of suffi-

ciently large rank with no Us i g-minor, then |M| < t(r(gﬂ) +r(M).

Theorem 1.0.2. IfF; and Fy are finite fields with different characteristic such that |Fi|—1
divides |Fo| — 1, then each simple matroid M of sufficiently large rank representable over Fy
and Fy satisfies | M| < (|Fy| — 1)(“3/[)) +r(M).

In both cases the bounds are best-possible and are attained by Dowling geometries, which
are highly structured matroids arising naturally from complete graphs with group labels on
the edges. In fact, for both of the above theorems we show that Dowling geometries over
cyclic groups are the unique examples for which equality holds. This is no coincidence; these
theorems are both corollaries of a much more general result, Theorem 1.7.6, whose technical
statement we defer. In order to prove Theorem 1.7.6 we prove a result (Theorem 1.7.2)
which has the following notable corollary.

Theorem 1.0.3. For each integer t > 2, there is an integer ¢ so that if M is a simple
R-representable matroid of sufficiently large rank with no Uy 3-minor, then |M| < r(M)?*+
c-r(M).

The leading coefficient is best-possible since this class contains Dowling geometries over
the group of size two, which have r(M)? elements.

In this chapter we introduce some basic definitions and terminology from matroid theory,
provide an overview of important results in extremal matroid theory, give a general proof
sketch for finding an extremal function, and state our main results.

1.1 Basics

A matroid is an object which describes the combinatorics of mathematical dependence,
and was initially conceived as an abstraction of both linear dependence of sets of vectors
in a vector space and edge-sets of circuits in a graph [35, 36, 37, 53]. In this section we
introduce fundamental concepts in matroid theory which we will use throughout this thesis.
All material in this section is standard, and much of it can be found in greater detail in [42].
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A matroid M is a pair (E,r) where E is a finite set called the ground set and r: 28 — 7Z
is the rank function of M, which satisfies three axioms:

e 0<r(X)<|X|foral X CFE,
o r(X)<r(Y)forall X CY C E, and
e r(X)+r(Y)>r(XUY)+r(XNnY)forall X CY C E.

The rank of M is r(E) and the size of M is |E|; for convenience we write (M) and |M| for
the rank and size of M, respectively.

Bases and Circuits

Since graphs and sets of vectors are the two canonical examples of matroids, nearly all
matroid-theoretic terminology is borrowed from either graph theory or linear algebra. A set
X C Eis independent in M if r(X) = | X|[; otherwise it is dependent. A maximal independent
set of M is a basis of M, and we say that X C F is spanning in M if X contains a basis of
M. A minimal dependent set of M is a circuit; the girth of M is the number of elements of
a smallest circuit of M. A matroid is completely determined by its independent sets, bases,
or circuits, and it can be useful to describe a matroid using one of these characterizations
instead of providing the rank function.

Flats

The closure in M of X C E'is {e € E: r(X U{e}) =r(X)}, and is denoted cl(X). A set
F C Eis a flat of M if F' = cl(F); a point, line, plane, or hyperplane is a flat of rank 1, 2,
3, or r(M) — 1, respectively. We write (M) for the number of points of M. The length of
a line of M is the number of points it contains, which is at least two. A line is long if it has
length at least three.

Minors

We will write 75, for » and E(M) for E when necessary to distinguish M from other
matroids. For a set Y C E(M), the deletion of Y in M is the matroid M\Y with ground set
E(M) — Y and rank function ryny (X) = ry(X) for all X € E(M) —Y. The contraction
of Y in M is the matroid M/Y with ground set £(M) — Y and rank function ryy(X) =
rau(XUY) —ry(Y). A matroid N is a minor of M if there are disjoint sets C, D C E(M)
so that N = (M/C)\D. Using the definition of deletion and contraction one can show that
(M/C)\D = (M\D)/C for all disjoint sets C, D C E(M). If C = @ then N is a restriction
of M and we write M|(E(M) — D) for M\D, and if D = @ then N is a contract-minor of
M.

Isomorphism



A matroid N is isomorphic to M if there is a bijection ¢: E(N) — E(M) so that ry(X) =
rv(o(X)) for all X C E(N); we write M = N. For a matroid N, we say that M has an
N-manor if M has a minor isomorphic to N, and an N-restriction if M has a restriction
isomorphic to N. A class M of matroids is minor-closed if it is closed under taking minors
and under isomorphism.

Simplification

A loop of M is an element e so that r({e}) = 0; each other element is a nonloop. We say
that nonloops e and f are parallel in M if they are in a common point, so r({e, f}) = 1.
This defines an equivalence relation on the set of nonloops of M the equivalence classes are
called parallel classes. A parallel class is nontrivial if it has size at least two, and we say that
a matroid is simple if it has no loops and no nontrivial parallel classes. The simplification of
M, denoted si(M ), is the matroid whose ground set is the set of points of M so that the rank
of a set of points is the rank of their union in M. Note that |si(M)| = (M), the number of
points of M. If T'C FE'is a transversal of the parallel classes of M, then M|T is isomorphic
to si(M); we say that M|T is a simplification of M.

Duality

The dual of M, denoted M*, is the matroid with ground set £ and rank function r* defined
by r(X) = |X| —=r(M) +ry(E — X) for all X C E. We say that r*(F) is the corank of
M, and write r*(M) for convenience. One can check that the bases of M* are precisely the
complements of bases of M, which shows that (M*)* = M. A coloop of M is a loop of M*,
and a set X C FE is cospanning in M if X is spanning in M*. Using r* one can show that
e € F is a coloop of M if and only if r(M\{e}) < r(M). One can also show that contraction
is ‘dual’ to deletion, meaning that (M\e)* = M*/e and (M/e)* = M*\e for each e € E.

The Extremal Function

The extremal function of a non-empty class of matroids M is denoted hy, and is defined
by
ham(n) = max(e(M): M € M and r(M) < n),

for all integers n > 0. Note that this definition is equivalent to the definition given in the
abstract, since any matroid M has a simple restriction with ¢(M) elements. If this maximum
fails to exist for some integer n > 0, then we set hp(n) = co. Roughly speaking, a simple
matroid is ‘dense’ if the ratio of its size to its rank is large, and the extremal function gives
the maximum density of simple matroids in M. If hx(n) is finite and M € M is a rank-n
matroid such that e(M) = hp(n), then M is extremal in M. If hpy(n) = p(n) for sufficiently
large n and some function p, we say that p is an eventual extremal function for M.

Uniform Matroids



We now define an important class of matroids. Let a and b be integers with 0 < a < b, let
E be a set of size b, and define r: 2¥ — Z by r(X) = min(| X|,a). The matroid M = (E,r) is
a rank-a uniform matroid on b elements, and we write M = U, ;. Rank-2 uniform matroids
are informally called lines; their ground sets are lines in the previous sense. For each integer
¢ > 2 we write U(?) for the class of matroids with no U, ¢19-minor.

1.1.1 Representable Matroids

Let IF be a field, and let A be a matrix with entries in F and columns indexed by a set E. For
each set X C E let A[X] denote the submatrix of A consisting of all columns of A indexed
by X. The matroid represented by A, denoted by M (A), is the matroid with ground set
E and rank function 7y7(4)(X) = rank(A[X]) for all X C E. One can check that matroid
terms such as closure and basis generalize the corresponding notions for sets of vectors.

A matroid M is F-representable if there is a matrix A with entries in F so that M = M(A).
If A’ is obtained from A by performing elementary row operations, column scalings, and
deleting all-zero rows, then rank(A[X]) = rank(A’[X]) for all X C E, so M(A) = M(A").
This shows that if M is a simple, rank-n F-representable matroid, then there is a matrix A
over F with n rows, no zero column and no parallel columns so that M = M(A). One can
also show that the class of F-representable matroids is minor-closed by constructing matrices
to represent contract-minors and restrictions; see Chapter 3 of [42].

For each prime power ¢, the maximum number of nonzero, pairwise nonparallel columns
of a matrix over GF(q) with n rows is %, since each parallel class of the matroid GF(q)"
has size ¢ — 1. This implies that the extremal function for the class of GF(g)-representable
matroids is q;_—_ll for all n > 0. In particular, the line U, 449 is not representable over
GF(q), so the class of GF(q)-representable matroids is contained in U(q). Each simple rank-
n extremal matroid for this class is represented by a matrix with n rows and precisely one
column from each parallel class of vectors in GF(¢)", and is thus uniquely determined up to
isomorphism. A simple rank-n GF(g)-representable matroid M for which |M| = % is a

projective geometry over GF(q), and we write M = PG(n — 1, q).

Matroids representable over GF(2) are particularly well-studied, and are called binary ma-
troids. The rank-3 binary projective geometry PG(2,2) is a well-known matroid called the
Fano plane, and is denoted by F%. Binary matroids have the following beautiful characteri-
zation, proved by Tutte [50].

Theorem 1.1.1. A matroid is binary if and only if it has no Uy 4-minor.

We make use of this result several times in this thesis.



1.1.2 Graphic Matroids

Let G = (V, F) be a graph. The cycle matroid of G is the matroid M (G) with ground set
E and rank function ry;ey(X) = |V| —n(X) for all X C E, where n(X) is the number of
components of the graph (V, X). One can check that the circuits of M(G) are precisely the
cycles of GG, and that the bases of M((G) are precisely the spanning forests of G. A matroid
M is graphic if there is some graph G so that M = M(G), and is a clique if there is some
integer n > 3 so that M = M(K,), where K, denotes the complete graph on n vertices.
Note that r(M(K,)) = n — 1, since each spanning tree of K, has size n — 1.

Matroid terms such as loop, simplification, and circuit generalize the corresponding notions
for graphs. In particular, matroid minors generalize graph minors, so for any graph G and any
disjoint C, D C E(G) we have M (G/C\D) = M(G)/C\D. One can show that any graphic
matroid M (G) is representable over any field, by considering the vertex-edge incidence matrix
of G.

It is not hard to show that if M is graphic, then there is a connected graph G so that
M = M(G). This implies that if M is graphic and (M) = n, then there is a graph G with
n + 1 vertices so that M = M(G). Therefore, if G denotes the class of graphic matroids,

then hg(n) = (”;1), and equality holds only for cliques.

1.1.3 Lines and Contraction

For any nonloop e of a matroid M, the lines of M which contain e provide information about
M /e which is useful for studying the density of matroids in minor-closed classes.

Lemma 1.1.2. If e is a nonloop of a matroid M, then each set P C E(M/e) is a point of
M/e if and only if P U {e} is a line of M.

This lemma implies that (M /e)|T is a simplification of M /e if and only if T is a transversal
of the lines of M through e so that no element of 7" is in a point of M with e. We can use
Lemma 1.1.2 to derive the following formula for the number of points ‘lost’” when a nonloop
e is contracted.

Lemma 1.1.3. Let e be a nonloop of a matroid M, and let L denote the set of lines of M
which contain e. Then

e(M) —e(M/e) =1+ (e(M|L) —2).

Lel

Note that this lemma also holds if £ is the set of long lines of M which contain e, since
lines of length two do not change the value of the right-hand side. Lemma 1.1.3 has the
following corollary for matroids with no Us 4 o-restriction, which is useful for finding lots of
long lines through a common point.



Lemma 1.1.4. For all integers £ > 2 and m > 0, if e is a nonloop of a matroid M € U(Y)
and e(M) —e(M/e) > 1+ (£ — 1)m, then there are at least m+ 1 long lines of M through e.

As we will see in this thesis, many long lines through a common point can give rise to
interesting matroids. Most notably, a spike is any simple matroid M with an element e,
called the tip, so that si(M/e) is a circuit and each parallel class of M /e has size two.

1.1.4 Connectivity

Matroid connectivity is a central topic of this thesis, and in particular we will be interested
in maintaining connectivity properties while taking a minor. Let M = (E,r) be a matroid.
The connectivity function of M is the function Ay : 28 — Z defined by A\ (X) = (X)) +
r(E—X)—r(M) for all X C E. This function has the key property that it is submodular,
meaning that Ay (A) + Ay (B) > Ay (AU B) + Ay (AN B) for all sets A, B C E.

The connectivity function is used to describe the connectivity between pairs of sets in M.
For disjoint sets A, B C E we write Ky (A, B) = min(AM(Z): AC Zand B C E— Z). If
B C C C E— A, then it is clearly the case that ky (A, B) < kp (A, C). Tt is also not hard
to check that if N is a minor of M for which AU B C E(N), then kx(A, B) < ky(A, B).
Tutte [52] proved the very useful result that ry(A, B) is equal to the maximum value of
An(A) over all minors N of M with ground set AU B.

Theorem 1.1.5 (Tutte’s Linking Theorem). Let M be a matroid and let A and B be disjoint
subsets of E(M). Then M has a minor N such that E(N) = AUB and Ay(A) = ky (A, B).

The connectivity function is also used to define connectivity more globally. A wverti-
cal k-separation of M is a partition (X,Y) of E so that r(X) + r(Y) —r(M) < k and
min(r(X),r(Y)) > k. We say that M is vertically k-connected if M has no vertical j-
separation with j < k. This aligns with graph connectivity, meaning that a connected graph
G is k-connected if and only if M (G) is vertically k-connected. Equivalently, M is vertically
k-connected if there is no partition (X,Y’) of E so that r(X) 4+ r(Y) —r(M) < k—1 and
max(r(X),r(Y)) < r(M).

While vertical connectivity is the main connectivity property in this thesis, we occasionally
make use of a stronger property. We say that M is round if E is not the union of two
hyperplanes. This implies that if (X) < r(M), then £ — X is spanning in M. In particular,
M has no vertical k-separation with & > 1, so roundness can be thought of as ‘infinite’ vertical
connectivity. Roundness is relevant in this thesis essentially because M (K,) is round for each
integer n > 3, since the complement of each non-spanning set of edges contains a spanning
tree. It is not hard to see that any matroid with a spanning round restriction is itself round;
in particular, any matroid with a spanning clique restriction is round.

We also need some notation to capture how much subsets of E ‘interact’ in M. For sets
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A, B C E, the local connectivity between A and B is My (A, B) = ry(A)+ry(B)—ry(AUB).
Note that if A and B are disjoint, then My (A, B) = ry(A) —rayp(A) = ry(B) — raga(B).
If My (A, B) = 0 we say that A and B are skew in M; roughly speaking, this means that A
and B do not interact at all in M. More generally, sets Ay,..., Ay C E are mutually skew
in M if TM(Al U---u Ak) = Zz TM(Az)

1.1.5 Distance

In this thesis we need a way to measure the similarity between two matroids with the same
ground set. An extension of a matroid M is a matroid Mt with ground set E(M) U {e}
with e ¢ E(M) such that M = M™\e. If e is in a nontrivial parallel class of M*, then M+
is a parallel extension of M. We say that M™ is a trivial extension of M if e is a loop or
coloop of M™, or e is parallel to an element of M; otherwise M ™ is a nontrivial extension.
A projection of M is a matroid of the form M™ /e, where M™ is an extension of M by e. A
lift of M is a matroid N so that M is a projection of N.

For any integer k > 0, a k-element projection of M is a matroid obtained from M by a
sequence of k projections. It is not hard to show that this is equivalent to a matroid of the
form M+ /K, where MT\K = M and |K| = k. Similarly, a k-element lift of M is a matroid

N so that M is a k-element projection of N.

Intuitively, if a matroid NV is a projection or a lift of M, then N and M are ‘close’. For
matroids M and N with the same ground set, the distance between M and N, denoted
dist(M, N), is the smallest integer k£ so that N can be obtained from M by a sequence of
k operations each of which is a projection or lift. Note that dist(M, N) = dist(/N, M), and
that dist(M, N) < r(M) + r(N) since the matroid on ground set E consisting of only loops
can be obtained from M by r(M) projections.

1.2 Frame Matroids

Frame matroids are a broad generalization of graphic matroids, and they play a fundamental
role in this thesis. A matroid M is framed by B, and B is a frame for M, if B is a basis of
M and each element of M is spanned by a subset of B with at most two elements. A frame
matroid is a matroid of the form M\ B where M is a matroid framed by B. Intuitively, a
matroid framed by B is graph-like with vertex set B because each element is spanned by at
most two elements of B. We write F for the class of frame matroids.

An important special case of a frame matroid is a B-clique, which is a matroid framed
by B so that each pair of elements of B is contained in a long line. For example, M(K,)
is a B-clique for any spanning star B of K,,. Since each graphic matroid is a restriction of
M (K,) for some n > 3, each graphic matroid is a frame matroid. However, matroids which

8



are close to being graphic are not necessarily frame matroids, as shown by the following
result of Zaslavsky [57].

Proposition 1.2.1. The Fano plane F; is not a frame matroid.

Both frame matroids and B-cliques behave well under taking minors. The class of frame
matroids is minor-closed; if M is framed by B and e € E(M), then M/e is framed by any
spanning subset of B — {e}. This implies that if M is a B-clique and N is a contract-minor
of M, then there is some B’ C B so that N is a B’-clique.

Zaslavsky [56, 57] further developed the notion that frame matroids are graph-like by
showing that each frame matroid is associated with a combinatorial object called a biased
graph. We next define biased graphs, and then specialize to the case of group-labelled graphs
in order to define Dowling geometries, arguably the most important class of matroids in this
thesis.

1.2.1 Biased Graphs

A theta graph consists of two distinct vertices x and y, and three internally disjoint paths
from = to y. A set of cycles B of a graph G satisfies the theta property if no theta subgraph
of G contains exactly two cycles in B. A biased graph is a pair (G, B) where B is a collection
of cycles of G which satisfies the theta property. The cycles in B are balanced, and the cycles
not in B are unbalanced.

For each biased graph (G, B), we define a matroid M (G, B) with ground set E(G) so that
C C E(G) is a circuit of M (G, B) if and only if the edges of C' form

a balanced cycle,

two vertex-disjoint unbalanced cycles with a path between them,

two unbalanced cycles which share a single vertex, or

a theta graph with all cycles unbalanced.

Circuits of the second and third types are called loose handcuffs and tight handcuffs, respec-
tively. This set of subsets of E(G) is the set of circuits of a matroid only because B satisfies
the theta property. Since any matroid is completely determined by its collection of circuits,
the matroid M (G, B) is well-defined. In the special case that B is the set of all cycles of G
we see that M (G, B) = M(G), the cycle matroid of G.

It is not hard to see that M (G, B) is a frame matroid. If (G', B') is obtained from (G, B)
by adding an unbalanced loop at each vertex, then M (G, B) is a restriction of M (G’, B') and
this set of unbalanced loops is a frame for M(G’, B'). This construction is due to Zaslavsky
[56], who also proved that the converse is true.

9



Theorem 1.2.2. If M is a frame matroid, then there is a biased graph (G,B) so that
M = M(G,B).

Working with biased graphs can be easier than working with frame matroids. For example,
it is easy to see that each long line of M (G, B) is either a set of edges incident to at most
two vertices of GG, or a balanced triangle of G. This shows that each long line of a matroid
M framed by B either spans two elements of B, or has length exactly three. The following
lemma states some properties of frame matroids which are easy to prove by considering an
associated biased graph.

Lemma 1.2.3. Let M be a matroid framed by B. Let b € B, and let f be an element of M
which 1s not parallel to any element of B. Then

(i) each line of M of length at least four spans two elements of B,
(ii) f is on at most one line of length at least four, and
(111) each long line of M through b contains some i/ € B — {b}.

Note that (iii) implies that b is not the tip of a spike restriction of M, since B — {b} is
independent in M /b.

1.2.2 Dowling Geometries

Perhaps the most important families of biased graphs arise from group-labelled graphs. We
define group-labeled graphs and the associated biased graphs, following [2]. A group-labeling
of a graph G consists of an orientation of the edges of G and a function ¢: E(G) — T for
some multiplicative group I". Roughly speaking, a cycle C' of GG is balanced if there is a
simple closed walk around C so that the product of the group labels is the identity, but
we make this more precise. We use ¢ to label each walk on G, and use this to define the
balanced cycles of G.

For each walk W on G with edge sequence ey, es, . .., e, define ¢;(W) by

1 if e; is traversed forward in W,
—1 if ¢; is traversed backward in W,

and define ¢p(W) = Hle P(e;) M),

It is not hard to see that for each cycle C of G, either every simple closed walk W around
C satisfies ¢(W) = 1, or there is no simple closed walk W around C so that ¢(W) = 1.
Thus, we define By to be the set of all cycles C' for which there is some simple closed walk W
around C so that ¢(W) = 1. This set B, of cycles satisfies the theta property, so (G, By) is
a biased graph. The frame matroid of a biased graph constructed in this way from a graph
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labeled by T' is called a I'-frame matroid. In the work of Zaslavsky these matroids are called
['-gain-graphic.

Dowling geometries are simple I'-frame matroids of a given rank with as many elements
as possible. Let ' be a finite group of size at least two with identity 1, and let G be a graph
with k > 3 vertices, a single loop at each vertex with label in I'— {1}, and exactly |I'| parallel
edges between each pair of vertices, so that between each pair of vertices each edge has the
same orientation and each element of I appears as a label. The frame matroid obtained from
this group-labelled graph is the rank-k£ Dowling geometry over the group I', and is denoted
DG(k,T"). If |I'| = 1 then we define DG(k,I") to be the frame matroid constructed from the
graph K with a loop at each vertex so that all nonloop cycles are unbalanced. It is not
hard to show that DG(k, {1}) = M (Kj+1), which implies that each graphic matroid is the
frame matroid of a {1}-labeled graph. Dowling geometries were first introduced by Dowling
in [4], although the definition presented here is due to Zaslavsky [56].

Note that the set B of loops of G is a basis of DG(k,T") since it does not contain any
circuits. In fact, DG(k,T") is framed by B, since each edge of G is on a path between two
loops. Also, | DG(k,I')| = |F|(§) + k since G has k loops and |I'| edges between each pair
of vertices. The class of Dowling geometries with group I' has the useful property that
si(DG(k,I"))/e =2 DG(k —1,T) for each e € E(DG(k,T")). It is also not hard to see that each
simple rank-k I'-frame matroid is a restriction of DG(k, "), which is analogous to the fact
that each simple rank-k GF(q)-representable matroid is a restriction of PG(k — 1, ¢).

In [4] Dowling proved that DG(k,I") and DG(k,I") are isomorphic matroids if and only if
I’ and I are isomorphic groups. He also proved the following beautiful theorem, which we
use to prove applications of our main result.

Theorem 1.2.4. The Dowling geometry DG(k,T") is representable over a field F if and only
if T is a subgroup of the multiplicative group of .

If T is a subgroup of the multiplicative group of F, then DG(k,I") has a natural repre-
sentation over F. Let B = {by,...,b;} be a frame for DG(k,I'), and for each a € T" and
1 <i<j <k, let (ij)a denote the element of DG(k,I') spanned by {b;,b;} and labeled
with « in the corresponding I'-labeled graph. Then DG(k,T) is represented by the matrix A
over I so that B indexes an identity submatrix of A, and foreacha € 'and 1 <17 < j <k,
the column of A indexed by (i,7), has a 1 in the row indexed by b; and a a~! in the row
indexed by b;. Since every finite subgroup of the multiplicative group of a field is cyclic,
Theorem 1.2.4 implies that DG(k, T") is representable only if ' is cyclic. The converse is true
as well, since every cyclic group is a subgroup the multiplicative group of some field.

Dowling geometries also have the attractive property that if I is a subgroup of I', then
DG(k,I") is a restriction of DG(k,I"). This is because if G is a I'-labelled graph whose
frame matroid is DG(k,T"), then the restriction of the graph to edges labeled by the sub-
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group I gives a ["-labelled graph whose frame matroid is DG(k,[”). In particular, since
DG(k,{1}) = M(K}1) and every group has a subgroup of size one, every Dowling geometry
has a spanning clique restriction. Since cliques are round and every matroid with a spanning
round restriction is round, Dowling geometries are round. As we shall see in Chapter 2,

Dowling geometries are occasionally easier to work with if we delete the frame B. We define
DG (k,I') = DG(k,T")\ B, where B is a frame of DG(k,T).

1.3 The Growth Rate Theorem

This thesis is concerned with finding the extremal functions of minor-closed classes of ma-
troids. One reason to study extremal functions is that they hint at the structure of matroids
in minor-closed classes. This phenomenon is stunningly illustrated by the Growth Rate The-
orem, which shows that the extremal function of a minor-closed class of matroids is either
infinite, exponential, quadratic or linear. The Growth Rate Theorem is a combination of
three results, and in this section we state these results and discuss their implications for
the structure of matroids in minor-closed classes. Before this, we give an example of how
extremal functions indicate structure in minor-closed classes of graphs.

We have seen that the class G of graphic matroids has extremal function hg(n) = (";rl),

which is a quadratic function of n. The following classical result of Mader [34] shows that
the situation is quite different when we exclude any clique as a minor.

Theorem 1.3.1. Let t > 3 be an integer, and let G, denote the class of graphic matroids
with no M (Ky)-minor. Then there is a constant ¢; so that hg,(n) < ¢n for all n > 0.

This dichotomy of extremal functions suggests that graphs with no K;-minor are somehow
more structured than graphs in general, since all of their minors have at most linearly many
edges. This structure was famously described by Robertson and Seymour over the course of
23 papers collectively known as the Graph Minors Project [45].

The extremal functions of minor-closed classes of matroids exhibit similar behavior, al-
though the dichotomies are more pronounced since matroids are more general objects than
graphs. In perhaps the first extremal result for general minor-closed classes of matroids,
Kung [31] showed that minor-closed classes of matroids have drastically different behavior
depending on whether or not they exclude a rank-2 uniform matroid.

Theorem 1.3.2. For each integer ¢ > 2, the class U(L) of matroids with no Usgio-minor

satisfies hyp(n) < % for all n > 0.

Since rank-2 uniform matroids can have arbitrarily many elements, this theorem implies
for a minor-closed class M that ha(n) is finite for n > 2 if and only if there is some integer
¢ > 2 so that Uy g9 ¢ M. This major dichotomy suggests that matroids with no Us 1 o-minor
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have some underlying structure. Indeed, Geelen, Gerards, and Whittle conjecture in [10] that
highly vertically connected matroids which exclude a uniform minor are a bounded distance
from either a frame matroid, the dual of a frame matroid, or a matroid representable over a
finite field of bounded size. This conjecture is likely very difficult to prove, as it generalizes
the ongoing Matroid Minors Project for matroids representable over finite fields [10, 21].

Another result of Kung [31] shows that there is a dichotomy among minor-closed classes
of matroids which exclude Us syo for some integer ¢ > 2, namely that the extremal function
either has a polynomial upper bound or an exponential lower bound. This was strengthened
by Geelen and Kabell [11], who showed that classes of matroids representable over finite
fields are the fundamental reason for this dichotomy.

Theorem 1.3.3. For each integer £ > 2 and each minor-closed class M of matroids for
which Us gio ¢ M, there is a constant caq so that either

o hp(n) < nM foralln >0, or

e there is a prime power q so that qq"__—11 < hm(n) < emq” for alln >0, and M contains
all GF(q)-representable matroids.

Classes of the second type are called base-q exponentially dense. The fact that an algebraic
object such as a finite field shows up in a purely combinatorial theorem is surprising, and
indicates that exponentially dense classes may have more underlying structure.

There there are two more major dichotomies among minor-closed classes of matroids; the
first was proved by Geelen and Whittle [19].

Theorem 1.3.4. For each integer £ > 2 and each minor-closed class M of matroids for
which Us gio ¢ M, there is a constant cpaq so that either

o hy(n) <cpyn for alln >0, or
e hp(n) > (”;1) for all n >0 and M contains all graphic matroids.

Classes of the first type are called linearly dense. When stated differently it is clear that
Theorem 1.3.4 generalizes Theorem 1.3.1.

Theorem 1.3.5. There is a function ayss5: Z° — 7 so that for all integers (,t > 2, if
M e U(0) satisfies e(M) > ay 35(¢,t)r(M), then M has an M(Kyy1)-minor.

This theorem says that even among general matroids with no Us ¢19-minor, it is hard to
avoid having a clique minor, so matroids with no Us s4o-minor and no M (K;)-minor should
have some structural description. However, since this class of matroids contains all graphic
matroids with no M (K;)-minor, any structural description would likely be quite complex.

The last ingredient of the Growth Rate Theorem is a result of Geelen, Kung, and Whittle
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[12] which shows that if M is minor-closed and hp(n) < n¢ for some constant ¢, then in
fact haq(n) < ¢'n? for some constant ¢, so the dichotomy exhibited in Theorem 1.3.3 is in
fact much sharper. This result, combined with Theorems 1.3.2 and 1.3.4, gives the Growth
Rate Theorem [12].

Theorem 1.3.6 (Growth Rate Theorem). If M is a minor-closed class of matroids, then
there exists a constant cyq so that either

1. hp(n) = o0 for alln > 2 and M contains all rank-2 uniform matroids, or

2. there is a prime power q such that = < hp(n) < cmq™ for all m > 0, and M
qg—1

contains all GF(q)-representable matroids, or
3. (n;rl) < hap(n) < epyn? for allm > 0 and M contains all graphic matroids, or
4. ham(n) < cemn for alln > 0.

This theorem implies that matroids in minor-closed classes have a good deal of structure.
Classes of the third type are called quadratically dense, and are the focus of this thesis. We
highlight two corollaries of Theorem 1.3.6 for quadratically dense classes.

Corollary 1.3.7. A minor-closed class M of matroids is quadratically dense if and only if
M contains all graphic matroids and there are integers £ > 2 and n > 3 so that Us 12 ¢ M
and M contains no rank-n projective geometry.

Many interesting classes of representable matroids are quadratically dense. The following
result uses the fact that a rank-3 projective geometry of characteristic p is only representable
over fields of characteristic p, which we prove in Chapter 7.

Corollary 1.3.8. Let F be a family of fields having no common finite subfield, and let £ > 2
be an integer. Then the class of matroids representable over all fields in F and with no
Us r42-minor is quadratically dense.

This result is of particular interest when F consists of either the complex numbers, the
real numbers, or a pair of finite fields of different characteristic. In this thesis we find the
extremal function for any class of matroids in Corollary 1.3.8 up to a linear error term, and
determine the extremal function almost exactly in several special cases.

1.4 Classification of Extremal Functions

The Growth Rate Theorem shows that the extremal function of any minor-closed class of
matroids which excludes a line is either exponential, quadratic, or linear. Perhaps within
each of these classes there are more dichotomies that can be found through the study of
extremal functions. This motivates the following problem.
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Problem 1.4.1. Classify the functions which can occur as the eventual extremal function of
a minor-closed class of matroids.

This problem is difficult, and it seems that linearly dense classes may be a bit too wild to
admit a complete answer to Problem 1.4.1, as indicated by results of Eppstein [5]. This is
true in part because extremal members of linearly dense classes need not be highly connected
in any way, and indeed can arise from random constructions, even for graphs. As we will see
in Section 1.5, even the very natural class of graphic matroids with no M (K;)-minor is not
well-behaved, since the extremal matroids arise from random graphs.

While the situation for linearly dense classes is bleak, the story for exponentially dense
classes is quite the opposite. Geelen and Nelson [17] were amazingly able to give a complete
answer to Problem 1.4.1 for exponentially dense classes.

Theorem 1.4.2. Let q be a prime power. If M is a base-q exponentially dense minor-closed

class of matroids, then there are nonnegative integers k and d < qzk_—11 so that hy(n) =
qn;k;l —qd for all sufficiently large n. Moreover, each extremal matroid of large enough rank

18, up to simplification, a k-element projection of a projective geometry.

They were able to prove that extremal matroids in exponentially dense classes are weakly
round, which is a strong connectivity property similar to roundness, and this was key in their
proof.

The results for exponentially dense classes indicate that there is some hope for solving
Problem 1.4.1 for quadratically dense classes. However, there is currently very little known
about extremal functions of quadratically dense classes; the following seemingly basic con-
jecture from [10] is wide open in general.

Conjecture 1.4.3. If M is a quadratically dense minor-closed class of matroids, then there
are real numbers a,b and c so that hy(n) = an® + bn + ¢, for all sufficiently large n.

Grace and Van Zwam [21] proved this for classes representable over a fixed finite field,
using the powerful Matroid Minors Structure Theorem, whose proof is in the process of being
written [10].

Proving Conjecture 1.4.3 is crucial for solving Problem 1.4.1 for quadratically dense classes,
and a reasonable first step towards a proof is to determine which matroids can be among the
densest matroids in quadratically dense classes. These are conjectured in [10] to be matroids
which admit a B-clique after contracting a bounded set T'.

More precisely, a matroid M is an («, t)-frame matroid if it has a basis VUT with |T'| = ¢
such that

e for each e € E(M) — (V UT) the unique circuit of M|(V UT U{e}) contains at most
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two elements of V', and

e for each u,v € V there are exactly a elements that are in the span of T'U {u, v} but
not in the span of either 7"U {u} or T'U {v}.

Note that M /T is a V-clique, and if T'= &, then M is a matroid framed by V so that each
pair of elements of V' spans a Us ,yo-restriction. Geelen, Gerards, and Whittle make the
following conjecture in [10].

Conjecture 1.4.4. If M is a quadratically dense minor-closed class of matroids, then there
are integers o« > 1 and t > 0 so that

e hy(n) =a(y) +0(n), and
e for each integer n > t, M contains an («,t)-frame matroid of rank n.

Since e(M) = a("(g@) +O(r(M)) for any (o, t)-frame matroid M, this conjecture says that
(c, t)-frame matroids are close to being the densest matroids in every quadratically dense
class. A proof of this conjecture would show that the leading coefficient from Conjecture
1.4.3 is always an integer, and in this thesis we prove Conjecture 1.4.4 in an important special
case.

1.5 Interesting Minor-Closed Classes

All of the results in Sections 1.3 and 1.4 are concerned with finding approximate bounds
on the extremal functions for very general minor-closed classes of matroids. Whenever
possible we would like to precisely determine the extremal function of a minor-closed class,
particularly if the class is ‘interesting’ or ‘natural’ in some way. Indeed, this was stated by
Kung [31] to be one of the fundamental problems of extremal matroid theory.

Problem 1.5.1. Let M be an ‘“interesting’ minor-closed class of matroids. Determine
hap(n), and characterize the extremal matroids of M.

Instances of this problem tend to be difficult; there are only a handful of classes for which
Problem 1.5.1 has been completely solved. In this section we highlight notable instances that
have been solved, focusing mostly on quadratically dense classes. Many of these interesting
classes arise from fields, in particular finite fields.

As in Section 1.3, our first example comes from the class of graphic matroids with no
M (K;)-minor. It turns out that the constant ¢, given by the original proof of Theorem
1.3.1 is 273, and is far from exact. Kostochka [27, 28] and Thomason [48] independently
proved that the correct order of magnitude for ¢; is v/tlogt, and Thomason later gave an
asymptotically best-possible bound in [49].
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Theorem 1.5.2. Lett > 3 be an integer, and let G, denote the class of graphic matroids with
no M(K;)-minor. Then hg,(n) = ((a + o,(1))v/tlogt)n for alln > 0, where « = .319... is
an explicit constant.

Thomason also proved that this upper bound is asymptotically tight for random graphs.

For exponentially dense minor-closed classes, Theorem 1.3.2 gives an easy upper bound
on hy, but it is not always tight. Geelen and Nelson [13] were able to find an eventual
extremal function for U(¢).

Theorem 1.5.3. Let { > 2 be an integer, and let q be the largest prime power less than or
equal to L. Then hyg(n) = % for all sufficiently large n.

This shows that Theorem 1.3.2 is tight if and only if £ is a prime power. Just as in Theorem
1.3.3, it is surprising that finite fields play such a large role in these purely combinatorial
classes. Nelson [39] was also able to find an eventual extremal function for the class of GF(g¢?)-
representable matroids with no PG(k, ¢%)-minor, and for the class of matroids representable
over GF(¢?) and GF(¢’) for each odd integer j.

Many interesting minor-closed classes of matroids turn out to be quadratically dense, for
two main reasons. The first is that any class of matroids representable over a family F of
fields which contains fields of different characteristic and a finite field is quadratically dense.
In particular, any class of matroids representable over a pair of finite fields of different
characteristic is quadratically dense. The second reason is that any minor-closed class of
GF(p)-representable matroids which does not contain all GF(p)-representable matroids is
quadratically dense, for any prime p. Classes of this type are particularly well-studied for
binary matroids.

We first state some results for classes representable over a family of fields F. A matroid
is regular if it is representable over every field, and the extremal function for the class of
regular matroids follows from a classical result of Heller [23].

Theorem 1.5.4. The class of regular matroids has extremal function h(n) = (";1) forn > 0.

Tutte [50, 51] proved that a matroid is regular if and only if it is representable over GF(2)
and a field of characteristic other than two, so given Theorem 1.5.4 we may assume that

GF(2) ¢ F.

A matroid is near-regular if it is representable over all fields, except possibly GF(2), and
a matroid is sizth-root-of-unity if it is representable over GF(3) and GF(4). Whittle [54]
showed that a matroid is near-regular if and only if it is representable over GF(3) and
GF(8). Even though the class of sixth-root-of-unity matroids properly contains the class of
near-regular matroids, Oxley, Vertigan, and Whittle [43] proved that these classes have the
same extremal function.
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Theorem 1.5.5. The class of sizth-root-of-unity matroids has extremal function h(n) =
(";2) — 2 form > 4, and the extremal matroids are near-reqular and are projections of

cliques.

Another well-studied class is the class of matroids representable over GF(3) and GF(5),
called dyadic matroids. Kung and Oxley [29, 33] solved Problem 1.5.1 for the class of dyadic
matroids.

Theorem 1.5.6. The class of dyadic matroids has extremal function h(n) = n?* for n >0,
and the extremal matroids are Dowling geometries over GF(3)*.

The authors comment that their proof also gives the following result for R-representable
matroids.

Theorem 1.5.7. The class of R-representable matroids with no Uss-minor has extremal
function h(n) = n? for n > 0, and the extremal matroids are Dowling geometries over

GF(3)*.

Whittle [54] proved that if F is a family of fields with GF(3) € F, and M is the class
of matroids representable over all fields in F, then there is some ¢ € {2,3,4,5,7,8} so that
M is the class of matroids representable over GF(3) and GF(¢). He also proved that each
3-connected matroid representable over GF(3) and GF(7) is either a dyadic matroid or a
sixth-root-of-unity matroid. Combined with Theorems 1.5.5 and 1.5.6, this implies that the
extremal function for the class of matroids representable over GF(3) and GF(7) is h(n) = n?,
for all sufficiently large n. Thus, if GF(3) € F, then the extremal function for the class of
matroids representable over all fields in F is known.

We now highlight some results for proper minor-closed subclasses of GF(p)-representable

matroids. The following theorem is a consequence of results proved independently by Sauer
[46] and Shelah [47].

Theorem 1.5.8. The class of binary matroids with no PG(2, 2)-minor has extremal function
h(n) = ("3') forn > 0.

Since all regular matroids are binary and PG(2,2) is not regular, the class of binary
matroids with no PG(2,2)-minor contains all regular matroids, so Theorem 1.5.8 implies
Theorem 1.5.4. Theorem 1.5.8 can be further strengthened by considering another natural
class of binary matroids. The affine geometry AG(n, q) is obtained from PG(n, q) by deleting
a hyperplane. Since PG(2,2) is a minor of AG(3,2), the following result of Kung, Mayhew,
Pivotto, and Royle [32] implies Theorem 1.5.8.

Theorem 1.5.9. The class of binary matroids with no AG(3,2)-minor has extremal function

h(n) = ("3') for n > 6, and the extremal matroids are cliques.
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Theorems 1.5.4-1.5.9 are nearly all instances of Problem 1.5.1 which have been solved for
quadratically dense classes, although it seems like the Matroid Minors Structure Theorem will
lead to many new results [20, 22, 41]. In this thesis we prove a result which simultaneously
generalizes Theorems 1.5.6, 1.5.7, and 1.5.9, for sufficiently large integers n.

1.6 Extremal Function Proofs

We now describe a general strategy for finding an eventual extremal function for a minor-
closed class of matroids, and then discuss how this strategy has been used in the past and
how we apply it in this thesis. This proof sketch in its full complexity was invented in [13],
and a slightly simpler precursor can be found in [43]. There are generally three steps to show
that ha(n) < f(n) for some function f.

Proof Strategy:

(I) If ha(n) > f(n) for sufficiently large integers n, find some M € M with (M) >
f(r(M)) so that M has a connectivity property, a structured minor GG, and a restriction
X which is incompatible with G.

(IT) Use the connectivity property of M to find a minor N with a structured minor G’ of
G as a spanning restriction such that N|X = M|X.

(III) Use the structure of G’ and X to find a minor of N which is not in M, giving a
contradiction.

Step (I) deals with exploiting the density of matroids in M. If f is quadratic or exponential
in n, then M has extremal matroids with some connectivity property essentially because
densities combine only linearly from piecing together two matroids of smaller rank. The
restriction X usually arises by assuming M is minor-minimal with (M) > f(r(M)). This
implies that for each element e of M there are many long lines of M through e, which
provides useful structure. Step (II) deals with exploiting the connectivity property of M to
find a minor N in which G’ and X are forced to interact. We say that X is a ‘certificate’,
since G’ and X together certify that N has a minor which is not in M.

This proof strategy was used to prove most of the results in Section 1.5. If M is a base-q
quadratically dense class, then G is usually a projective geometry over GF(q), and X is a
bounded-size collection of lines of length ¢ + 2, as in [13] and [39]. Then X is incompatible
with G because none of these lines is contained in G, since Us 449 is not GF(g)-representable.
For exponentially dense classes, the connectivity property is roundness. Roundness is easy
to work with because it is preserved under contraction, and is stronger than vertical k-
connectivity for any k. Step (II) works well for exponentially dense classes since typically
M is round and X has bounded size.
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For quadratically dense classes, the minor G is generally a Dowling geometry, and the
restriction X is a collection of spike-like matroids. Then X is incompatible with G because
Dowling geometries do not contain spikes of rank at least five, as we will see in Chapter
3. This restriction X may not have bounded size, which makes step (II) more difficult.
The connectivity property of M is generally vertical k-connectivity for some k (see [43] and
[32]), and this property is unfortunately not preserved under contraction. One of the main
technical contributions of this thesis is a pair of results, Theorems 4.0.1 and 4.5.7, which
should make step (II) easy for a large family of quadratically dense classes.

While step (II) can be difficult for quadratically dense classes, there are two results of
Geelen and Nelson which are very helpful for steps (I) and (III). The first shows that in any
quadratically dense class, there exist extremal matroids which are highly vertically connected
and have some structure [16].

Theorem 1.6.1. Let M be a quadratically dense minor-closed class of matroids and let
p(z) be a real quadratic polynomial with positive leading coefficient. If hap(n) > p(n) for
infinitely many integers n > 0, then for all integers r,s > 1 there exists M € M satisfying
e(M) > p(r(M)) and r(M) > r such that either

e M has a spanning clique restriction, or

o M is vertically s-connected and has an s-element independent set S so that (M) —
e(M/e) > p(r(M)) —p(r(M) —1) for each e € S.

The key ingredients in the proof are Theorem 1.3.5 and the fact that quadratic functions
are concave-up, and the structure in the second outcome essentially arises by taking a minor-
minimal matroid with large density. Theorem 1.6.1 is essentially all we need for step (I) of
the general proof strategy, although in Chapter 3 we will refine the structure given by the
second outcome. In Chapter 3 we prove a slight strengthening of Theorem 1.6.1 by replacing
‘infinitely many integers n’ with ‘a sufficiently large integer n’, so that we can obtain explicit
bounds for our main result. In [16] the authors apply Theorem 1.6.1 with s = 4; this thesis
will see the first application of this theorem at full strength.

The second result of Geelen and Nelson shows that any matroid with a spanning clique
restriction in a quadratically dense class is a bounded distance from a frame matroid [18].

Theorem 1.6.2. There is a function hi¢2: Z* — 7 so that for all integers £,n > 2 and any
M € U(L) with a spanning B-clique restriction and no rank-n projective-geometry minor,
there is a set B C B and a B—clique N such that dist(M, N) < hy62(¢,n). Moreover, there
are disjoint sets Cy,Co C E(M) with ry(C1 U Cy) < hyg2(f,n) such that

e si(N) is isomorphic to a restriction of M/CY,

o forall X C E(M)—(CyUCy), if (M/(C1UCY))|X is simple, then N|X = (M/Cy)|X.
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The second condition implies that e(N) > e(M/(Cy U Cy)), by taking (M/(Cy U Cy))|X
to be a simplification of M /(C; U Cy).

This is a deep result, and is vital for our main proof. It is clearly useful when the first
outcome of Theorem 1.6.1 holds, but even when the second outcome holds we will find a
minor with a spanning clique restriction so that we can apply this theorem. Since every
quadratically dense class excludes a line and all projective geometries of some fixed rank,
Theorem 1.6.2 should be useful in step (III) of the general proof sketch for many quadratically
dense classes.

1.7 This Thesis

This thesis is primarily motivated by the following problem.

Problem 1.7.1. Classify the functions which can occur as the eventual extremal function of
a quadratically dense minor-closed class of matroids.

As we saw in Section 1.4, we can approach this problem by trying to prove Conjecture
1.4.4. In this thesis we prove Conjecture 1.4.4 in the case that ¢ = 0, which means that there
is some integer n > 3 so that M contains no (a, 1)-frame matroid of rank-n. To ensure that
M contains no («, 1)-frame matroid of rank-n, we exclude matroids called ‘doubled cliques’.

For all integers n > 3, a rank-n doubled clique is a simple matroid M with an element e
so that si(M/e) =2 M(K,) and each parallel class of M/e has size two. The main result of
this thesis shows that Dowling geometries are the densest matroids in quadratically dense
classes which exclude all rank-n doubled cliques for some integer n > 3, up to a linear error
term. This theorem and its applications are due to joint work with Peter Nelson and Jim
Geelen that has not yet been published.

Theorem 1.7.2. There is a function f179 : Z* — 7 so that for all integers £ > 2, t > 1 and
n,k >3, if M is a minor-closed class of matroids such that Us o ¢ M, then either

o M contains a rank-n doubled clique, or
e M contains DG(k,T") for some group T with |I'| > t, or
o cach M € M satisfies (M) < (t — 1) (7“(]2\4)) + fizo(lyn, k,t) - r(M).

This theorem has the following corollary, which shows that there are dichotomies among
minor-closed classes which exclude a line and all rank-n doubled cliques.

Theorem 1.7.3. For all integers £ > 2 and n > 3, if M is a minor-closed class of matroids
such that Us p40 ¢ M and M contains no rank-n doubled clique, then there is a constant cpy
so that either
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o hy(r) <cp-r forallr >0, or

e there is a group T' so that |T|(}) +r < ha(r) < T|(5) + eamq -7 for all v >0, and M
contains all I'-frame matroids.

This result is analogous to Theorem 1.3.3, with ['-frame matroids playing the role of
GF(q)-representable matroids.

The proof of Theorem 1.7.2 takes up the bulk of this thesis. In Chapter 2 we prove some
properties of Dowling geometries which we need for both Theorem 1.7.2 and its applications.
Then Chapters 3-5 follow the proof strategy given in Section 1.6, where Chapter 3 corre-
sponds to step (I), Chapter 4 corresponds to step (IT), and Chapter 5 corresponds to step
(III). After proving Theorem 1.7.2, we prove some applications in Chapters 6 and 7.

1.7.1 The Main Proof

Chapters 3-5 of this thesis are devoted to proving Theorem 1.7.2. In Chapter 3 we refine the
structure given by the second outcome of Theorem 1.6.1 by showing that it leads to any of
three distinct structures, each of which is incompatible with cliques. We define these three
structures in more detail in Chapter 3, but we roughly describe them here so that we can
informally state the main result of Chapter 3.

The first structure is a stack, which is essentially a collection of mutually skew restrictions
of bounded rank so that each is either not a frame matroid, or has a Uj;yo-minor. The
second is a collection of nearly skew small spikes with a common tip. The third, and most
important, is a collection of matroids called porcupines, which generalize spikes. The main
result of Chapter 3, Theorem 3.6.1, shows that the second outcome of Theorem 1.6.1 leads
to either a large stack, a large collection of nearly skew spikes with common tip, or a large
collection of porcupines. This theorem, together with Theorem 1.6.1, gives step (I) of the
general proof sketch from Section 1.6. In Chapter 5, we show that each of these restrictions
in the span of a clique leads to either a rank-n doubled-clique minor, or a DG(k, I')-minor
with |T| > t.

The most difficult part of the proof of Theorem 1.7.2 is in step (II) of the general proof
strategy, where we use vertical connectivity to find a minor with a spanning clique restriction,
and a restriction consisting of a stack, nearly skew spikes, or porcupines. The following
theorem is the main result of Chapter 4, and performs the bulk of the work in the proof of
Theorem 1.7.2. We state this more formally in Chapter 4.

Theorem 1.7.4. Let {,m,n > 2 and k > 1 be integers, let M € U({) be a matroid with no
rank-n doubled-clique minor, and let I' be a finite group. If M has sufficiently large vertically
connectivity, a DG(r,I')-minor G with r sufficiently large, and a size-k independent set such
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that each element is the tip of a porcupine restriction, then M has a minor N of rank at
least m such that

e N has DG(r(N),TI')-restriction, and

e N has a size-k independent set such that each element is the tip of a porcupine restric-
tion.

The proof of Theorem 1.7.4 mostly relies on properties of porcupines, but a key step in
the proof utilizes the clique-like structure of Dowling geometries. The main tool we use for
maintaining connectivity is the notion of ‘tangles’, which we introduce in detail in Chapter 4.
We also need the following generalization of Tutte’s Linking Theorem for a nested collection
of sets, which we prove in Chapter 4.

N

Theorem 1.7.5. Let M be a matroid, m > 1 be an integer, and Y, C Yo C --- C Y,,
E(M)—X. Then M has a minor N with ground set X UY,, such that kn(X,Y;) = k(X
for each i € [m], while N|X = M|X and N|Y, = M|Y;.

Y;)

Finally, in Chapter 5 we prove Theorem 1.7.2, essentially by applying Theorems 1.6.1,
3.6.1 and 1.7.4, in that order.

1.7.2 Applications

In Chapters 6 and 7, we use Theorem 1.7.2 to solve Problem 1.5.1 for several interesting
classes of matroids. The following theorem is the main result of Chapter 6.

Theorem 1.7.6. For all integerst > 1, £ > 2, and k,n > 3, if M is a minor-closed class
of matroids so that Uy po & M, then either

e M contains a rank-n doubled clique, or
e M contains a nontrivial extension of DG(k,I") with |T'| > t, or

e cach M € M with sufficiently large rank satisfies e(M) < t(T(]QVI)) +r(M). Moreover,
if r(M) is sufficiently large and (M) = t(T(M)) + (M), then si(M) is isomorphic to

2
a Dowling geometry.

Then only new ingredient required for the proof of the upper bound is an analogue of
Theorem 1.6.1 for classes which contain no rank-n doubled clique, which finds a matroid
with a spanning Dowling-geometry restriction with large group size instead of a spanning
clique restriction. Otherwise the proof uses the machinery developed in Chapters 3 and 4,
in particular Theorems 3.6.1 and 1.7.4.

In Chapter 7 we show that Theorems 1.7.2 and 1.7.6 apply to classes of representable
matroids. The key idea is that every large-rank doubled clique in #/(¢) has a rank-3 minor
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called a Reid geometry, which is only representable over fields of characteristic p for some
prime p. This implies that large-rank doubled cliques are not representable over infinite fields,
or fields of two different characteristics. In fact, this is also true for nontrivial extensions of
Dowling geometries, which gives the following corollary of Theorem 1.7.6.

Theorem 1.7.7. Let F be a family of fields having no common subfield, and let t > 1 be an
integer. Then the class M of matroids representable over all fields in F and with no Usy3-
minor satisfies ha(n) < t(3)+n for sufficiently large n. Moreover, if e(M) = t(r(g@) +7(M)
and r(M) is sufficiently large, then si(M) is isomorphic to a Dowling geometry.

Whenever the size of the largest common subgroup (up to isomorphism) of the multiplica-
tive groups of fields in F has size t, Dowling geometries over that group give a matching
lower bound for the extremal function. There are two notable cases for which this occurs.
The first was conjectured independently by Nelson [38] and Kapadia [25].

Theorem 1.7.8. For each integer t > 1, the class of C-representable matroids with no
Uz 1+3-minor has extremal function h(n) = t(g) +n for sufficiently large n. Moreover, if n is
sufficiently large and equality holds for M, then si(M) is isomorphic to a Dowling geometry.

The second was conjectured by Geelen, Gerards and Whittle in [10].

Theorem 1.7.9. IfF, and Fy are finite fields with different characteristic such that F{ is a
subgroup of B | then the class of matroids representable over Fy and Fy has extremal function
h(n) = [F{[(3) + n for sufficiently large n. Moreover, if n is sufficiently large and equality
holds for M, then si(M) is isomorphic to a Dowling geometry.

As we saw in Section 1.5, this result was already known when F; = GF(2), and in many
cases with F; = GF(3), and was open in all other cases.

In Chapter 7 we also state a notable direct corollary of Theorem 1.7.2. Although it does
not give a precise extremal function, it determines the correct leading coefficient of the

extremal function of any quadratically dense class of matroids representable over a family of
fields.

Theorem 1.7.10. Let { > 2 and o > 1 be integers so that { > «. Let F be a family of
fields having no common subfield so that « is the size of the largest common subgroup (up
to isomorphism) of size less than ¢, of the multiplicative groups of the fields in F. Then the
class M of matroids representable over all fields in F and with no Us ¢+o-minor has extremal

function hp(n) = a(3) + O(n).

Since the largest finite subgroup of the multiplicative group of the real numbers has size
two, Theorem 1.7.10 has the following corollary.

Theorem 1.7.11. For each integer £ > 3, the class of R-representable matroids with no
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Us ¢r2-minor has extremal function h(n) = 2(;) + O(n) for all sufficiently large n.

The previous best bound on the leading coefficient for ¢ > 4 was 21 — (2°=2, proved

by Kung [30]. Theorem 1.7.11 determines the correct leading coefficient, but we would still
like to determine this extremal function precisely for this natural class of matroids. To do
so, we need to determine which matroids are the densest R-representable matroids with no
Us ¢+o-minor for ¢ > 4. More generally, we would like to determine the extremal matroids for
any minor-closed class which excludes a line and all rank-n doubled cliques. There is some
evidence for the following conjecture, which is an analogue of Theorem 1.4.2.

Conjecture 1.7.12. Let ¢ > 2 and n > 3 be integers, and let M be a minor-closed class
of matroids so that Uy eia ¢ M, and M contains no rank-n doubled clique. Then there is
an integer k > 0 so that each simple extremal matroid of M of sufficiently large rank is a
k-element projection of a Dowling geometry.

In Chapter 8 we discuss the evidence for this conjecture, and other natural questions for
minor-closed classes with no rank-n doubled clique. Finally, we discuss the possibility of
using the techniques of this thesis to prove Conjecture 1.4.4.
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Chapter 2

Dowling Geometries
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In this chapter we prove some properties of Dowling geometries which are fundamental
in this thesis. In Section 2.1 we provide sufficient conditions for a frame matroid to have a
Dowling-geometry minor, using a well-known result of Kahn and Kung. In Section 2.2 we
prove a result (Lemma 2.2.4) concerned with finding a DG™ (m, I')-restriction, which is vital
for the proof of Theorem 1.7.2.

2.1 Finding a Dowling-Geometry Minor

In this section we only consider clique-like frame matroids, since they provide a good deal
of control when taking minors. Recall that a B-clique is a matroid M framed by B so that
each pair of elements of B is contained in a long line of M.

The following beautiful theorem of Kahn and Kung [26] characterizes when a simple B-
clique is a Dowling geometry, and is the foundation for all results in this section. The proof
presented here is a slight modification of the proof in [26]. We remark that the condition
that (M) > 4 is necessary; it is possible to construct rank-3 matroids which satisfy the
theorem hypotheses from Latin squares, and not all Latin squares arise as the Cayley table
of a group.

Theorem 2.1.1. For each integer t > 1, if M is a simple B-clique of rank at least four so
that | clpr({b1,b2})| =t + 2 for all distinct by, by € B, and

(*) for all distinct by, ba,bs € B and elements a € clp({b1,b2})—B and b € cly({b1,b3})—B,
there is some ¢ € cly({b2,b3}) — B for which {a,b,c} is a circuit of M,

then there exists a group I' with |I'| =t so that M = DG(r(M),T).

Proof. Let B = {by,ba,...,by}, and for all 1 < i < j < m let L;; = clp({b;,b;}) — B. For
all 1 <i<j<k<mlett,,=cly({bb;,b;}). We will refer to ¢, as a facet of M. Note
that the element ¢ from (*) is necessarily unique; otherwise there is a rank-2 set {a, b, ¢, '}
which spans {by, by, b3}. We will refer to 3-element circuits of M as triangles. A triangle of
M is basic if it is spanned by some pair of elements of B, and nonbasic otherwise. Our first
claim is a general property of rank-4 frame matroids.

2.1.1.1. Foralll <i< j<k<h<m,if{abc}, {c,d e}, and {a, f,e} are nonbasic
triangles on three distinct facets out of tijk, tijn, tich, and tjg,, then {b,d, f} is a nonbasic
triangle on the fourth facet.

Proof. Without loss of generality, we may assume that (i, j,k,h) = (1,2,3,4) and {a,b, ¢},
{c,d,e} and {a, f, e} are nonbasic triangles of t123, t134, and t194, respectively. This implies

that a € ng, b € L23, c € L13, d € L34, e € L14, and f S L24. We will show that
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{b,d, f} is a triangle of ty34. In M /b both {c,d, e} and {a, f, e} are circuits and a and ¢ are
parallel, so 7ys({a,c,d, e, f}) = 2. If d and f are not parallel in M/b, then {by,bs,bs} C
clayp({d, f}) since b € Lag. But then by C clyyp({d, f,e}) since e € Ly, so {a,c,d,e, f}
spans {b1, b, bg, by} in M /b, which contradicts that ry({a,c,d, e, f}) = 2. Thus, d and f
are parallel in M /b, so {b,d, f} is a nonbasic triangle of M. ]

Let I" be a set of size t, and let € € I'. We will label E(M) — B by elements of I' according
to three rules, which force € € I' to be the group identity element. Rules (A) and (B) look
very similar, but we need both in order to show that e commutes with all elements of I" once
we define a group operation on I'.

2.1.1.2. There ezists a function f: (E(M) — B) — T so that for all 1 <i < j <k <m,

(A) if {a,b,c} is a triangle in t;j, not contained in L;;, Ly, or Lj, such that b € Lj, and
7(b) = e, then f(a) = f(c), and

(B) if {a,b,c} is a triangle in t;j, not contained in L;;, Ly, or Lj, such that b € L;; and
F(b) = e, then f(a) = £(c), and

(C) f restricted to Ly is a bijection for all 1 <i' < j' <m.

Proof. For each 2 < j < m, arbitrarily choose an element a € L;; and set f(a) = e.
Arbitrarily assign labels to elements of Li5 so that f restricted to L is a bijection. We use
the following three steps to define f, relying on the fact that M satisfies (*).

(1) For each 2 < j < k < m, let a € Lj; be the element in a triangle with the elements of
Ly; and Ly, labelled €, and set f(a) = e. Note that this element a € L;;, exists since M
satisfies (*).

(2) For each 3 < k < m, let a € Ly;, be the element in a triangle with the element of Lis
labelled o and the element of Loy labelled €, and set f(a) = a. This shows that o
satisfies (A) for all 3 <k < m.

(3) For each 2 < j < k < m, let a € Lj; be the element in a triangle with the element of
L,; labelled € and the element of Ly labelled o, and set f(a) = a. This show that ¢y
satisfies (B) for all 2 < j < k < m.

We now have a function f: (E(M) — B) — T', and we will show that it satisfies (A),
(B), and (C). If f restricted to Ly is not a bijection for some 3 < k < m, then there is
some a € Li; and e € Lo, which are in triangles with two distinct elements of Lo, which
contradicts the uniqueness of ¢ in (*). Similarly, if f restricted to L,j is not a bijection for
some 2 < j < k < m, then there is some a € Lj;, and e € Ly; which are in triangles with two
distinct elements of Ly, which contradicts the uniqueness of ¢ in (*). Thus, f satisfies (C).
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We now prove a sequence of claims to show that f satisfies (A) and (B). For each a € T’
and 1 <i < j <m, let o;; denote the element in L;; such that f(«;;) = a.

I cdede I y Uy &y Wy © ) 15y Ciksy Cj I
(i) By (1) and 2.1.1.1 with (a,b,c,d, e, f) all labelled €, the set {€;;, €1, €j5} is a triangle
of M forall1<i<j<k<m.

(ii) By (2), f satisfies (A) in t19x for all 3 < k < m.

(iii) By (i), (ii) and 2.1.1.1 with (a,b,c,d,e, f) = (aa2, ou;, €25, €k, €2k, @1x;) We find that
{1, €k, a1x } is a triangle, so f satisfies (A) in ¢y for all 2 < j <k <m.

(iv) By (3), f satisfies (B) in ¢y for all 2 < j < k < m.

(v) By (i), (iv) and 2.1.1.1 with (a,b,c,d,e, f) = (o, ik, €14, €ij, €15, ;) we find that
{€ij, aji, ;i } s a triangle, so (B) holds for all 2 < i < j < k < m.

(vi) By (iv), (iii) and 2.1.1.1 with (a,b,c,d, e, ) = (€1, vij, 0aj, €k, g, i), we find that
{aj, €k, ir } 1s a triangle, so (A) holds for all 2 <i < j < k < m.

Thus, f satisfies (A) by (iii) and (vi) and f satisfies (B) by (iv) and (v). O

Now for each facet ¢;;; we define a binary operation o, : I' x I' = T" by o, (a, f) =~ if
{cij, Bjk, vir} is a triangle in M. These operations are well-defined since M satisfies (*).

2.1.1.3. ojj, = opjrpy foralll1<i<j<k<mandl <i <j <k <m.

Proof. We will show that any two facets with two common indices have the same binary
operation. Without loss of generality, it suffices to show that o193 = 0194 and o134 = 0934 and
0194 = O134. We first show that o193 = 0194. Let a, 8 € T. By 2.1.1.1 with (a,b,c,d, e, f) =

(P23, (v 0123 B)13, 12, (v 0124 B)14, Poa, €34), we find that {es4, (o 0123 B)13, (0 0124 B)14} is &
triangle. This shows that a 0193 f = v 0194 [ since rule (A) holds for ¢34.

Similarly, 2.1.1.1 with (a,b,c,d, e, f) = (au3, €12, @a3, (@ 0234 B)24, B34, (@ 0134 B)14) shows

that o134 = o0g34. Lastly, 2.1.1.1 with (a,b,c,d, e, f) = (a2, @13, €23, B34, B2, (¢ 0124 )14)
shows that o194 = 0y34. Thus, any two facets with two common indices have the same binary
operation, and this implies that all facets have the same binary operation on I'. O

Thus, there is a single binary operation o on I' defined by o = o793.
2.1.1.4. (T, 0) is a group.

Proof. Clearly aoe =¢coa =« for all a € I, since (A) and (B) hold for #123, so € is the
identity. Also, the inverse of « is the unique element [ such that {a1s, Ga3, €13} is a triangle
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of M, and this element exists by (*). For all o, 5,y € T', by 2.1.1.1 with

(CL, b? ¢, d? €, f) = (5237 12, (a © ﬁ)137 ((Q © B) © 7)1477347 (6 © 7)24)

we find that {a12, (B07)a4, (a0 f)ov)14} is a triangle of M. Thus, ao(foy) = (aof)ov, so o
is a group operation on I'. Note that we require 7(M) > 4 in order to prove associativity. [

We will now show that M is isomorphic to a Dowling geometry, using biased graphs. Let
(G, B) be a biased graph on r(M) vertices whose frame matroid is M such that there is an
unbalanced loop at each vertex. Let (G,B’) be the group-labelled graph obtained from G
by labelling each e € E(M) — B by f(e). We may assume that if e € L;;, then e is oriented
from b; to b;. Note that the frame matroid of (G, B') is DG(r(M), (I, o)), which satisfies (*).

2.1.1.5. B=F5.

Proof. We first show that {a,b,c} € B if and only if {a,b,c} € B'. Let a € L;j, b € Ljj, and
¢ € L. If {a,b,c} € B, then f(a) o f(b) = f(c), and due to the orientation of edges of G,
the value of the cycle is f(a) o f(b) o (f(c))™' = ¢, so {a,b,c} € B'. If {a,b,c} € B', then
f(a)o f(b)o(f(c))™' =¢, and so f(a)o f(b) = f(c) and thus {a,b,c} € B. Therefore, B and
B’ contain the same triangles of G.

We now show that B C . Let C' € B have minimum size so that C' ¢ B’. Then |C| > 4
since B and B’ have no cycles of size less than three since the corresponding frame matroids
are simple, and B and B’ have the same triangles. Without loss of generality assume that
C ={ay,aq,...,a5_1,a;} such that a; € L; ;4 for each j € [1,k — 1], and ay € L.

By (*) for M there is some d € Ly3 so that {aj,as,d} € B. Since B satisfies the theta
property, {d,as,ay,...,ar} € B. This cycle has size less than k and is thus in B’. Then
since {ay,as,d} € B and B’ satisfies the theta property, C' € B'. The same argument can
be applied to show that B’ C B. H

Since (G,B) = (G,B') and the frame matroid of (G,B’) is DG(r(M), (I',0)), we have
shown that M = DG(r(M), (T, 0)). O

In this thesis we only need Theorem 2.1.1 for the following corollary, which says that if a
frame matroid is not a Dowling geometry, then there is some element which we can contract
to increase density.

Corollary 2.1.2. Let M be a simple B-clique of rank at least four such that | cly ({b,b'})| =
t+2 for all b,/ € B. Then M is isomorphic to a Dowling geometry if and only if there is
no e € E(M) so that e((M/e)| clpre({b,0'})) >t + 3 for some b,V € B.
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Proof. If M is isomorphic to a Dowling geometry, then si(M/e) is isomorphic to a Dowling
geometry, so ((M/e)|clare({b,0'})) <t +2forall b,b' € B and e € E(M).

If M is not isomorphic to a Dowling geometry, then by Lemma 2.1.1 there are distinct
bi,be,b3 € B and elements a € cly({b2,b3}) — B and b € clp({b1,b2}) — B such that
cly({a,b}) = {a,b}. Now (M/a)|clp({b1,b3}) = M| clp({b1,b3}) = Us 142, and since {a,b}
is a flat of M we have (M/a)|(clp({b1,b3}) U {b}) = Us rys. O

We also need a straightforward lemma about B-cliques which is essentially equivalent to
the statement that a complete graph with a matching J of size (g) has a Kjp-minor with
edge-set J.

Lemma 2.1.3. Let k,t > 3 be integers, let M be a B-clique and let X be a collection of (’;)
pairwise disjoint 2-element subsets of B. Then there is some B’ C B with |B'| = k and a
B'-clique minor N of M such that rn(X) = ry(X) =2 for all X € X, and for all distinct
bi,by € B’ there is some X € X so that clpy(X) C cly({b1,ba}).

Proof. We write UX for UxexX. We may assume that B = UX. Let (By, Bs, ..., Bg) be a
partition of UX so that |B;| = k — 1 for each ¢ € [k], and for each 1 < ¢ < j < k there is
some x € X such that | X N B;| =1 and |X N B;| = 1. This amounts to arbitrarily putting
X into bijection with E(K}). For each i € [k], fix some b; € B; and let C; C cly(B;) — B be
a set of size k — 2 so that for each b € B; — {b;} there is some e € (C; Ncly ({b;,b})) — B.
Such a set C; exists since M is a B-clique. Then B; Ncly (C;) = @ or else C; spans B;. Since
|B;| = |Cs] + 1 we have ra/c,(B;) = 1.

Let N = M/(U;C;), and let B’ be a transversal of (By, Bs,. .., By) which is independent
in N. Then B’ spans N since B = UX, so N is a B’-clique. Let by,by € B’ with by # bs,
and assume without loss of generality that b; € By and by € By. There is some X € X such
that | X N B;| =1and [ X NBy| =1. Let b} € X N By and U, € X N By, and note that b; and
b are parallel in N for each j € {1,2} since B; N cly(C;) = @ and 7y¢,(B;) = 1 for each
i € [k]. Thus, ry(X) = ry(X) =2, and clp(X) C cly(X) = cly({b1, b2}). O

We now combine Corollary 2.1.2 and Lemma 2.1.3 to show that any B-clique in ¢ (¢) with
very large rank contains a big Dowling-geometry minor with group size as large as possible.
The idea is that we contract elements and increase density until we have a B-clique minor
such that each pair of elements of B spans a Uj ¢4;-restriction, and this must be a Dowling
geometry by Corollary 2.1.2.

Lemma 2.1.4. Let { —1 >t > 1 and k > 3 be integers. If M € U({) is a B-clique and
X is a collection of pairwise disjoint 2-element subsets of B such that |X| > k2" and each
X € X satisfies e(M|cly (X)) >t + 2, then there is some B' C B and a B’'-clique minor of
M which is isomorphic to DG(k,T") with || > t.
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Proof. Define a function fi: Z> — Z by fi((, 0, k) = 1, and fi((,t, k) = ((kﬂ)'fly’tﬂ’k)) for
1 <t <. Define fo14(¢, k) = f1(¢,1,k), and note that fo14(¢,k) > fi(f,t, k) forall 1 <t <
¢. One can show using induction that foy4(¢, k) < k2. Fix £ > 2, and let ¢ be maximal
so that there exists a B-clique M € U(¢) with a collection X of pairwise disjoint 2-element
subsets of B such that |X| > fo14(¢, k) and each X € X satisfies e(M|clpy (X)) >t + 2,
but there is no B’ C B and a B’-clique minor of M which is isomorphic to DG(k,T") with

T > t.

By Lemma 2.1.3, there is some B’ C B with |B'| = (k+1) - fi({,t+ 1, k) and a B'-clique
minor N of M such that e(N|cly({b1,b2})) > t + 2 for all distinct by, by € B'. If t =4 —1
then N is a rank-(k+ 1) Dowling geometry by Corollary 2.1.2, so M is not a counterexample.
Thus, t < ¢ — 1. Let (By, Ba, ..., Bp) be a partition of B’ such that h = f1(¢,t + 1, k) and
|B;| = k + 1 for each i € [h]. Since M is a counterexample and ry(B;)k + 1 > 4, for each
i € [h] there is some e; € cly(B;) such that N/e; has a Uy, g-restriction spanned by two
elements of B;, by Corollary 2.1.2. By the maximality of ¢, there is some B” C B’ and a B”"-
clique minor of N/(U;e;) which is isomorphic to DG(k,T") with |T'| > ¢4 1, which contradicts
that M is a counterexample. O

As an easy corollary we can bound the size of any simple B-clique in ¢ (¢) with no Dowling-
geometry minor with large group size.

Corollary 2.1.5. For all integers £ >t > 2 and k > 3, if M € U({) is a B-clique with no

DG (k,T)-minor with T > t, then e(M) < (t — 1)("3D) + 20k - r(M).

Proof. Let m = k2", Let M € U(f) be a B-clique, and let X be a maximum-size collection
of pairwise disjoint 2-element subsets of B so that each X € X satisfies e(M|cly (X)) >
t + 2. By Lemma 2.1.4 we have |X| < m, so by the maximality of |X| there are at most
2(m — 2) - r(M) pairs b,b’ € B such that e(M|cly({b,0'})) >t + 2. Since M is a B-clique
and has no U, g, o-restriction, each pair b, 0’ € B satisfies e(M|(clp ({b,b'}) —{b,0'})) < £—1.
Thus, e(M) < (t — 1)("0D) 4 (2(m — 2)¢ + 1)r(M). O

2.2 Finding a Dowling-Geometry Restriction

Recall that DG™(k,I") = DG(k,T")\B, where B is a frame of DG(k,I["). The main result
of this section shows that each matroid in ¢ (¢) with no rank-n doubled-clique minor and a
DG(r, I')-minor has a DG~ (k, I')-restriction if r is sufficiently large. The key is the following
lemma, which provides sufficient conditions for a DG~ (k,T')-minor of a matroid M to be a
restriction of M.

Before stating the lemma we define a special type of circuit of DG™(k,I"). Let G be a
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Dowling geometry over a group I', and let B be a frame for G. We say that a circuit C' of
G\B is balanced if clg(C) N B = @. The balanced circuits are precisely the circuits of G
which correspond to balanced cycles of a I'-labeled graph associated with G.

Lemma 2.2.1. Let k > 4 be an integer, let I' be a finite group, and let M be a matroid with
a DG™ (k,T)-minor G. If each balanced circuit of G of size at most four is also a circuit of
M, then G is a restriction of M.

Proof. Let G be a Dowling geometry with frame B = {by,bs,...,b;} so that G1\B = G.
Assume for a contradiction that r(G) < ry(E(G)). Let H be a I'-labeled graph so that
V(H) = B and the associated frame matroid is G, and each edge between vertices b; and b;
with ¢ < j is oriented from b; to b;. For each a € I"' and 1 <i < j <k, let (¢, j), denote the
element of G spanned by {b;, b;} and labeled by « in the I'-labeling of H, and let E, denote
the set of elements of GG labeled by a. Let € denote the identity element of I'.

2.2.1.1. M|E, = G|E..

Proof. Tf not, then let C’ be a circuit of G|E, of minimum size so that C’ is independent in
M. Since each circuit of G|E. is a balanced circuit of G we have |C'| > 4. Let Cy and Cy
be distinct circuits of G|E. of size less than |C’| so that C,Cy, C" are the cycles of a theta
subgraph of H; these circuits may be obtained by adding a chord to C’. Then C" C C; U Cy
and r¢(C1UCy) = |C1UCy|—2. By the minimality of |C’], both C} and Cj are circuits of M.
Then M|(Cy U Cs) has at least two circuits, so 7y, (C7 U Cy) < |C1UCy| — 2 < rg(Cy U Cy).
This implies that M|C" = G|C’, a contradiction. O

If I'| = 1, then 2.2.1.1 shows that M|E(G) = G, so we may assume that |I'| > 2. This
implies that 7y (E,) < r(G) < ry(E(G)).

2.2.1.2. Fach~y € I'—{e} satisfies M|(E.UE,) = G|(E,UE,), and E, C cly(E.U{(1,2),}).
Proof. We show that (7, j), € cly(E. U{(1,2),}) for all 1 <i < j <k, which implies that
TM(Ee U E,y) S TM(EE) + 1= Tg(EE) + 1= Tg(EE U E,y),

where the first equality holds by 2.2.1.1. We first prove this in the case that 2 <7 < j < k.
The set {(1,2)., (2,7)e, (4,7), (1,%)} is a balanced circuit of G of size at most four and is thus
a circuit of M, which implies that (7, j), € cly(EU{(1,2),}). Similarly, the balanced circuit
{(1,2),,(2,7)e (1,7)~} shows that (1, ), € cly (£ U{(1,2),}) for all 3 < j < k. Using this,
the balanced circuit {(1,2), (2,7),,(1,7),} shows that (2,7), € cly(E. U{(1,2),}) for all
3<j<k. 0
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Fix some v € I' — {e}. We will show that E(G) C cly(E. U E,); then
ru(E(GQ)) <rp(E.UE,)) =rqg(E.UE,) =1r(G),

where the first equality holds by 2.2.1.2. By 2.2.1.2 it suffices to show that each
p e I' — {e~} satisfies (1,2)s € cly(E. U E,). Let 8 € I' — {€,7}, and note that
Cr ={(1,2)3,(2,4)c,(3,4), (1,3)} and Cy = {(1,2)4,(2,4)s, (3,4)s,(1,3)3} are both bal-
anced circuits of G. Also, the set {(1,3)3, (1,3),(2,4), (2,4)3} is independent in G since it
contains no balanced cycle of H, and no handcuff or theta subgraph of H. Thus,

Tg(cl U 02) Z 4 = ‘Cl U 02| -2 2 ’I”M(Ol U CQ),

where the last inequality holds because M|(C} U Cy) contains two distinct circuits, and so
M|(CL U Cy) = G|(Ch UCy). The set C' = {(1,3)p, (1,3)e, (1,2)5, (2,4), (2,4)c} is a loose
handcuff of H which contains no balanced cycle of H, and is thus a circuit of G. Since
C C CyUCyand M|(Cy UCy) = G|(Cy UCy) it follows that C' is a circuit of M. Then
(1,2)5 € clpy(C —{(1,2)4}), since M|C is a circuit. Since (C' — {(1,2)3}) € E. U E,, this
implies that (1,2)s € cly(E. U E,), as desired. O

To prove the main result of this section we need to be able to recognize when a matroid
has a rank-n doubled-clique minor.

Lemma 2.2.2. Let £ > 2 and n > 3 be integers, and let M € U(L) be a simple matroid with
an element e so that M/e has a spanning B-clique restriction. If there is a collection S of
n? ™" pairwise disjoint 2-subsets of B so that each S € S spans a nontrivial parallel class of
M /e which is disjoint from S, then M has a rank-n doubled-clique minor with tip e.

o

1 2t
2 > (", ), and assume that |S] = (", ). Let X and Y be disjoint

Proof. Note that n ; 9

2t
transversals of the parallel classes of M /e spanned by sets in S, so |[X|=[Y|= ("} ).

2.2.2.1. There is some C C E(M/e) and X' C X so that (M/e/C)| X' =2 M(K,) and
e ¢ cly(C).

Proof. By Lemma 2.1.3 with X = § and k£ = nﬂ, there is some By C B and a Bj-clique
minor M; of M/e so that |B;| = n? and for all b,i/ € By with b # I there is some z € X
for which {b,t/, 2} is a circuit of M;. Then M;|(B; U X) is a B;-clique, so by Lemma 2.1.4
with k& = n there is some By, C B; and a Bs-clique minor My of M;|(B; U X) so that
My = M(Kpq1)-

Then By corresponds to a spanning star of K, 1, so My\Bs = M(K,). Since M, |(B;UX)
is a Bj-clique, each element of By — B, is parallel in M, to an element of By. Since M, is
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simple and F(Ms) C B; U X, this implies that F(Ms\Bs) C X. Thus, the claim holds by
taking X' = E(Ms\Bs), and C C E(M) to be a set so that M, is a restriction of M/e/C. [

Let Y' C'Y be the set of elements on a line of M through e and an element of X’. In M/C
there is no line through e which contains two elements of X', since (M/e/C)|X’ is simple.
Therefore, (M/C)|(X'UY" U {e}) is simple, and is thus a doubled clique by 2.2.2.1. O

We also need to be able to recover the frame of a DG~ (k, I')-restriction so that we can apply
Lemma 2.2.2. The following lemma shows that we can recover DG(k,T") from DG™ (k+2,T)
by contracting two elements.

Lemma 2.2.3. Let Gy be a matroid so that G; = DG(r(G,),I'), and let B be a frame of
G:1. If G = G1\B, then each pair of elements of B spans a subset C of E(G) so that |C| < 2
and G/C has a DG(r(G/C),T')-restriction.

Proof. If |T'| = 1, then G = DG(r(G),I') and the lemma holds with C' = @, so we may
assume that |I'| > 2. Let b; and by be distinct elements of B, and let e; and ey be distinct
elements in clg, ({b1,b02}) N E(G). We will show that each b € B — {by, b} is parallel to an
element of G in Gy/{e1,e2}. Let b € B — {by,bo}, and let = € clg, ({b,b:}) N E(G). Then
re, ({e1, e2,b,2}) < 3 since this set is spanned by {by, be,b} in Gy. Also, {b,x} is disjoint
from clg, ({e1,e2}), since {ey, ea} and {by, bo} span the same flat of Gy and {b, z} is disjoint
from clg, ({b1,b2}). Thus, {b,z} is a parallel pair of G1/{e1,e2}, and so si(G/{e1,ea}) is
isomorphic to si(Gy/{e1,e2}). Since si(G1/{e1,e2}) = DG(r(G) — 2,T'), this implies that
G/{e1,e2} has a DG(r(G) — 2,T")-restriction. O

We now prove the main result of this section, which lets us move from a DG~ (r, I')-minor
of a matroid M to a DG(m, I') ~-restriction whenever M € U(¢) has no rank-n doubled-clique
minor, and r is sufficiently large.

Lemma 2.2.4. Let £ > 2 and m,n > 3 and d > 0 be integers, and let I" be a finite group.
There is a function fos4: Z2 — 7 so that if M € U({) is a matroid with no rank-n doubled-
clique minor, and with a DG~ (m+ fa4(¢,n,d),T")-minor G for which ry(E(G))—r(G) < d,
then M|E(G) has a DG~ (m,I")-restriction.

Proof. Let m; = n2€+1, and define fo54(¢,n,d) = 8(d+2)m;+2. Assume for a contradiction
that the lemma is false. Let M be a counterexample so that M/Cy has a DG™(m + 8(d +
2)my + 2,T")-restriction Gy, and |Cy| is minimal over all counterexamples. If there is some
e € Cy — cly(E(Gy)), then the lemma holds for M/e if and only if it holds for M, so
Co C cly(E(Gy)). This implies that r3,(Co) = ra(E(Go)) — r(Go) < d. Minimality of |Cy
also implies that Cj is independent in M.
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By Lemma 2.2.3 there is a set C; C E(Gy) so that |Cy| < 2 and G/C} has a DG(m +
8(d + 2)my, I')-restriction G. Let C' = Cy U (4, and note that r3,(C) < d + 2 and that
C' is independent in M. Let B be a frame for G, and let H be a I'-labeled graph so that
V(H) = B and the associated frame matroid is G\B. We say that two circuits of G are
vertex-disjoint if the corresponding cycles of H are vertex-disjoint. Let C be a maximum-size
collection of pairwise vertex-disjoint balanced circuits of GG, each of size at most four, which
are independent in M. If |C| is large, then we can find a rank-n doubled-clique minor.

2.2.4.1. |C| < (d+ 2)(my — 1).

Proof. Assume for a contradiction that |C| > (d + 2)(m; — 1). Since each set Y € C is
independent in M, each Y satisfies My,(Y,C) = 1. We first contract all but one element
of C. For each Y € C there is some ¢y € C so that My (Y,C — {cy}) = 0; otherwise
there is a pair ¢, in C so that {c,c'} C clyyc—ieep(Y), and so My (Y, C) > 1 since C
is independent in M. Since |C| > (d 4 2)(my — 1) and |C] < d + 2, there is some ¢ € C
and some C; C C so that |C;| = my and each Y € C; satisfies My (Y,C — {c}) = 0. Let
M, = (M/(C—{c}))|(E(G)U{c}). Then M;/c = G, and each Y € C; is independent in M;.

For each Y € Cy, let Y/ C Y so that |Y'| = |[Y| — 2. Let Z = Uye,Y’, and let M, be
a simplification of M;/Z. Let B; C B be a frame for G/Z. Then clg(B;) is a spanning
Dowling-geometry restriction of My /c, and for each Y € C; the set (Y —Y’)U{c} is a circuit
of My, since Y —Y” is a parallel pair of G/Z but not of M;. Also, for each Y € C; the parallel
class of Y — Y’ in G/Z is disjoint from By, since Y is a balanced circuit of G. So for each
Y € C; there is some By C By so that |By| =2 and Y —Y"’ C clyy, o(By). Note that the sets
By are pairwise disjoint subsets of B, since the circuits in C; are pairwise vertex-disjoint.
Thus, M, is a simple matroid with an element ¢ so that M,/c has a spanning Bj-clique
restriction, and there is a collection X' of m; pairwise disjoint 2-subsets of By for which each
X € X spans a nontrivial parallel class of Ms/c which contains neither element of X. But
then Ms has a rank-n doubled-clique minor by Lemma 2.2.2, a contradiction. O

Let By C B be a set of minimum size so that (UyecY) C clg(B), and let By = B — By.
Then |B;| < 8|C| < 8(d+ 2)(my — 1), so |Bs| > m+ 1 > 4. By the maximality of |C|, each
balanced circuit of clg(Bs) of size at most four is a circuit of M. Then Lemma 2.2.1 shows
that G|(clg(Bs) — Bz) is a restriction of M. O
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Chapter 3

Exploiting Density
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This chapter is concerned with step (I) of the general growth-rates-proof sketch outlined in
Section 1.6, in which we try to exploit the density of a matroid M to find a restriction which
is incompatible with Dowling geometries. We will be working with matroids M which have
an s-element independent set S so that each e € S satisfies (M) — e(M/e) > p(r(M)) —
p(r(M) — 1), for some quadratic polynomial p. We show that such a matroid admits one
of three distinct structures, each of which will lead to either a doubled-clique minor or a
Dowling-geometry minor. To find these structures we need p to have a large linear coefficient,
and we need |S| to be large; we exploit both ‘local” and ‘global’ density of M.

In Section 3.2 we introduce these three structures, and then prove some properties in
Sections 3.3 and 3.5. In Section 3.6 we prove Theorem 3.6.1, which is the main result of
this chapter. Before any of this, in Section 3.1 we prove a slight strengthening of Theorem
1.6.1. We apply the Growth Rate Theorem in Section 3.1, but this chapter is otherwise
self-contained. Given a collection )Y of sets, we will write U) for Uy¢yY’, for convenience.

3.1 An Upgraded Connectivity Reduction

We now prove a strengthening of Theorem 1.6.1. The proof closely follows [16], but we
separate out two lemmas which we will use in Chapter 6. The arguments are very delicate,
since they involve careful examination of vertical separations.

The first lemma is a property of matroids in quadratically dense classes, and it will lead
us towards the second outcome of Theorem 1.6.1. It essentially follows from the Growth
Rate Theorem (Theorem 1.3.6), and the fact that quadratic functions with positive leading
coefficient are concave up.

Lemma 3.1.1. There is a function vs11: R7 — Z7T so that for all integers {,k > 2 andr, s >
1 and any real quadratic polynomial p(x) = az®+bx+c with a > 0, if M € U(L) has no rank-
k projective-geometry minor, r(M) > 0, and (M) > p(r(M))+vs11(a,b,c,l, k,r,s)-r(M),
then M has a vertically s-connected minor N such that

o r(N)>r ande(N) > p(r(N)) +vs11(a,b,c,l,k,r,s)-r(N), and

e (N)—¢e(N/e) > p(r(N)) —p(r(N) —1) + vs11(a,b,c,l, k,r,s) for each e € E(N).
Proof. Fix ¢, k,r,s, and p. Let ng be a positive integer such that p(x) > p(z — 1) > 0 for all
real © > ng. By Theorem 1.3.6 there is a real number a > 0 such that (M) < ap(r(M))

for all matroids M € U(¢) with no rank-k projective-geometry minor and (M) > ngy. Let
ny > max(r, s,ng) be an integer so that

ala+2s8)(x +1y) + ((a + Db+ alcl)s + ¢ — as® < 2azxy
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for all real z,y > mn;. Finally, define v314(a,b,c,l,k,r;s) = v = max(—b, " (™ —
mingcg p(z)). Note that the polynomial p(z) + vz satisfies p(x) + vz > (™ for all z € R,
and is nondecreasing for all > 0.

Let M € U(¢) with no rank-k projective-geometry minor, (M) > 0 and (M) > p(r(M))+
vr(M). Let N be a minimal minor of M such that r(N) > 0 and e(N) > p(r(N)) + vr(N).
Note that N is simple. Since r(N) > 0 we have (N) > ¢™. This implies that r(N) > ny,
since N € U(¢). By the minor-minimality of NV, each e € E(N) satisfies e(N) — e(N/e) >
p(r(N)) —p(r(N) —1) +v. Since r(N) > ny > max(r,s), N is not vertically s-connected or
else the lemma holds.

Let (A, B) be a partition of E(N) so that ry(A) < ry(B) < r(N) and ry(A) +ry(B) <
r(N)+s—1. Let r4 = rn(A) and rp = ry(B) and ry = r(N). If r4 < ny, then |A| < (™,
SO

|B] = [N| — [4] (1)
> p(ry) +vry — 0™ (2)
>p(ry —1) +v(ry — 1) (3)
> p(rg) + vra, (4)

which contradicts the minor-minimality of N. Line (3) holds because v > ¢ and p(x) >
p(z — 1) for all z > ny, and line (4) holds because a > 0 and v+ b > 0. Thus, rg > r4 > n4.

We now show that © = r4 and y = rp contradicts the definition of ny. Since ry > n; > ng

we have p(ry) > 0, so vry < |N| < ap(ry). Since ry > 1, this implies that

v < a(aTN+b+ %) < a(a(rA—l—rB) +b+ |c|))

Using the partition (A, B), we have
plra+re—s)+v(ra+trp—s) <plry) +vry < [Al+|B| < p(ra) +vra+p(rs) + vra,

where the first inequality holds because r4 + 15 — s < ry and a > 0 and v + b > 0, and
the third inequality holds by the minor-minimality of N. Then expanding p and simplifying
gives

s(v+b) +c—as® +2as(ra+rp) > 2rarp.

Combining this with our upper bound for v gives
ala+2s)(ra+7rp) + ((a+1)b+alc|)s + c — as® > 2rarg,

which contradicts that rg > r4 > ny. O
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The second lemma is mostly a property of Dowling geometries, and relies on the fact that
the closure of any subset of the frame of a Dowling geometry is itself a Dowling geometry.
The proof is taken almost verbatim from Claim 6.1.1 in [16].

Lemma 3.1.2. There is a function ns,2: RS — Z so that for all integers £ > 2 and r,s > 1
and any real quadratic polynomial q(x) = ax® + bx + ¢ with a > 0, if M € U(() satisfies
e(M) > q(r(M)) and has a DG(ns12(a,b,c,l,r,s),I')-minor, then M has a minor N such
that r(N) > r and e(N) > q(r(N)) and either

(a) N has a DG(r(N),T')-restriction, or

(b) N has an s-element independent set S so that each e € S satisfies (N) — e(N/e) >
q(r(N)) —q(r(N) = 1).

Proof. Define nz12(a,b,c,l,r,s) = (s(s—1)+ 1)ny, where ny > r+1 is an integer such that
q(z) — q(y) > ¢ for all real z,y with x > ny and z — 1>y > 0.

Let M € U(?) satisty e(M) > q(r(M)) and have a DG(n312(a,b,c, ¢, 7, s),I')-minor Nj.
Let M; be a minimal minor of M so that e(M;) > q(r(M;)) and N; is a minor of M;, and
let C' be an independent set in M; so that N; is a spanning restriction of M;/C. We may
assume that |C| < s or else M; and C satisfy (b), by the minimality of M;.

Let ¢ > 0 be minimal so that there is a minor My of M; for which (Ms) > q(r(Ms)), and
there exists X C F(M,) such that 7, (X) < i and My/X has a DG((is+ 1)ng, I')-restriction
N,. Note that (i, My, X) = (s — 1, My, C) is a candidate since |C] < s — 1, so this choice is
well-defined. We consider two cases depending on whether ¢ = 0.

Suppose that ¢ > 0 and let Y7,Y5,...,Y;, Z be mutually skew sets in Ny so that N,|Y; =
DG(ng, I') for each j € [s] and Ny|Z = DG(((i — 1)s + 1)ng, I'); these sets can be chosen to
be the closures in N, of disjoint subsets of a frame for Ny. If M,|Y; = N,|Y; for some j € [s],
then M; has a DG(ng, I')-restriction, which contradicts that ¢ > 0 and 4 is minimal. Thus,
My|Y; # N»|Yj for each j, implying that rag, /v, (X) < 7a,(X) —1 < — 1 for each j.

Let Y = YjU---UY; and let J be a maximal subset of Y such that e(My/J) > q(r(My/J)).
Let M3 = My/J. If'Y; C J for some j, then ry,(X) < i—1 and (M3/X)|Z = No|Z =
DG((i — 1)s 4+ 1)ng,I'), contradicting the minimality of i¢. Therefore, Y — J contains a
transversal T' of (Y1,...,Y5). Note that 7' is an s-element independent set of Ny/J and
therefore of My/J = Mj. Moreover, by the maximality of J, each e € T satisfies e(M3) —
e(Ms/e) > q(r(Ms)) — q(r(Ms) —1). Since r(Ms) > r(Na|Z) > ny — 1 > r, (b) holds for M;
and 7'

If i = 0, then Ny is a DG(ng, I')-restriction of Ms. Let My be a minimal minor of M, such
that e(My) > q(r(M,)) and Ny is a restriction of My. If Ny is spanning in My then (a) holds.
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Otherwise, by minimality we have e(My]| clar, (E(N2)) < q(r(NV2)), so since r(My) > ng we
have

e(My\ ey, (E(N2))) > q(r(Ma)) = q(r(N2)) = €.

Therefore, there is an s-element independent set S of M, which is disjoint from cly, (E(N2)).
Since Ny is a restriction of My /e for each e € S, it follows from the minor-minimality of My
that My and S satisfy (b). O

We now combine Lemmas 3.1.1 and 3.1.2 to prove the main result of this section, which
is a slight strengthening of Theorem 1.6.1.

Theorem 3.1.3. There is a function r315: RS — Z so that for all integers ¢,k > 2 and
r,s > 1 and any real polynomial p(x) = ax®+bx+c with a > 0, if M € U({) satisfies (M) >
rs13(a,b,c,l,r,s) and (M) > p(r(M)), then M has a minor N with e(N) > p(r(N)) and
r(N) > r such that either

(1) N has a spanning clique restriction, or

(2) N is vertically s-connected and has an s-element independent set S so that e(N) —
e(N/e) > p(r(N)) —p(r(N) —1) for each e € S.

Proof. We first define the function r3 ;3. Let v = v311(a,b, ¢, {, max(r,s),r, s), and define 7
to be an integer so that

(2s + Da(z +y) + s(v + b) + ¢ — as® < 2azy

and p(x —s) < p(x—s+1) for all real z,y > 7. Let f be a function which takes in an integer
m and outputs an integer f(m) > max(r,2m, 271) such that p(z) —p(z —1) > ax 4 (maxm)
for all real z > f(m). Define 7,1 = 1, and for each i € {0,1,2,...,[v/a] — 1} recursively
define r; to be an integer so that p(x) > o135, ng12(a,b,c,l, f(riz1),s)) - « for all real
x > r;. Finally, define r313(a,b, ¢, 0,1, s) = 10.

Let M € U({) such that (M) > ro and e(M) > p(r(M)). We may assume that M has
no rank-max(r, s) projective-geometry minor; otherwise outcome (2) holds. Let M denote
the class of minors of M. We may assume that ha(n) < p(n)+vn for all n > 1, or else (2)
holds by Lemma 3.1.1. The following claim essentially finds some v/ so that the coefficient
of the linear term of hp(n) is in the interval [/ +b—a,v' + b+ al.

3.1.3.1. There is some 0 < V' < v and i > 0 such that hyp(n) > p(n)+v'n for some n > r;,
and hp(n) < p(n)+ (V' +a)n for alln > riy;.
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Proof. We will break up the real interval [0, v] into subintervals of size a. Define v; = ai for
alli € {0,1,2,...,[Z]}. Let i > 0 be minimal so that ha(n) < p(n) +vin for all n > 7.
This choice of i is well-defined, because i = [v/a] — 1 is a valid choice since v, /) > v and
ha(n) < p(n) +vn for alln > 1 =rp,/q).

If i > 0, then hyp(n) > p(n) + v; for some n > r; by the minimality of i. If i = 0,
then M certifies that ha(n) > p(n) for some n > ry. Thus, there is some i > 0 such that
ham(n) > p(n) + vn for some n > r;, and hy(n) < p(n) + vipqn for all n > 7. Since
Vi +a = Vi1, we may choose v’ = v;. Note that v; = ai < v since 1 < [2] — 1. O

By 3.1.3.1, M has a minor M; with r(M;) > r; and (M) > p(r(My)) + v/r(M;). Since
T‘(Ml) Z r;, We have p(T’(M1>) > a1.3‘5(f,n3.1‘2(a,b, C, f,f(?"i_;_l),S)) : T(Ml), SO M1 has a
DG(nsi2(a,b,c,l, f(riv1),s),{1})-minor by Theorem 1.3.5. Then by Lemma 3.1.2 with r =
f(riy1) and ¢ = p+ v/, My has a minor N such that 7(N) > f(r;11) and (V) > p(r(N)) +
V'r(N), and N either has a spanning clique restriction or an s-element independent set so
that e(N) — e(N/e) > p(r(N)) — p(r(N) — 1) + v/r(N) for each e € S. We may assume
that N is simple. Since f(r;11) > r and / > 0 we may assume that N is not vertically
s-connected, or else the theorem holds.

Let (A, B) be a partition of E(N) so that ry(A) < ry(B) < r(N) and ry(A) + ry(B) —
r(N) < s—1. Let ry = r(N) and r4 = ry(A) and rp = ry(B). We first show that
ra > max(fy, rip1). If not, then rg > ry — ry > max(r;41,71), using that ry > f(riq) >
IIl&X(2Ti+1,2721). AISO,

Bl = [N| — |A] > plry) + V'ry — £m0uree) 1)
>piry — 1)+ (' +a)ry (2)
> p(rg) + (V' + a)rp. (3)

Line (1) holds because r4 < max(71,7;41) and M € U({), and line (2) holds because ry >
f(ri41). Line (3) holds because rg > 71, so p(rg) < p(ry — 1) since rg < ry — 1. But then
rg > rip1 and |B| > p(rg)+ (V' + a)rp, which contradicts 3.1.3.1 and the choice of /. Thus,
rp > 1ra > max(fy, ). Then

prat+rg—s)+v (ratrpg—s) < plrn)+v'ry < |A|+|B| < p(ra)+p(rg)+ @' +a)(ra+rg),

where the first inequality holds because 74 + 75 — s < ry and p(z — s) < p(x — s + 1) for
all x > 7y, and the last inequality holds by 3.1.3.1 because rg > r4 > r;11. Expanding
p(x) = ax?® + bz + ¢ and simplifying, we have

(2s 4+ 1)a(ra +rg) + s(v' +b) + ¢ — as® > 2ararg,

which contradicts that ry4 > 7, since v/ < v. O
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3.2 Porcupines and Stacks

In this section we define three structures that arise from the second outcome of Theorem 3.1.3.
The first structure is a collection of bounded-size restrictions which are not a restriction of
any DG(k,T") with |I'| < t. More generally, for any collection O of matroids and integers b > 2
and h > 1, a matroid M is an (O, b, h)-stack if there are disjoint sets Py, Ps, ..., P, C E(M)
such that

e U;P; spans M, and

e for each i € [h] the matroid (M/(P,U---U P,_1))|P; has rank at most b and is not in
0.

Stacks were used to find the extremal functions for exponentially dense minor-closed classes
in [15] and [17] with O equal to the class of GF(g)-representable matroids; our definition
generalizes the original definition from [14]. We say that a matroid M is an O-stack if there
are integers b > 2 and h > 1 so that M is an (O, b, h)-stack.

In this thesis we always take O to be F NU(t) where F is the class of frame matroids;
thus FNU(t) is the class of frame matroids with no U4 o-minor. Stacks are helpful because
every matroid with a spanning clique restriction and a large enough FNU (t)-stack restriction
either has a DG(k, I')-minor with |I'| > ¢, or is not a bounded distance from a frame matroid,
as we prove in Chapter 5.

The second structure is a collection § of mutually skew sets in M /e so that for each R € S,
the matroid M|(RU{e}) is a spike with tip e. We prove in Chapter 5 that such a restriction
in the span of a clique admits a doubled-clique minor. This structure also has the useful
property that if |S| > 2, then M|(US U {e}) is not a frame matroid, which we prove in
Section 3.4.

The third structure is a large independent set such that each element is the tip of many
large spike restrictions. More precisely, for any integer g > 3 a g-preporcupine is a matroid
P with an element f such that

e each line of P through f has at least three points, and
e si(P/f) has girth at least g.
We say that f is the tip of P, and we write d(P) for r*(si(P/f)), the corank of si(P/ f).

It will often be convenient to work with the following more specific matroid: a g-porcupine
P is a simple g-preporcupine with tip f such that each line of P through f has exactly
three points, and si(P/f) has no coloops. Clearly every g-preporcupine has a g-porcupine
restriction, but porcupines are more restricted; every g-porcupine P with d(P) = 0 consists
of a single element, and every g-porcupine P with d(P) =1 is a spike.
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More generally, a matroid P is a (pre)porcupine if there is an integer ¢ > 3 so that P
is a g-(pre)porcupine. Porcupines are helpful because the union of enough porcupines with
independent tips is not a bounded distance from a frame matroid, as we prove in Chapter
5.

3.3 Nearly Skew Spikes with Common Tip

The main result of this section is Proposition 3.3.3, which provides sufficient conditions for
a matroid to have a collection of nearly skew small spike restrictions with common tip. We
start by introducing some notation which we will use for the remainder of this chapter.

For a matroid M and f € E(M), let §(M, f) = e(M) —e(M/f), and let Ly(f) denote
the set of long lines of M through f. Recall from Lemma 1.1.3 that

SM ) =1+ Y ( (M|L) —2>

LEE[M

so 6(M, f) = §(M|(ULx(f)), f). We use this to prove the following lemma, which gives a
formula for 6(M, f) — 6(M/C, f) in terms of the long lines of M /C through f.

Lemma 3.3.1. If M is a matroid with C C E(M) and f € E(M)—cly(C) so that clp (C)U
{f} is a flat of M, then

SO, = 6/e, = 3 (S(MIL )~ e((M/O)L) +1).

LeLyc(f)

Proof. We may assume that M is simple, by the definition of §(M, f). Since cly (C) U {f}
is a flat of M, each long line of M through f is disjoint from C' and is therefore contained in
a long line of M/C through f. Since M is simple and cly (C) U {f} is a flat of M, for each
L, L' € Lyyc(f) with L # L' we have L N L' = {f}. Thus, each long line of M through f is
contained in precisely one set in Lyc(f), so

SMf) =1+ Y (s(M|L)—5((M|L)/f)—1>:1+ 3 (5(M|L,f)—1).

LeLyyc(f) LeLyyo(f)

Combining this with the fact that §(M/C, f) =1+ ZLeﬁM/C(f) (e((M/C)|L) — 2) gives the
desired result. O

We now use Lemma 3.3.1 to find a large collection of small spikes with common tip e such
that each spike spans some other element f.
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Lemma 3.3.2. For all integers b > 1 and ¢ > 2, if {e, f} is a 2-element independent set
of a matroid M € U(£) and 5(M, f) — §(M/e, f) > 24, then there is a collection S of b
mutually skew sets in M/{e, f} so that for each S € S, the matroid M|(S U {e}) is a spike
of rank at most four with tip e.

Proof. We may assume that M is simple. Let M; = M\ (cly({e, f}) — {e, f}). Then {e, f}
is a flat of My, and 6(My, f) —6(My/e, f) > (23, Let £ = Ly e(f). We first prove a claim
to help find long lines through e.

3.3.2.1. For each L € L, if §(Mi|L, f) — e((Mi/e)|L) +1 > 0, then My|((LU{e}) — {f})
has at least two long lines through e.

Proof. Assume for a contradiction that M;|(L U {e}) has at most one long line through e,
and let m > 2 be the length of the longest line of M;|(L U {e}) through e. Since {e, f} is
a flat of M, each line of M;|(L U {e}) through e contains at most one element of each line
of My|L through f. This implies that there are at least m — 1 lines of M;|L through f, so
e((My|L)/f) = m — 1, and thus §(M;|L, f) < e(My|L) — (m — 1). Also, e((M;/e)|L) =
e(M;|L) — (m — 2) since there is only one long line of M;|(L U {e}) through e. Combining
these facts gives

S(M|L, f) — =((Mife)|L) +1 < ((Mi|L) = (m — 1)) — (s(Mi|L) = (m —2)) +1 =0,
a contradiction. O

Each L € L satisfies
S(Mi|L, f) —e((Mi/e)|L) +1 < e(M|L) < ¢

by Theorem 1.3.2, since ry, (L) < 3 and M; € U(¥). Since §(My, f) — 6(M, /e, f) > £30%,
by Lemma 3.3.1 with C' = {e} there are at least (?* sets L € L for which 6(M|L, f) —
e((Mi/e)|L) +1 > 0. Since each L € L is a point of M;/{e, f} and M; € U((), there is
some L' C L such that |£'| = 2b, ras, /e, 53 (UL') = 2b, and each L € L' satisfies (M, |L, f) —
e((My/e)|L) + 1> 0.

For each L € L', the matroid M, |((LU{e})—{f}) contains at least two long lines through
e, by 3.3.2.1. Let L = {Ly,...,Ly}. Then each i € [b] satisfies ryy, (Loj—1 U Ly;) = 4, and
there are at least four long lines through e in M;|((Lo;—1 U Ly; U{e}) —{f}). For each i € [b],
let P; denote the union of the long lines through e in M;|((Lai—1 U Lo; U{e}) — {f}). Then
r((My|F;)/e) < 3 and e((M;y|P;)/e) > 4, so si((M;i|F;)/e) contains a circuit. Since M;|P; is
simple and each parallel class of (M;|P;)/e has size at least two, for each i € [b] there is some
S; C P; — {e} so that M;|(S; U {e}) is a spike with tip e. Since rs, jqe, ;1 (UL") — {f}) = 20,
the sets {S;: i € [b]} are mutually skew in M, /{e, f}. O
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If Lemma 3.3.2 applies for enough elements f, then we can find many nearly skew small
spikes with common tip e. This is one of the three structures which arise from the second
outcome of Theorem 3.1.3.

Proposition 3.3.3. Let m > 1 and ¢ > 2 be integers, and let M € U(L) be a matroid with
a 3m-element independent set X and e € E(M) — X such that M|(X U {e}) is simple and
each f € X satisfies 6(M, f) —d6(M/e, f) > £™. Then there is a collection S of m mutually
skew sets in M /e so that for each S € S, the matroid M|(SU{e}) is a spike of rank at most
four with tip e.

Proof. Let & be maximum-size collection of mutually skew sets in M /e so that for each
S € S, the matroid M|(S U {e}) is a spike of rank at most four with tip e, and assume for a
contradiction that k& < m. Then ry(US) < 3m — 2, so there is some f € X — clp (US). Let
B U{e} be a basis for M|(US), so |B| < 3m — 3 and B U {e, f} is independent.

By Lemma 3.3.2 with b = 3m — 2, there is a collection P of 3m — 2 mutually skew sets
in M/{e, f} so that for each P € P, the matroid M|(P U {e}) is a spike of rank at most
four with tip e. Recall that for sets A; and Ay of a matroid N, we write My (A, Ag) for
(A1) +7rn(As) — rv(Ar U Ag). Since the sets in P are mutually skew in M/{e, f}, we can
show using submodularity of the rank function of M and induction on |P| that

Mar/ge, 1 (B, UP) > Z Mat/{e. 3 (B, P).
pep

Thus, there is some P € P such that M e py (B, P) = 0, or else Myg/qe. sy (B,UP) > |P| >
|B|, a contradiction. Then

Mar/e(US, P) = Magse(B, P) < Magjge, sy (B, P) =0,

because B is a basis for (M/e)|(US) and f ¢ clye(B). But then S U {P} contradicts the
maximality of |S|. O

3.4 Star-Partitions

Recall that for any integer g > 3, a g-preporcupine is a matroid P with an element f so
that each line of P through f has at least three points, and si(P/f) has girth at least g.
A g-porcupine P is a simple g-preporcupine such that each line of P through f has exactly
three points, and si(P/f) has no coloops.

In this section we will explore the notion that preporcupines are incompatible with frame
matroids. We show that frame matroids do not contain spikes of rank at least five; this implies
that frame matroids can only have preporcupine restrictions with very specific structure.
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This is described by the main result of this section, Proposition 3.4.5, which roughly says
that every preporcupine either has a bounded-size restriction which is not a frame matroid,
or has structure similar to that of a frame matroid. Before proving this result, we prove
several easy lemmas which describe the structure of frame matroid preporcupines. We will
use Lemmas 3.4.1-3.4.4 to identify bounded-size restrictions which are not frame matroids.

The basic idea is that if a matroid M is both a frame matroid and a preporcupine with
tip f, then si(M/f) is a restriction of a star, which is a matroid S with a basis B U {t} such
that E(S) = Upep cls({t,b}). We say that ¢ is the tip of S.

Lemma 3.4.1. If M is both a frame matroid and a preporcupine with tip f such that si(M/ f)
contains a circuit, then all but at most one line through f has length three, and si(M/f) is
a restriction of a star. Moreover, if M has a line L of length at least four through f then
for each e € L — clpy ({f}), the matroid si(M/{e, f}) contains no circuit.

Proof. We may assume that M is simple. Let N be a matroid framed by B = {b1,bs,...,b.}
so that N\B = M. We may assume without loss of generality that f € cly({b1,b2}), by
relabeling B. Since si(M/f) contains a circuit, f is not parallel to b; or by by Lemma 1.2.3
(iii). Then each element of M is in cly({b1,b;}) for some i > 2 or cly({bs,b;}) for some
1 > 3, or else that element is not on a long line through f.

Let (M/f)|T be a simplification of M/f. Each element of T is in cly,¢({b2, b;}) for some
i > 3. Since {bq, b3, ..., b.} is independent in N/ f, the matroid (M/f)|T is a restriction of a
star with tip by. If M has a line L of length at least four through f, then L C cly({b1,b2}) by
Lemma 1.2.3 (i). Then for each e € L —{f}, f is parallel to b; or by in N/e, so si(M/{e, f})
contains no circuit by Lemma 1.2.3 (iii). O

To make use of Lemma 3.4.1 we will need some properties of restrictions of stars. Stars
have the property that each circuit is contained in the union of at most two lines through
the tip. We would also like to describe this property for restrictions of stars, but it is trickier
if the restriction does not contain the tip. To deal with this, we define a star-partition of a
matroid M to be a pair (X, £) such that

o ry(X) <1,

e [ partitions E(M) — X,

e [ UX is a flat of M of rank at most two for each L € £, and
o ry(LULY) <3 for all distinct L, L' € L.

The idea is that any matroid with a star-partition (X, L) so that each small circuit is con-
tained in L U L' U X for some L, L' € L is ‘star-like’. The set X is either empty or contains
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the tip of the star, and each set L is a line through the tip (excluding the tip). We cannot
define a star-partition to actually be a partition, since it may be the case that X is empty.

Lemmas 3.4.3 and 3.4.4 combine to show that any restriction of a star has a star-partition
(X, £) so that each circuit is contained in LU L' U X for some L, L’ € L. We first show that
stars have this property.

Lemma 3.4.2. Let S be a simple star with tip t and basis B U {t}, and let
L={LCE(S)—{t}: LU{t} is a line of S}.

Then ({t}, L) is a star-partition of S so that for each circuit C' of S there are sets L, L' € L
for which C C {t} U LU L. In particular, S has no circuit of size at least five.

Proof. Clearly ({t}, L) is a star-partition of S, since each line in £ spans ¢t. Let C be a
circuit of S, and note that C'— {¢} is a union of circuits of S/t. Since si(S/t) is independent,
the only circuits of S/t are parallel pairs, so C'— {t} is a union of parallel pairs of S/t. Then
since rg/(C) > |C] — 2, the set C' — {t} intersects at most two parallel classes of S/t. [

Lemma 3.4.2 and Lemma 3.4.1 together imply that spikes of rank at least five are not
frame matroids, since every spike is a preporcupine.

If a restriction of a star contains the tip of the star then we can easily find a star-partition.

Lemma 3.4.3. Let M be a simple restriction of a star so that x € E(M) is on two long
lines of M, and let L = {L C E(M) — {z}: LU {z} is a line of M}. Then ({z},L) is
a star-partition of M such that for each circuit C of M there are sets L,L' € L so that
CcC{z}uLul.

Proof. Let S be a star with tip ¢ such that S|A = M. If x € A is on two long lines of S|A,
then x =t since each element of S other than ¢ is on at most one long line of S. Thus, the
result holds by applying Lemma 3.4.2 to S. O

If a restriction of a star does not contain the tip of the star then we can still find a star-
partition. Moreover, for each circuit there are two elements of that circuit which define a
star-partition.

Lemma 3.4.4. Let M be a simple restriction of a star such that no element of M is on two
long lines of M, and let C' be a circuit of M. Then for each e € C' there is some ¢’ € C —{e}
such that

(@, {clm({e,e'})}U{P: P is a parallel class of M/{e,e/}})

is a star-partition of M, and for each circuit C' of M there are sets L, L' € {cly({e,e'})} U
{P: P is a parallel class of M/{e,e'}} so that C' C LU L .
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Proof. Let S be a star with tip {¢} such that S|A = M, and let e € C. Since C'—{t} is a union
of circuits of S/t, there is some e’ € C so that {e, e’} is a parallel pair of S/t. Let P denote
the collection of parallel classes of M/{e,e'}. If (&, {cly({e, €'})} UP) is not a star-partition
of M, then there is some P € P which is not a flat of M, so cly (P)Ncly({e,€'}) # @. But
then there is an element of M which is on two long lines of M, a contradiction.

Since t € clg({e,¢'}) and si(S/t) is independent, each set in {cly({e, e¢'})}UP is contained
In a set in

{L C E(S) —{t}: LU{t} is a line of S}.

Thus, for each circuit C" of M there exist L, L' € {cly/({e,€'})} UP so that C" C LUL', by
applying Lemma 3.4.2 to S. O

We now use these properties of stars to prove an extension of Lemma 3.4.1 to matroids for
which each bounded-rank restriction is a frame matroid. The first outcome will help build a
stack for which each piece is not a frame matroid, and the second outcome will help find a
g-porcupine.

Proposition 3.4.5. Let M be a preporcupine with tip f, and let (M/f)|T be a simplification
of M/f. If (M/f)|T has a circuit of size at most four, then for each integer g > 4, either

(1) M has a restriction of rank at most 3g which is not a frame matroid, or

(2) (M/F)|T has a star-partition (X, L) so that each line of M through f and an element
of T — X has length three, and for each circuit C" of (M/f)|T of size less than g, there
are sets L, L' € L so that C" C (X ULUL").

Proof. Assume that (1) does not hold for M. Then M satisfies the following property:
(1’) For each set X C E(M) of rank at most 3¢, the matroid M|X is a frame matroid.

We will show that M satisfies (2). We may assume that M is simple. Let M’ = (M/f)|T
and let C' be a circuit of M’ of size at most four.

3.4.5.1. Fach line of M through f has length three.

Proof. 1f a line L; of M through f has length at least four, let z € L1 NT. Let X = {z}
and L ={L C E(M')—{z}: LU{z} is a line of M'}. Then (X, £) is a star-partition of M’,
since each line in £ spans x. We show that (X, £) satisfies (2). If there is some e € T — X
such that the line Ly of M through e and f has length at least four, then cly (C U{f,z,e})
is not a frame matroid by Lemma 3.4.1. Since rp(C U {f, x,e}) <7 < 3g, this contradicts
(17). Thus, each line of M through f and an element of 7' — X has length three.
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If M’ has a circuit C” of size less than g which is not contained in XULUL' for any L, L' € L,
then C" — {z} intersects at least three parallel classes of M'/x. Since 7yp/o(C" — {x}) >
|C’| — 2, some parallel class of (M'/z)|(C" — {z}) has size one. Then since C' — {x} is
a union of circuits of M’/z, the matroid (M’/x)|(C" — {z}) has a circuit which intersects
at least three parallel classes of M’/x, so si(M’/x) has a circuit of size less than g. Since
|L1| > 4 and x € Ly, the matroid M| cly (CUC"U{f, x}) is not frame by Lemma 3.4.1. Since
ry(CUC'U{f,z}) < g+6 < 3g, this contradicts (1). Therefore, (X, £) is a star-partition
of M’ which satisfies (2). O

The next claim allows us to apply Lemma 3.4.4.

3.4.5.2. No element of M’ is on two long lines of M’.

Proof. Suppose for a contradiction that = € E(M’) is on two long lines of M’. Let X = {x}
and £ = {L C E(M’') — {x}: LU {x} is a line of M'}. Then (X, L) is a star-partition of
M’ and there are distinct Ly, Ly € £ such that |Li| > 2 and |Ls| > 2. By 3.4.5.1, each line
of M through f and an element of UL has length three. Assume for a contradiction that
(X, £) does not satisfy (2). Then there is some circuit C" of M’ of size less than g which is
not contained in X U LU L' for any L, L' € L.

Let £L'={L € L: LNC" # @}U{Ly, Ly}, and note that C" C UL U{X}). If M'|(U(L" U
{X})) is a restriction of a star, then each circuit is contained in X U L U L’ for some
L,L’" € L' by Lemma 3.4.3. But this contradicts the existence of C’, so M'|(U(L' U{X})) is
not a restriction of a star. But then the set of elements of M on a long line through f and an
element of {z} U (UL') is not a frame matroid by Lemma 3.4.1. Since ry({f,z} U (UL')) <
g + 2 < 3¢, this contradicts (1’). Thus, (X, £) satisfies (2). ]

Fix some element e € C. For each ¢/ € C' — {e}, let P, denote the collection of parallel
classes of M'/{e,¢€'}.

3.4.5.3. There is some € € C — {e} so that the pair (&, {cly({e,€'})} UPee) is a star-
partition of M’ such that for each circuit C' of M’ of size less than g, there are L, L' €
{clir({e, € })} UPee for which C' C LU L.

Proof. Assume for a contradiction that the claim is false. For each ¢’ € C' — {e}, the pair
(2, {clar({e,€'})} UP.) is a star-partition of M’ by 3.4.5.2, since these sets are nonempty
pairwise coplanar flats of rank at most two. So for each ¢’ € C' — {e} there is a circuit Cy
of M’ of size less than ¢g not contained in L U L' for any L, L' € {cly({e,e'})} UP.o. Let
J = cly(C) U (Uerec—(eyCer), and for each €' € C — {e} let P!, denote the collection of
parallel classes of (M'|J)/{e,€'}.
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If M'|J is a restriction of a star, then by 3.4.5.2 and Lemma 3.4.4 there is some ¢’ € C'—{e}
for which the pair ({clar({e, e'})}UP, ,, @) is a star-partition of M'|.J such that each circuit
of M'|J is contained in L U L' for some L, L’ € {clyr({e,e’'})} UP, . This contradicts the
existence of Cer, so M'|J is not a restriction of a star. Then cly(J U {f}) is not a frame
matroid, by Lemma 3.4.1. Since |C' — {e}| < 3 we have ryp(J) < 3(g — 2) + 3. But then
ra(JU{f}) < 3g, which contradicts (1'). O

Let ¢’ be given by 3.4.5.3. Then by 3.4.5.1 and 3.4.5.3, outcome (2) holds with X = @
and £ = {clyr({e,€'})} UP. o, a contradiction. O

3.5 Porcupines and Frame Matroids

Recall that F NU(t) is the class of frame matroids with no Us,io-minor. In this section
we apply Proposition 3.4.5 to a collection of preporcupines with independent tips, and show
that we can either find a small matroid which is not in F NU(t), or a large independent set
so that each element is the tip of a g-porcupine.

Before proving this we need two straightforward lemmas to help find a Us ;4 o-minor. The
first deals with a rank-4 frame matroid.

Lemma 3.5.1. For each integer t > 2, if M 1is both a frame matroid and a porcupine with
tip f such that si(M/f) has rank three and is the disjoint union of a line of length t and a
line of length two, then M has a Usyyo-minor.

Proof. We may assume that M is simple. Let N be a matroid framed by B = {by, by, b3, b4}
such that N\B = M. Let (M/f)|T be a simplification of M/f. We may assume that
f € cly({b1,b2}), by relabeling B. Note that f is not parallel to b; or be, by Lemma 1.2.3
(iii), since f is the tip of a spike restriction of M.

Each element of N/f is spanned by {bs, b3} or {bs, by}, or else that element is not on a
long line of M through f. Since M is a porcupine, the matroid (M/f)|T has no coloops,
and therefore cly, ) r({b2,b3}) and clin/pyr({b2,b4}) each contain at least two elements in
E(M) which are not parallel to by in N/f. Let L; and Ly be the lines of (M/f)|T of length
t and two, respectively, whose union is 7.

If t > 3, assume without loss of generality that L, C cli,g)r({b2, bs}), since {by, b3} and
{b2, b4} span the only long lines of (N/f)|T. Then Ly C clin/pyr({b2,bs}), and no element of
(N/f)|T is parallel to by since L; and Ly are flats of (N/f)|T. Then since |L;| = ¢t and each
element of L; is on a long line of M\by through f, there are ¢ long lines of M through f so
that each contains one element in cly({b,b3}) and one element in cly({b2, b3}). Similarly,
{b1,bs} and {bo, by} each span two elements of F(M) since |Ly| = 2.
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Let e, ¢ € cly({b2,bs}) N E(M) with e # €, and let x € cly({be,b3}) N E(M). Let
Y = cln({b1,b3}) N E(M), so |Y| = t. Note that {f, b1} and {x,bs} are parallel pairs in
N/{e, €'} since by € cly({e,€¢'}), and f and z are not parallel in N/{e,e'}. Thus, {f,z} C
cla/een(Y) =Y, s0 (M/{e, e )|(Y U{f,a}) = Usyyo, as desired. If ¢t = 2 then {b,, b3} and
{b, by} each span two points of M/f which are not parallel to by, and the same argument
applies. O

The second lemma deals with a rank-3 frame matroid.

Lemma 3.5.2. For each integer t > 2, if M is a both a frame matroid and a preporcupine
with tip f such that si(M/f) = Usy1 and M has a line of length t + 1 through f, then M
has a Us 41 o-minor.

Proof. We may assume that M is simple. If £ = 2 then M is a rank-3 spike, and if M
is binary then M is isomorphic to the Fano plane, which is a contradiction since the Fano
plane is not a frame matroid by Proposition 1.2.1. Thus, M is not binary, so M has a
Us 4-minor and the lemma holds for ¢ = 2. Therefore, we may assume that ¢ > 3. Let N be
a matroid framed by B = {b, by, b3} so that N\B = M. Assume without loss of generality
that f € cly({b1,b02}), and note that bz is not parallel to an element of E(M) by Lemma
1.2.3 (iii) since b3 is not on any long line with f. Since ¢ > 3 and M has a line of length
t + 1 through f we have |E(M) Ncly({b1,b2})| =t + 1 by Lemma 1.2.3 (i).

If b; is not parallel to any element in F(M), then for each e € cly/({b;, b3}) the matroid
M /e has a Uyt o-restriction. So by and by are each parallel in N to an element in E (M), say
b} and b, respectively. Then since f is on ¢ long lines of N through f other than cly ({b,ba}),
we have |E(M) N cly({b;,b3})| = t + 1 for each i € {1,2}. Since b3 is not parallel to an
element in E(M), we see that M /U] has a Uyt o-restriction. O

We now prove a result which does the bulk of the work in the proof of the main result of
this chapter, Theorem 3.6.1. The proof of this proposition relies on Proposition 3.4.5 to find
star-partitions. Recall that F NU(¢) is the class of frame matroids with no Us;49-minor.
Also, if P is a porcupine with tip f, then we write d(P) for the corank of si(P/f).

Proposition 3.5.3. For all integers t > 2,h > 0 and g > 4, if M is a matroid with a
size-(2h + 1) independent set S so that (M) —e(M/f) > (t — 1)(r(M) — 1+ h) + 1 for each
f €S, then M has either

(1) a restriction of rank at most 3g which is not in F NU(t), or

(2) a size-(h+1) independent set such that each element is the tip of a g-porcupine restriction
P of M with d(P) = h+ 1.
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Proof. Assume that (1) and (2) do not hold for M, and that M is simple. Since (1) does
not hold, M has no U, o-restriction. Also, M has no spike restriction of rank at least five
and at most 3¢, since Lemma 3.4.2 and Lemma 3.4.1 together imply that spikes of rank at
least five are not frame matroids. For convenience, we say that a g-(pre)porcupine P is an
(s,q)-(pre)porcupine if d(P) = s.

If f € S isnot the tip of a spike of rank less than g, then f is on at least (M) + h long
lines, or else

O(M, f) =e(M)—e(M/f) <1+ (t=1)(r(M)+h—1),

by Lemma 1.1.3. But if f € S is not the tip of a spike of rank less than ¢g and is on at least
r(M) + h long lines of M, then f is the tip of an (h + 1, g)-porcupine. Since (2) does not
hold, there is some S; C S such that |S;| > |S| —h > h + 1 and each element of S; is the
tip of a spike of rank less than g in M. Each of these spikes has rank at most four, or else
(1) holds.

For each f € Sy, let Py = M|(Ureg,,(nL), and let (P;/f)|Ty be a simplification of Py/f.
Note that 6(Py, f) = 0(M, f).

3.5.3.1. There is some f € Sy for which (P¢/f)|Ty has a star-partition (X, L) such that each
line of Py through f and an element of Ty — X has length three, and |L| < r(M)+h — 2.

Proof. By Proposition 3.4.5, for each f € S;, the matroid (Py/f)|1y has a star-partition
(X, L) so that each circuit of (Py/f)|Ty of size less than g is contained in X U L U L' for
some L, L’ € L, and each line of P, through f and an element of Ty — X has length three.

Since (Py/f)|Tf has a circuit of size at most four, there is some L € £ such that |L| > 2.
Let T" C Ty such that |T"| = |£|+ 1, while 7" contains a transversal of £ and [TNL| = 2. If
|T'| > r(M)+ h, then the set of elements of Py on a long line of Py through f and an element
of T"is an (h+ 1, g)-preporcupine with tip f, and thus contains an (h+ 1, g)-porcupine with
tip f. Since (2) does not hold and |S;| —h > 1 the claim holds. O

Note that (t —1)(r(M)—1+h)+1=(t—1)(r(M)+h—2)+t,and let f € S; and (X, L)
be given by 3.5.3.1. Let m = > _(|clar({z, f})| — 2), and note that m <t — 1 since M
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has no Us;yo-restriction. Then

(t—1)(r(M)+h—2)+t<d6(P;/f)—1 (1)
= (lebu({e. fHI - 2) (2)
=m+ Yy _|L] (3)
LeL
<mA+({E—1)rM) +h—2)—(E=1DL[+ D |Ll. ()

Line (2) holds by Lemma 1.1.3. Line (3) holds because each line of P; through f and an
element of Ty — X has length three by 3.5.3.1, and line (4) holds since |L| < (M) + h — 2.
Thus,

t—m (- 1)le] < 31l )
LeL
so there is some Ly € L such that |L;| > t sincem < t—1. By Lemma 3.5.1each L € L—{L;}
satisfies |L| = 1, or else (1) holds. Then we have ), _.|L| = |L,| + |£| — 1.

We have two cases to consider. If m > 0, then X # @ and thus |L;| = t or else (Py/f)|(L1U
X) has a Ustyo-restriction by the definition of a star-partition. Then m =t — 1 or else (5)
does not hold. But then by Lemma 3.5.2, M has a rank-3 restriction which is not in U(¢)
and (1) holds.

Now assume that m = 0. Since Py/f has no Usyo-restriction, |Li| < ¢+ 1. Then t = 2
and |L;| = 3, or else (5) does not hold. But then the set of elements of Py on a line through
f and an element of L; is a rank-3 spike with no U, 4-minor. Thus, P; has an Fr-restriction,
and (1) holds since F; is not a frame matroid, by Proposition 1.2.1. O

3.6 The Proof

We now prove the main result of this chapter, which refines the structure found in the second
outcome of Theorem 3.1.3. The case h = 0 is particularly important and has a more exact
flavor; it says that if M has an element with density loss greater than any element of a
Dowling geometry with group size less than ¢, then M has a highly structured restriction
which is not contained in any Dowling geometry with group size less than t. The proof only
uses Proposition 3.3.3 and Proposition 3.5.3.

Theorem 3.6.1. Let £ >t > 2 and h > 0 be integers, and let M € U(L) be a matroid with
a size-2Y%" independent set S so that each f € S satisfies e(M) —e(M/f) > (t — 1)(r(M) —
1) + 28" Then there is a set C C E(M) of rank at most h2"*7 so that M/C has either
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(1) an (FNU(L),15- 2" h + 1)-stack restriction,

(2) an element e and a collection S of h + 2 mutually skew sets in M/(C U {e}) so that for
each R € S, the matroid (M/C)|(RU{e}) is a spike of rank at most four with tip e, or

(3) a size-(h+1) independent set so that each element is the tip of a 5-2"-porcupine restriction
P of M/C with d(P) = h+ 1.

Proof. The constants in the theorem statement are larger than we need, to make the state-
ment more readable. Using crude estimates for h > 1 we have 215" > 2h + h(15 - 2")(3(h +
2)+1), and

(8 > (t — 1)h + 1+ h(15 - 2M) 60 +2)

and these inequalities also hold for h = 0. Assume for a contradiction that none of (1), (2),
(3) hold. Let k > 0 be maximal so that M has an (F NU(t), 15 - 2" k)-stack restriction
Co. Then k < h since (1) does not hold, so 73,(Co) < h(15-2"). The following claim uses
Proposition 3.3.3 to reduce to a situation in which we can apply Proposition 3.5.3.

3.6.1.1. There is some Sy C S with |S1| > 2h + 1 so that Sy is independent in M/Cy, and
each f € Sy satisfies 6(M/Co, f) > (t — 1)(r(M) —1+h) + 1.

Proof. Let c1,cs,...,cp, be a basis of Cy, and let m = h + 2. Let S; C S be a maximum-size
independent set in M /Cj for which each f € S; satisfies 6(M/Cy, f) > (t—1)(r(M)—1+h)+1,
and assume for a contradiction that |S;| < 2h. Then there is some S" C S with |S"| >
|S| —b—2h > b(3m) so that S’ is independent in M/Cy, and each f € S’ satisfies

S(M, f) — 6(M/Cy, f) > bl
Then for each f € S’ there is some i € [b] such that
6<M/{Cl7 s 7Ci71}7f> - 5(M/{Cla s 7Ci}7f> Z €6m’

since 7y (Co) = b. Since |S’| > b(3m), there is some i € [b] which is chosen for at least
3m elements of S’. Let S” C S’ denote this set of 3m elements. By Proposition 3.3.3 with
(M, X,e)=(M/{c1,...,ci-1},5",¢;), outcome (2) holds with C' = {¢y,...,¢;_1} and e = ¢,
a contradiction. ]

By Proposition 3.5.3 with (M, S, g) = (M/Cy, S1,5 - 2"), either k is not maximal or (3)
holds with C' = (. n
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Chapter 4

Exploiting Connectivity
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In this chapter we prove the following result, which allows us to complete step (II) of the
general growth-rates-proof sketch outlined in Section 1.6. Recall that if P is a porcupine
with tip f, then we write d(P) for the corank of si(P/f).

Theorem 4.0.1. Let { > 2 and k,s > 1 and g,m,n > 3 be integers, and let I be a finite
group. There are functions sy01: Z° — Z and r491: Z° — Z so that if M € U(() is a
vertically s4.0.1(k, s, g)-connected matroid with no rank-n doubled-clique minor, and with a
DG(ryo1(f,m,k,n,s,g),I')-minor G and a size-k independent set such that each element is
the tip of a g-porcupine restriction P with d(P) = s, then M has a minor N of rank at least
m so that

e N has a DG(r(N),TI')-restriction, and

e N has a size-k independent set such that each element is the tip of a g-porcupine
restriction P with d(P) = s.

This is the most difficult step in the proof of Theorem 1.7.2, due to the fact that the matroid
M has bounded vertical connectivity, but each porcupine restriction can have arbitrarily large
rank. To deal with this we need some technical properties of porcupines, which we prove in
Section 4.2. We also need Theorem 4.1.4, Tutte’s Linking Theorem for nested sets, which we
prove in Section 4.1. Much of the difficulty of Theorem 4.0.1 is present even in the special
case that G is a restriction of M, and we prove this case in Section 4.3.

When G is not a restriction of M, we use structures called tangles to maintain connectivity
between certain pairs of sets as we take a minor. We introduce tangles in Section 4.4, and
prove a key property of tangles and Dowling geometries in Section 4.5. Finally, we prove
Theorem 4.0.1 in Section 4.6. In Sections 4.5 and 4.6 we use Lemma 2.2.4 to move from
a Dowling-geometry minor to a Dowling-geometry restriction, but this chapter is otherwise
self-contained.

4.1 A Generalization of Tutte’s Linking Theorem

In this section we prove a generalization of Tutte’s Linking Theorem. The following lemma
was proved in [8], and follows from the submodularity of the connectivity function.

Lemma 4.1.1. Let e be an element of a matroid M, and let X,Y be subsets of M — {e}.
Then
)\M\e(X) + )\M/Q(Y) Z )\M(X N Y) + )\M(X UuY U {6}) —1.

We use this to prove a lemma about a collection of nested sets in a matroid.

Lemma 4.1.2. Let M be a matroid, m > 1 be an integer, and Y1 C Yo C --- C Y,
E(M)=X. If E(M) # cly(X)Uclpy(Y,), then there is some e € E(M)—(cly (X)Ucly (Y))

N
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so that kure(X,Y;) = (X, Y;) for all i € [m].

Proof. Let |E(M) — (clp(X) U clp(Yin))| be minimal so that the claim is false, and let
e € E(M) — (cly(X) Uclpy(Yy,)). Since the claim is false for M, there is some k € [m] so
that rare(X,Ys) < km(X,Y:). Let (E —e— Z* Z*) be a partition of E(M) — {e} so that
(ly(X)—Y;,) € E—ZF and Y}, C ZF, while Ayre(Zk) = karse(X, Ya); such a partition exists
because each set A C E(M/e) satisfies Ayrje(A) > Aprje(clarse(A)). Note that e € cly(Z5),
or else Ay (Z%) = Aje(Z%) < ki (X,Y},), which contradicts the defintion of rp (X, Yy).

Now, if |E(M) — (cly(X) Ucly (Vo)) = 1, then Z% C clp(Vn), since (cly(X) —Y,) C
E — Z*. But then since e € cly/(Z*), we have e € cly(Y,,), which contradicts the choice of
e. Thus, |[E(M) — (clp(X) Ucly(Yin))| > 1, so by minimality there is some j € [m] so that
I{M\E(X7 Y}) < Ku(X, Y})

First assume that j < k, so Y; C Y. Let (F —e — Z;, Z;) be a partition of E(M) — {e}
such that X € £ —e — Z; and Y; C Z;, while \apo(Z;) < em(X,Y;). Note that X C
(E—Z)n(E—-2ZF=E—(Z;uZz*J{e}) and Y; C Z; N Z*. Then

ko (X, Y5) = 1+ (X, Y3) — 1> Mane(Z5) + Awse(Z25) (1)
> A\(Z; N 28+ \u(Z; 0 ZF U {e}) — 1 (2)
Z KM(X,)/J) + /iM<X, Yk) — 1, (3)

a contradiction. Line (2) follows from Lemma 4.1.1 applied to Z; and Z*, and line (3) holds
because Y; C Z; N Z% and X C E(M) — (Z; U Z* U {e}). If k < j, then we apply the
same argument with M*, since rar/e(A, B) = ka\e(A, B) for each e € E(M) and disjoint
A, B C E(M) — {e}. O

We will use the following strengthening of Tutte’s Linking Theorem, which was proved by
Geelen, Gerards, and Whittle in [9], and will be invoked several times in this thesis.

Theorem 4.1.3. Let X and Y be disjoint sets of elements of a matroid M. Then M has a
minor N with ground set X UY such that kn(X,Y) = ky(X,Y), while N| X = M|X and
N|Y = M|Y.

We now prove a generalization of Tutte’s Linking Theorem, which allows us find a minor
which preserves connectivity between a set and a nested collection of sets.

N

Theorem 4.1.4. Let M be a matroid, m > 1 be an integer, and Y1 C Yo C --- C Y,,
E(M)—X. Then M has a minor N with ground set X UY,, such that kn(X,Y;) = k(X
for each i € [m], while N|X = M|X and N|Y, = M|Y;.

Y;

~—

Proof. Let N be a minimal minor of M such that X UY,, C E(N), while ky(X,Y;) =
k(XL Y;) for each i € [m], N|X = M|X, and N|Y; = M|Y;. Assume for a contradiction
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that E(N) # X UY,,. Take e € E(N) — (X UY,,). If E(N) = cly(X) U cly(Y1), then
rne(X,Y;) = kn(X,Y]) for each i € [m] by Theorem 4.1.3 applied with Y = Y;, which
contradicts the minor-minimality of N.

Let j € [m] be maximal so that E(N) # cly(X) Ucly(Y;). By Lemma 4.1.2 applied to X
and Y7, ...,Y], there is some e € E(N) — (cly(X) Ucly(Y))) so that kn/e(X,Y;) = (X, Y))
for each 1 < i < j. There is some integer ¢ € [m] so that ry/.(X,Y;) < kn(X,Y]), or else
N/e contradicts the minimality of N. Then i > j, so E(N) = cly(X) U cly(Y;) by the
maximality of j. Then each set Z with X C Z C E(N)—Y; and A\y(Z) = ky (X, Y;) satisfies
Z C cly(X). Since e ¢ cly(X) this implies that Ay/.(Z — {e}) = An(Z) for each such set
Z, and thus rn/.(X,Y;) = (X, Y]), a contradiction. Thus, F(N) = X UY, and N is the
desired minor of M. ]

We conclude this section by proving a lemma concerning k.

Lemma 4.1.5. Let Y and J be disjoint sets of elements of a matroid M, and let
D={ec E(M)—(JUY): knje(A, J) < ke (A,J) for some A C Y}
Then kp (Y U D, J) = rkp(Y, J).

Proof. Let E = E(M), and let k = k. Clearly (Y U D,J) > k(Y,J); assume for a
contradiction that k(Y U D, J) > k(Y,J). Let D; be a maximal subset of D so that k(Y U
Dy, J) = k(Y,J),and let e € D—D;. Since e € D, there is some A C Y so that rpr/e(4, J) <
km (A, J), which implies that k(AU {e},J) = k(A, J). Then there is some Z; C E so that
AU{e} € Zy C E—J and A(Zy) = k(A,J). Similarly, there is some Z; C FE so that
YUDl g ZQ g E — J and )\(ZQ) = E(YUDhJ) = Ii(Y7 J) Then (YUDl U{&}) g ZlLJZQ,
and

)\(Zl U ZQ) S A Zl) + )\(ZQ) — /\(Zl N ZQ)

(
— WA, )+ K(Y, J) — NZ0 N 7o)
< k(A J)+k(Y,J)—k(A,J)
=r(Y,J),

where the third lines holds because A C Z; N Zy and J C E — (Z; N Zy). Thus, k(Y U Dy U
{e},J) = k(Y, J), which contradicts the maximality of D;. O

4.2 Prickles

In this section we define some terminology related to porcupines, and then prove several
lemmas which we will use in the proof of Theorem 4.0.1. Recall that a g-porcupine is a
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simple matroid P with an element ¢ so that each line of P through t has length three, and
si(P/t) has no coloops and girth at least g. We write d(P) for the corank of si(P/t). Note
that a porcupine is a spike if and only if d(P) = 1, and that if d(P) = 0 then P consists of
only the tip. If d(P) = 0 then P is a trivial porcupine.

For porcupines P and P’, we say that P’ is a subporcupine of P, and write P’ < P, if
E(P') C E(P) and P’ and P have the same tip ¢. If E(P’) is a proper subset of E(P) then
we write P* < P; this implies that d(P') < d(P), since si(P’/t) has no coloops. Note that
P’ is a restriction of P, and that each line of P’ through t is a line of P through ¢. Also,
note that every porcupine P has a unique trivial subporcupine.

If P, and P, are subporcupines of P, then P|(E(P,) U E(P,)) is a porcupine, which we
denote by P, U P,. Note that if P, ﬁ P, and P, f P, and neither P; nor P, is equal to P,
then d(P, U Py) > max(d(Py),d(Pz)), since si(P;/t) and si(P,/t) have no coloops. We say
that P’ is a retract of P if P’ and P have the same tip, E(P') C E(P), and d(P’) = d(P).
Whenever we work with retracts it will be the case that P is a restriction of a matroid M
and P’ is a restriction of a minor N of M. Since d(P’) = d(P), one can think of P’ as being
a copy of P which we recover in the minor N.

This notation for porcupines extends to collections of porcupines. In the animal kingdom
a collection of porcupines is called a prickle, and we use the same terminology in this thesis.
A prickle is a pair R = (R, P) where R is a matroid and P is a collection of pairwise disjoint
porcupine restrictions of R such that UpepE(P) = E(R). If each porcupine in P is a g-
porcupine, then we say that R is a g-prickle. For a matroid M, we say that R is a prickle
of M if R is a restriction of M, and we write E(R) for E(R). Define d(R) = >, p d(P),
and note that if d(R) = 0 then each porcupine in P is simply a tip.

We say that a prickle (R, P’) is a subprickle of (R, P), and write (R, P") < (R, P), if there
is a bijection ¢ : P — P’ so that for each P € P, the porcupine ¢)(P) is a subporcupine of P.
If there is some P € P so that 1(P) # P, then we write (R, P’) < (R, P); this implies that
d(R',P") < d(R,P) since d(¢)(P)) < d(P). Since the porcupines in P are pairwise disjoint
this also implies that E(R’) is a proper subset of F(R).

It is important to note that each subprickle of (R, P) contains the tip of each porcupine in
P, which implies that the unique subprickle (R’, P’") of (R, P) with d(R', P") = 0 is simply the
collection of tips of porcupines in P; we say that (R',P’) is the trivial subprickle of (R, P).
If (Ry,P1) and (R, P;) are subprickles of a prickle (R, P), then (R; U Ry, Py U Py) denotes
the subprickle of (R, P) such that each porcupine in P; U Py is the union of porcupines of
P, and P, with common tip.

Finally, we need terminology for recovering a prickle after applying projections and dele-
tions. We say that a prickle (R',P’) is a retract of a prickle (R,P) if there is a bijection
¥: P — P’ so that for each P € P, the porcupine ¢(P) is a retract of P. Just as for
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porcupines, we will only work with retracts when (R, P) is a prickle of a matroid M and
(R',P') is a prickle of a minor N of M. Note that the collection of tips of porcupines in P’
is equal to the collection of tips of porcupines in P, and that d(R’) = d(R); these properties
allow us to think of R’ as a copy of R which we recover in the minor N.

We now provide some properties of prickles which we will need to prove Theorem 4.0.1.
Our first lemma deals with a maximal proper subprickle, which will be important for using
inductive arguments with prickles.

Lemma 4.2.1. Let A be a subprickle of a prickle R so that d(A) = d(R) — 1. Then
(i) each Z < R with Z £ A satisfies AUZ =R, and
(i1) there is a prickle C < R so that d(C) =1 and AUC =R.

Proof. Let A = (A, A) and R = (R, R). Since d(A) = d(R) — 1, there is a unique porcupine
in P € R so that P ¢ A. Since A < R, there is some P, € A so that P, is a subporcupine
of P and d(P;) = d(P) — 1. Let t denote the common tip of P and P;.

We first prove (i). Let Z = (Z,P), and let P, denote the porcupine in P with tip ¢. Let
(P/t)| X be a simplification of P/t, and for each ¢ € {1,2} let (P/t)|X; be a simplification
of P;/t so that X; C X. Since (P/t|X2) has no coloops and X, is not contained in X;, we
have r*((P/t)|(X; U X)) > r*((P/t)| X1). Since (P/t)|X has no coloops and r*((P/t)|X) =
r*((P/t)| X71) + 1, it follows that X; U Xy = X. Thus, P, U P, = P, and so AUZ = R.

We now prove (ii). Since si(P/t) has no coloops, there is a subporcupine P’ of P so that
d(P’") =1 (P’ is a spike) and P’ is not a subporcupine of P;. Let C = (C,C) be the unique
subprickle of R so that P’ € C and each other porcupine P” € C satisfies d(P”) = 0. Then
d(C)=1,and C £ A, and thus AUC =R by (i) O

Our second lemma finds a specific collection of maximal proper subprickles of a prickle,
again for use in inductive arguments. It is perhaps more natural to write the lemma using
set intersection instead of union; we use union because we will apply this lemma to bound
ky(J, E(R) — E(Y)) for some set J.

Lemma 4.2.2. Let M be a matroid with a prickle R such that d(R) > 0, and let Y < R.
Then there is a collection A of subprickles of R so that each A € A satisfies d(A) = d(R)—1
and Y = A, while |A] < d(R)—d(Y) and E(R) — E(Y) CUaca(E(R) — E(A)).

Proof. Let A be a minimal collection of subprickles of R such that each A € A satisfies
d(A)=dR)—1and Y < A, while E(R) — E(Y) C Uaca(E(R)— E(A)). Some choice for
A exists because for each e € E(R) — E(Y) there is some A =< R such that d(A) =d(R)—1
and Y < A and e ¢ E(A), using that the porcupines of R are pairwise disjoint. For each
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A € A there is some C4 < R such that d(C4) = 1 and AU Cy4 = R, by Lemma 4.2.1
(ii). Since A is minimal, for each A € A there is an element of F(R) — E(Y) which is
in £(C4) — E((Uarca—{ayCua)). This implies that d(Y U (UacaCa)) > d(Y) + |A|, since
si(P/t) has no coloops for any porcupine P with tip ¢. However, since Y U (UacaCa) <= R
we have d(Y U (UacaCa)) < d(R). Thus, d(Y) + |A| <d(R), so |A| <d(R)—-d(Y). O

Before proving our next lemma about prickles, we need a straightforward lemma about the
corank of sets in a matroid. Again, we state this lemma using union instead of intersection
for ease of application.

Lemma 4.2.3. Let M be a matroid, and let X C E(M) so that M and M|X have no
coloops. Then there is a collection Y of subsets of E(M) so that |Y| < r*(M)—r*(M|X) and
E(M)—X CUyey(Y—X), while eachY € Y satisfies X CY and r*(M|Y) =r*(M|X)+1,
and MY has no coloops.

Proof. Let E = E(M). This statement is easier to prove in M*. Since (M|X)* = M*/(E —
X), we have r*(M|X) = r*(M) —r*(E — X). Since M|X has no coloops, the set £ — X is a
flat of M*. Let B be a basis of M*|(E— X), and let H = {cly«(B—{e}): e € B}. Then each
set H € H is a hyperplane of M*|(E — X), and |H| = |B| =r*(E - X) = r*(M) —r*(M|X).
Moreover, for each e € F — X there is some H € H so that e ¢ H, which implies that
NH=0o.

Let Y = {E — H: H € H}, and note that NY = X, so F — X C Uyey(Y — X). Fix
some Y € Y, and let H € H so that Y = F' — H. Since H is a hyperplane of M*|(E — X)
and F — X is a flat of M*, it follows that H is a flat of M* so M*/H has no loops.
Thus, M|Y has no coloops. Finally, since H is a hyperplane of M*|(E — X) we have
r(M*/H) =r(M*/(E—-X))+1=r*(M|X)+1. Since M*/H = (M|(E — H))*, this implies
that Y satisfies r(M|Y)* = r*(M|X) + 1. O

The following lemma describes projections of a prickle from the perspective of a subprickle.
It generalizes the fact that a projection of a spike by an element not parallel to the tip is the
union of at most two spikes. Just as for Lemma 4.2.2, we will apply this lemma to bound
ka(J, E(A) — E(Ay)) for some set J, so we write the statement using set union instead of
intersection.

Lemma 4.2.4. Let M be a matroid with prickles Ag and A such that Ag <= A and d(Ay) =
d(A)—1. Let C C E(M) so that M/C has a retract Ay of Ag. Then there is a non-empty set
C" and a collection A of prickles of M/C' such that each A’ € A is a retract of A with Ay <
A’ while |A|+|C"| < ry(C)+2 and E(A)—E(Ayp) C cly(CUC'U(Uarca(E(A")—E(AY))))-
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Proof. We may assume that C' is independent, since the lemma holds for C' if and only if it
holds for a basis of C'. Since d(A() = d(A)—1and Ay = A, there are porcupines P of A and
Py of Ag such that Py is a subporcupine of P and d(FPy) = d(P) — 1. Then M/C contains a
retract P} of By. Let t denote the common tip of P, Fy, and F;. Note that t ¢ cly/(C) since
P} is a retract of Py, and thus each long line of P through ¢ contains at most one element of

Let (P/t)|X be a simplification of P/t, let (P/t)| X, be a simplification of P,/t, and let
M/(C U {t})|X{ be a simplification of P}/t such that X{j C Xy C X and cly(C)NX = 2.
Such a set X exists because each long line of P through ¢ contains at most one element of
clpy(C). Let N = M/(CU{t}). Then N|X has no coloops, and

r(NIX) = r*(N|Xg) < (r(M/8)|X) +[C1) = r*(N|Xg)
= |Cl + d(P) — d(Fy)
=|C|+ 1L

In particular, this implies that N|X has at most |C|+ 1 nontrivial parallel classes since N| X
is simple.

We first find a suitable simplification of N|X. Let N|X’ be a simplification of N|X so
that X C X', and let Ly denote the set of coloops of N|X’. Since N|X has no coloops, each
element of Lo is in a nontrivial parallel pair of N|X. Also, Ly N X = & since N|X/, has no
coloops. Let X” = X’ — Lo, and let T" be a transversal of the nontrivial parallel classes of
N|X so that LyNT = @. Note that |T| <|C|+ 1. Then X — X" C cly (CU{t}UT), since
each element in X — X" is a loop of N or is parallel in NV to an element of 7. We also see
that X)) C X”, the matroid N|X” is simple and has no coloops, and

(NIX") = X"] = r(N|X")
= X = |La| = (r(N|X) = | L)
= X = (VX"
= X = r(NV]X)
< |X| = 7] = r(NIX) = 7" (V]X) = |7

where the inequality holds because we delete at least one element from each parallel class of
N|X to obtain N|X’. Then we have

r(NIX") = r*(N]XG) < (r(N|X) = |T]) = (N [Xp)
<|C|+1—T)|.

Since N|X" is simple and r*(N|X") — r*(N|X{) < |C| 4+ 1 —|T|, by Lemma 4.2.3 with
M = N|X"” and X = X, there is a collection ) of subsets of X” such that |Y| < |C|+1—|T|
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and X" —X| C Uyey(Y—X](), and each Y € Y satisfies X C Y and r*(N|Y) = r*(N|X})+1,
and the matroid N|Y is simple and has no coloops.

For each Y € Y, define Ay to be the prickle of M/C obtained from Aj by replacing P}
by a porcupine Py with tip ¢ such that E(Py) C E(P), each line through ¢ contains an
element of Y, and each element of Y is on a line through . Such a porcupine Py exists
since N|Y is simple. Since X C Y and r*(N|Y) = r*(N|X{) + 1, we have P; < Py and
d(Py) = d(P}) + 1 = d(P). Since d(Py) = d(P) and Py and P have the same tip and
E(Py) C E(P) it follows that Py is a retract of P, and thus Ay is a retract of A. Since
X" = X CUyep(Y — X{) and X — X" Ccly (CU{t} UT) we have

E(A) = E(Ao) C cly(CU{t} UT U (Uyey(E(Ay) — E(Ag)))).
Thus, A = {Ay: Y € Y} and ¢!/ = T U {t} satisfies the lemma statement. O

Given an g-porcupine P with tip ¢, it is often easier to work with a simplification of P/t,
which is a matroid with girth at least g and no coloops. The following lemma shows that
we can piece together two minors with large girth and corank to find a restriction with large
girth and corank.

Lemma 4.2.5. Let M be a matroid with sets Z, Ky, K3 C E(M) such that Z C K; C
E(M)—Ks, and let s > s' > 0 and g > 3 be integers. If M|Z has corank s’ and girth at least
g and (M/K1)|K3 has corank s — s’ and girth at least g, then M|(K; U K3) has a restriction
with corank s and girth at least g.

Proof. Let B be a basis of (M/Z)|(K, — Z). If M|(Z U B U K3) has a circuit of size less
than g, it is not contained in Z U B since M|Z has girth at least g, and B is independent in
M/Z. But then (M/K;)|K3 has a circuit of size less than g, a contradiction. Also,

|ZUBUK;3|—ryv(ZUBUK3) = (|ZUB|—ry(ZUB))+(|Ks|—ruyzup) (K3)) = §'+(s—5') = s,
so r*(M|(Z U BU K3)) = s and the lemma holds. O

The final lemma essentially shows that a projection of a matroid with corank s and girth
at least g has a restriction with corank s and girth at least g/2.

Lemma 4.2.6. For all integers g > 3, s > 1 andm > 0, if M is a matroid with C, S C E(M)
such that M|S has corank s and girth at least g2™ and My (S, C) < m, then (M/C)|(S — C)
has a restriction with corank s and girth at least g.

Proof. Since g > 3 we may assume that M is simple. Let |C| be minimal so that the lemma

is false. Then ry(C) > 1 and C C cly(5). If e € C NS then (M/e)|(S — {e}) has corank
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s and girth at least ¢g2™ — 1. Since g2™ — 1 > ¢2™~!, the result holds by the minimality of
le

If e € C' — S then (M/e)|S has corank s+ 1, and has at most one circuit of size less than
g2™ 1. To see this, if (M/e)|S has distinct circuits C; and Cy of size less than g2™~!, then
C1 U {e} and Cy U {e} are circuits of M|(S U {e}). But then M|((Cy U Cs) — {e}) has a
circuit of size at most 2(¢g2™™ 1) — 1 < g2™, which contradicts that M|S has girth at least
2¢™. Thus, for each f in the smallest circuit of (M/e)|S, the matroid (M/e)|(S — {f}) has
corank s and girth at least g2™~!, and the result holds by the minimality of |C/. O]

4.3 The Dowling-Geometry-Restriction Case

In this section we prove Theorem 4.0.1 in the case that G is a Dowling-geometry restriction of
M. Since vertical connectivity is not preserved under taking minors, we strengthen Theorem
4.0.1 enough so that we no longer need vertical connectivity in the statement. To accomplish
this, we identify a prickle Q which contains all prickles whose connectivity to F(G) is ‘too
small’, and we maintain the property that xy (E(G), E(Q)) = ry(E(Q)). The lemma below
makes no reference to Dowling geometries, although we only invoke this lemma when M|.J
is a Dowling geometry. This is the most technical result in this thesis, and uses the results
from Sections 4.1 and 4.2.

Lemma 4.3.1. Let g > 3 and k,s > 1 be integers, and define integers ng = k + 1, and
n; = 2kg2*mi—1t1 for ¢ > 1. Let M be a matroid with J C E(M) such that M\J has a
g-prickle R = (R, P) for which

e |P| <k and each P € P satisfies d(P) < s, and

o there is a subprickle Q of R such that ky(J, E(Q)) = ru(E(Q)) < naq) and each
A <R with ky(J, E(A)) < ngay satisfies A < Q.

Then M has a contract-minor M’ which has M|J as a spanning restriction, and has a

g-retract R of R so that Q < R/.

Proof. Note that n; > 2kin;_1 + kg2*mi-1! for each ¢ > 1. Let M with prickle R = (R, P)
and Q < R be a counterexample with d(R) minimum. If R = Q, then by Theorem 4.1.3
applied to J and E(Q), the result holds with R’ = R. If d(R) = 0, then R < Q and so
R = Q and the result holds. Thus, R # Q and d(R) > 0.

We will take a minimal minor M; of M with a retract R; of R so that R; satisfies a
slightly weaker property than the second condition of the lemma statement, so that we can
exploit the minimality of d(R). We first develop some notation for the collection of all such
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minors and retracts. Let M denote the collection of pairs (M’, R’) where M’ is a minor of
M with M’'|J = M|J, and R’ is a retract of R contained in M’ with Q =< R’ so that

(i) k(1 E(Q)) = ru(E(Q)) < naq), and
(ii) each A < R’ with sy (J, E(A)) < nga) satisfies A < Q.

Note that condition (ii) only applies for proper subprickles of R’. Also, we do not require
R’ to be a g-prickle; we will show later that this follows from (i) and (ii). The idea behind
conditions (i) and (ii) is that all prickles with connectivity ‘too small’ to J are subprickles
of Q by (ii), and are thus ‘safe’ by (i). Our first claim shows that if (M’',R’) € M, then
proper subprickles of R’ with ‘small’ connectivity to J in M’ which are not subprickles of Q
have a nested structure.

4.3.1.1. Let (M",R’) e M. If Ay <R’ and Ay < R’ such that kpp(J, E(A;)) < 2(d(A;) +
)ngea,) for each i € {1,2}, then either Ay < Ay or Ay < Ay, or (AUAy) 2 Q.

Proof. 1f the claim is false, then A; U A, is a prickle such that d(A; U Ay) >
max(d(A1),d(Az)) and (A; U As) £ Q. Assume that d(A;) > d(A,), without loss of
generality. Then

kv (J, E(A1UA)) < 2(d(Aq)+1)nga)+2(d(As)+1)nga,) < 4(d(A1)+1)nga,) < Nda,uas),

so (A1 UAy) <X Q, a contradiction. The last inequality holds since 4(i + 1)n; < n;44 for all
1> 1. O

Our second claim shows that if (M’,R’) € M, then each maximal proper subprickle of R’
with ‘small’ connectivity to J in M’ contains each other subprickle with ‘small’ connectivity
to J in M'.

4.3.1.2. Let (M',R’) € M, and let Y' < R’ with d(Y') mazimal so that kyy(J, E(Y')) <
2(d(Y') + L)ngeyry.  Then each A < R with kyp(J, E(A)) < 2(d(A) + 1)nga) satisfies
A <Y

Proof. Assume for a contradiction that there is a prickle A < R’ so that xyy(J, E(A)) <
2(d(A) + 1)nga) and A 2 Y’. Then in particular A # Y’, so by the maximality of d(Y’)
we have Y’ £ A. By 4.3.1.1 with A} = A, and Ay =Y’ wehave AUY' < Q. fY' # Q
then d(Y’) < d(Q), which contradicts the maximality of d(Y’) since Q is a valid choice for
Y’ since ryp(J, E(Q)) < ngq) < 2(d(Q) + 1)ngq). Thus, Y' = Q, and so A < Y’ since
A UY’ < Q, which contradicts that A £Y". O
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We now take a minimal minor of M. Since R # Q we have x(J, E(R)) > ngm), so there
is some porcupine Py € P such that ky(J, E(Py)) > %nd(R). Let M; be a minimal minor of
M for which there is a retract Ry = (R, P1) of R so that (M;,R;) € M, and

(*) each Y < R; with d(Y) maximal such that s, (J, £(Y)) < 2(d(Y) + 1)ngey) satisfies
ki, (J, E(Y) U E(Sk)) > £n4m,), where Si € Py has the same tip as P, € P.

Note that (M;, Ry) exists because (M, R) is a valid choice. Also, note that (*) is a relaxation
of the connectivity requirement that sy, (J, E(R1)) > ngm,). This allows us to find a proper
subprickle of R; for which we can exploit the minimality of d(R;).

Let Y be a proper subprickle of R; with d(Y) maximal such that ryz, (J, E(Y)) < 2(d(Y)+
I)ngeyy- Note that Y exists because the trivial subprickle of R; is a choice for Y since
k < 2ng. One can show that Y is unique, although we will not use this fact.

The main idea of this proof is that there are three types of prickles A < Ry, depending
on the connectivity to J. If rkp,(J, E(A)) is ‘too small’ to be useful, then A < Q. If
ko (J, E(A)) is ‘in danger’ of becoming too small, then A <Y. Finally, if A £Y then A
is ‘safe’. The following claim makes this idea more precise. When applied with A = Ry, it
shows that for each e € E(M;) which does not ‘interact’ with Y, the matroid M;/e has a
retract R} so that (M;/e,R}) € M and Y < R}]. We only apply this claim with A = R,
but we state it more generally so that we can prove it using induction.

4.3.1.3. Let e € E(M;) — (clay(J) U clp, (E(Y))) such that each Y' =< Y with
Kan se(J, E(Y')) < ngeyry satisfies Y =< Q. Then for each prickle A < R, with Y < A,
the matroid My/e has a retract A of A so that Y =< A’, and each Z =< A’ with
ko se(J, E(Z)) < ngzy and Z # Ry satisfies Z < Q.

Proof. Assume that the claim is false for some prickle A with d(A) minimum and e € E(M).
Then d(A) > d(Y) or else A =Y and the claim holds with A’ =Y, since e ¢ cly;, (E(Y))
and each Y' XY with sy, /e(J, E(Y')) < ngeyry satisfies Y’ < Q. By Lemma 4.2.2 applied to
A and Y, there is a collection A of subprickles of A such that each A, € A satisfies d(Ag) =
d(A)—1and Y < Ay, while |A| < d(A)—d(Y) and E(A)—E(Y) C Ua,ea(E(A)—E(Ay)).

Let Ay € A. Let j = min(d(A), d(Ry)—1); we will show that xy, (J, E(A)—E(Ay)) < 2n;.
Since d(Ay) < d(A), by the minimality of d(A) the matroid M; /e has a retract Ay of Ag so
that Y < Aj, and each Z < Aj with kay, e(J, E(Z)) < nqz) and Z # R, satisfies Z < Q.

By Lemma 4.2.4 with C' = {e} there is a non-empty set C" C E (M) —{e} and a collection
IC of prickles of M; /e such that ||+ |C’| < 3, each K € K is a retract of A with Aj < K,
and

B(A) - E(Ao) € cluy, ((Uxex (E(K) — E(AD))) UC"U{e}). (1)
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Note that for each K € K we have Y < Aj < K and d(Aj) =d(A) — 1 =d(K) — 1, by the
definition of a retract.

Since the claim is false for A, for each K € K there is some Z < K with Z £ Q and
Z # Ry such that ray e(J, E(Z)) < ngz) < n;. Since d(Af) = d(K) — 1 and Z £ A}, by
Lemma 4.2.1 (i) we have E(K) — E(A{) C E(Z), so ka,/e(J, E(K) — E(Af)) < nj. Thus,
by (1) and the fact that || + |C’| < 3, we have

Fa je(J, E(A) — E(Ag)) < Kanje(J, Ukex (E(K) — E(Ag))) + |C]
< |Kl(n; = 1) +[C"|
< (K] + ¢ = 1)(n; = 1) +1
<2n; — 1.

Thus, ka, (J, E(A) — E(Ay)) < 2n;, as claimed.

We now use that |A| < d(A) —d(Y), and F(A) — E(Y) C Uayeua(E(A) — E(Ay)). We
have

kan (J, E(A)) < ko, (1, E(Y)) + ki, (J, E(A) — E(Y))
<2(d(Y) + Dnay)y + Y #an(J, E(A) — E(Ay))
ApeA

) + Dnaeyy + |A[2n;

)+ Dnaeyy + 2(d(A) — d(Y))n;

) + 1)nj7

(VAN VAR VA
29 12 b9

e
> <=

—~
=

since d(Y) < d(A)—1<j. If A# Ry, then j = d(A) and sy, (J, E(A)) < 2(d(A)+1)nga),
and so A =Y by 4.3.1.1 and the definition of Y, so A is not a counterexample. If A = R,
then j = d(Ry) — 1 and

1
kan (J, E(Ry)) < 2(d(Ry) + Dngmy)-1 < LR,

where the last inequality holds since 2(i + 2)n; < $ngyq for all @ > 0. This contradicts (iii)
since F(Y)U E(Sg) C E(Ry). O

The following claim uses Lemma 4.1.2 to show that we can contract any suitable element
in E(M;) — cly, (E(Sk)), and contradict the minimality of M;.

4.3.1.4. E(M;) = cly, (E(Y) U E(Sy)) U clag, (J).
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Proof. Assume for a contradiction that E(M;) — (cla, (E(Y) U E(Sk)) Ucla, (J)) # @, and
let

N ={E(Q}U{E(A): A <Ry, A £Q and ry, (J, E(A)) = nga)} U {E(Y) UE(S;)}.

Other than E(Q) and E(Y) U E(Sk), the set N contains the ground set of each prickle A
with the minimum connectivity to J necessary to satisfy (ii). By applying 4.3.1.1 to each
pair of sets in A/ we see that A/ is a nested collection of sets. In particular, if A; £ Q
and E(A;) € N for each i € {1,2}, then either A; < A, or Ay < A;. Then by Lemma
4.1.2 with X = J there is some e € E(M;) — (clay (E(Y) U E(Sk)) U cly, (J)) so that
ks je(J, Z) = K, (J, Z) for each Z € N. This means that we may apply 4.3.1.3 with the
element e.

By 4.3.1.3 with A = Rj, the matroid M;/e has a retract R’ so that (M;/e,R’) € M
and Y =< R’. Note that (M;/e, R’) satisfies (i) since E(Q) € N. Since R’ is a retract of
R, and e ¢ cly, (E(Sk)), the porcupine of R’ with the same tip as S is Sy itself. We will
show that (M /e, R’) satisfies (*). Let Y’ < R’ be a prickle with d(Y’) maximal such that
ko fe(J, E(Y')) < 2(d(Y') + D)ngeyry. By 4.3.1.2 with M’ = M;/e and A =Y we have
Y <Y’. Then we have

kary (S, E(Y') U E(Sk)) > kg, je(J, E(Y) U E(Sk)) = kar, (J, E(Y) U E(Sk)) > %nd(m),

where the equality holds since E(Y) U E(Sy) € N. Thus, (M, /e, R’) satisfies (*), so M; /e
contradicts the minimality of M. O]

Define Dg = {e € E(M,): ki, e(J, E(Q)) < ki, (J, E(Q))} and
Dy ={e € E(M): ku,se(J, E(A)) < ngay for some A XY with A £ Q},

and D = clp, (E(Y)) U Dg U Dy. This is essentially the set of elements e so that there
is no retract R’ of R in M; /e so that (M;/e,R’) € M and Y < R’. Then sy, (J,D) =
K (J, E(Y)), by Lemma 4.1.5 with Y = E(Y). Let t denote the tip of Sx. The next claim
partitions E(Sg) — {t} into a subset of D and a subset of cly, (/).

4.3.1.5. E(Sk) - {t} Q Du ClMl(J)

Proof. 1f there is some e € E(S) — (D Ucly, (J)) with e # ¢, then by 4.3.1.3 and the
definition of D, the matroid M /e has a retract R’ so that (M;/e,R’) € M and Y < R/.
Note that kag, e(J, E(Q)) = s, (J, E(Q)) by the definition of Dg. Since R’ is a retract of
R, and e € E(Sy) — {t}, the porcupine S}, of R’ with tip ¢ is a simplification of Sg/e.

We will show that (M;/e, R’) satisfies (*). Let Y’ < R’ be a prickle with d(Y’) maximal
such that rag, e(J, E(Y')) < 2(d(Y') + 1)ngryny. By 4.3.1.2 with M" = M;/e and A =Y
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we have Y < Y’. Since E(M;) = clp, (E(Y) U E(Sk)) Ucly, (J) by 4.3.1.4, each set Z for
which J C Z C E(M;) — (E(Y) U E(Sk)) and Ay, (Z) = ka (J, E(Y) U E(S)) satisfies
Z C clp, (J). Then since e ¢ clyy, (J), this implies that Ay, e(Z — {e}) = A, (Z) for each
Z C E(M,) with Ay (Z) = kg (J, E(Y) U E(Sk)), and so

KMl/@(‘]? (E(Y) U E(Sk)) - {6}) = Kkm (‘]7 E(Y) U E(Sk))

Combining this with the facts that Y <Y’ and S}, is a simplification of S /e gives
1
fanfe(J E(Y') U E(Sy)) 2 fanye(f E(Y) U E(S)) = i (1 B(Y) U E(S))) 2 Znawa),
so (M /e, R’) satisfies (*). Thus, M;/e contradicts the minimality of M. O

We now use the minimality of d(R) = d(R4). Let Y} denote the porcupine of Y which
has the same tip as Sk, and let Ry denote the subprickle of Ry obtained from (R, P;)
by replacing S, € Py with Yy. If d(Yy) = d(Sk), then Y, = S, and so E(Sy) € E(Y).
But then the facts that Y # R; and 2(i + 1)n; < %niﬂ for all 7 > 0 together imply that
ki, (J, EY)UE(Sy)) = ki, (J, E(Y)) < £n4(m), which contradicts (*). Thus, d(Y},) < d(Sy),
so d(Ry) < d(Ry). Also, Ry satisfies the conditions of the lemma statement using the same
prickle Q < Rs and the matroid M;.

By the minimality of d(R), the matroid M; with the prickle Ry is not a counterexample.
Thus, there is some X C E(M;) such that M;/X has M;|J as a spanning restriction and
Q as a prickle, and has a g-retract R3 of Ry. Let Y, denote the porcupine of R which is a
retract of Y.

Let (Sk/t)|K be a simplification of Si/t. To finish the proof, it suffices to show that
(M;/t/X)|K has a restriction with corank d(S), girth at least g, and no coloops. This is
because such a restriction implies that there is a g-porcupine S}, of M;/X which is a retract
of Sk, and we can take M’ = M;/X and obtain the desired prickle R’ from the lemma
statement by replacing Y, with S} in the prickle R3. Let K3 = KN D and Ky = K — D, and
note that Ky C clyy, (J) by 4.3.1.5. Also note that there is some Ky C K so that (Si/t)| Ky
is a simplification of Y} /t, since E(Y) C D.

4.3.1.6. There is some K3 C Ky such that (M/t/(X U K))|K3 has corank d(Sy) — d(Yy)
and girth at least g.

Proof. Let m = 2(d(Y) + 1)nqcy), 80 ki, (J, D) = K (J, E(Y)) < m. We first show that
(My/t/K1)| Ky has corank d(Sk)—d(Yy). Since E(Y;) € D, the matroid (M, /t)| K has corank
at least d(Yy). If (M;/t)|K; has corank greater than d(Y},), then there is some K C K, so
that Ky C K and (M;/t)|K; has corank d(Y}) + 1. Define Y," to be the subporcupine of
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Sk so that each element of K3 is on a line of Y, through ¢ and each line through ¢ contains
an element of K-, so d(Y,') = d(Y}) + 1. Define A < R, to be the prickle obtained from
Y by replacing Y; with Y,", so d(A) = d(Y) + 1. Since E(Y) € D and Ky- C K; C D
we have ki, (J, E(A)) < kan(J,D) < m < $nga), using that 2(i + 1)n; < 3n;4q for
all # > 0. If A = R; this contradicts (*), so A # Ry. But then A <Y by 4.3.1.2 with
(M',R') = (M;,Ry) and Y’ =Y, which contradicts that d(A) = d(Y)+1. Thus, (M;/t)|K;
has corank d(Y}). Then since (M;/t)|K has corank d(S;) and K is the disjoint union of K
and K, the matroid (M;/t/K;)| K, has corank d(Sg) — d(Y%).

We now show that (M;/t/K;)| K, has girth at least g2™ . If (M, /t/K,)| K5 has a circuit
C of size less than 2™, then (M;/t)|(K; U C) has a circuit ¢’ which is not contained in
(M, /t)|K;, and is thus not contained in (M;/t)|Ky. This implies that (M;/t)|(Ky U C")
has no coloops, and has corank greater than d(Y%), since (M;/t)|Ky has corank d(Yj).
Define Y, to be the subporcupine of Sy so that each element of Ky UC” is on a line of Y,
through ¢ and each line through ¢ contains an element of Ky UC’, so d(Y,) > d(Y}). Define
A < R, to be the prickle obtained from Y by replacing Y}, with V", so d(A) > d(Y). Then
E(A) — D Cclp, ((C" = Ky) U{t}) Cclpy (CU{t}), so we have

1
K)Ml(J, E(A)) S HMl(J, D)"‘KJMl(J, E(A)—D) S m‘{'I{Ml(J,OU{t}) < m+92m+1 S End(A),

since |C] < g2™ and 2(i + 1)n; 4 g220+FDnt1 < =n;q for all i > 0. If A = R, this contradicts
(*), so A # R4. But then A <Y by Lemma 4.3.1.2 with (M’,R') = (M;,Ry) and Y' =Y,
which contradicts that d(A) = d(Y) + 1. Thus, (M;/t/K;)|K; has girth at least g2™ .

Lastly, using Ky C clyy, (J) and Ky C D,

ﬂMl/t/Kl(KQ,X — Kl) < I_IMl/t(KQ,X U Kl) (2)
< Mane(J; (X U D) —{t}) (3)
= I—]Ml/t(JaX) + |—lMl/t/X(J’D - ({ttu X)) (4)
<1+ fayx (L, D = ({t} U X)) (5)
<14k (J,D)<1+m. (6)

where My, 1 (J, X) < 1 since J and X are skew in M;. Since (M;/t/K1)|K, has corank
d(Sy) — d(Y}) and girth at least g2™*! and Mas /i (X — K1, K3) < m 4+ 1, the claim holds
by Lemma 4.2.6 applied with M = M;/t/K; and C = X — K; and S = K. O

Since cly, (E(Y)) C D, there is some Z C K, such that (M;/t/X)|Z is a simplification of
Y//t. Then (M,/t/X)|Z has corank d(Y)) and girth at least g, so by Lemma 4.2.5 applied
to My/t/X, Z, K1 — X, and K3, there is a restriction of (M;/t/X)|K with corank d(S) and
girth at least g. Then (M;/X)|E(Sk) has a g-porcupine S, with tip ¢ so that d(S},) = d(Sk).
Thus, the prickle obtained from Ry by replacing Y, with S), is a retract of Ry, and thus a
retract of R, and is a g-prickle. This contradicts that R is a counterexample. O
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4.4 Tangles

To prove Theorem 4.0.1 when the Dowling geometry is not a restriction, we use objects
called ‘tangles’ to maintain connectivity between the prickle and the Dowling geometry as
we take a minor. In this section we introduce tangles, and define the tangle which we will
use for the remainder of this chapter. Tangles were first defined for graphs by Robertson
and Seymour as part of the Graph Minors Project to describe the structure of graphs with
no K;-minor [44]. They were generalized explicitly to matroids in [3] and [6]. Most of the
material in this section can be found in [40], which in turn is based on [7].

Roughly speaking, a tangle on a matroid M is the collection of the ‘less interesting’ sides
of the small separations of M. Let M be a matroid and let > 2 be an integer. We say that
aset Z C E(M) is (0 — 1)-separating in M if Ay (Z) < 6 — 1. A collection T of subsets of
E(M) is a tangle of order 6 if

(1) each set in T is (@ — 1)-separating in M, and for each (0 — 1)-separating set Z, either
ZeTo EIM)-Z¢€eT,;

(2) it A,B,C €T then AUBUC # E(M); and
(3) E(M) —{e} ¢ T for each e € E(M).

The idea is that if Ay/(Z) < 6—1, then either Z or E—Z does not contain much information
about M, and that is the set which goes into the tangle. If Z € T then we say that Z is
T -small. Intuitively, if Z € T then cly/(Z) € T, and this is indeed true.

Lemma 4.4.1. If T is a tangle of order at least three on a matroid M and Z € T, then
cy(Z) e T.

Proof. 1f the lemma is false, then there is some Z € T and some e € cly(Z) — Z so that
ZU{e} ¢ T. Since A\ (ZU{e}) < A\y(Z), tangle axiom (1) implies that E—(ZU{e}) € T.
Since the order of T is at least three we have {e} € T, since A\ys({e}) < 1and E —{e} ¢ T
by axiom (3). But then Z U (E — (Z U {e})) U{e} = E(M), which violates axiom (2). [

A key property of tangles is that they induce another matroid with ground set E(M).
Given a tangle T of order § on a matroid M and X C E(M), define r7-(X) = 6 — 1 if there
isno set Z € T so that X C Z, and define r+(X) = min{\y(Z): X C Z € T} otherwise.

Lemma 4.4.2. If T is a tangle of order 8 on a matroid M, then ry is the rank function of
a rank-(0 — 1) matroid on E(M).

This matroid is called a tangle matroid of M, and is denoted M (7). We denote the
closure function cly () by cly for readability. Note that Lemma 4.4.1 implies that r+(X) =
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rr(cly (X)) for each X C F(M), and so clp(X) C cly(X). This also shows that r+(X) <
rar(X), or else there is some X' C X and e € X — X’ so that e € cly (X’) — cly(X).

The next lemma shows the connection between tangles and minors of M.

Lemma 4.4.3. If N is a minor of a matroid M and Ty is a tangle of order 8 on N, then
{XCEM): \y(X)<80—-1,XNE(N) €Ty} is a tangle of order 6 on M.

This is the tangle on M induced by Ty. In this thesis the minor N will always be a
Dowling geometry, which allows us to use a special tangle which behaves very nicely with
Dowling geometries, and in fact with round matroids in general.

For each matroid M and each integer 3 < k < (M), let Tr(M) denote the collection of
(k — 1)-separating sets of M which are neither spanning nor cospanning in M. When M is
round, 7. (M) is nearly a tangle.

Lemma 4.4.4. If M is a round matroid and 3 < k < r(M), then Ti(M) is the collection
of subsets of E(M) of rank at most k — 2. Moreover, Te(M) satisfies tangle axioms (1) and

(3)-

Proof. Since M is round, each nonspanning (k — 1)-separating set has rank at most k — 2,
so each set in T (M) has rank at most k — 2. If r),(X) < k — 2 and X is cospanning, then
some subset of X is the complement of a basis of M and has rank at most £ — 2. But then
E(M) is the union of two hyperplanes, which contradicts that M is round. Thus, each set
of rank at most k — 2 is in T (M).

Clearly each set in T, (M) is (k—1)-separating in M, and T (M) satisfies tangle axiom (3).
Since M is round, if Ay (X) < k — 1, then either ry(X) <k —2or ry(E(M)—X) < k—2.
Thus, Tr(M) satisfies tangle axiom (1). O

This shows that when M is round, 7Tx(M) is a tangle if and only if E(M) is not the union
of three subsets of rank at most k£ — 2. In the case that M is a rank-n Dowling geometry, it is
not hard to see that E(M) is the union of three subsets of rank m if and only if m > [2n/3].

Lemma 4.4.5. Let n > 3 be an integer, let M = DG(n,I'), and let 3 < k < r(M). Then
Te(M) is a tangle of order k in M if and only if 3 < k < [2n/3] + 1.

If M is a matroid with a minor G so that 7;(G) is a tangle, then we write T (M, G) for the
tangle of order k£ in M induced by Ti(G). We will work with this tangle for the remainder
of this chapter, most often in the case that GG is a Dowling geometry.
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4.5 Tangles and Dowling Geometries

In this section we prove some properties of the tangle T (M, G) when G is round, although
in this thesis we only apply these lemmas in the case that G is a Dowling geometry. We then
use these lemmas to prove Theorem 4.5.7, a key ingredient in the proof of Theorem 1.7.2.

We first prove two lemmas which provide lower bounds on 77, (s, (X) for any X C E(M).

Lemma 4.5.1. Let M be a matroid with a round minor G, and let k be an integer so that
Ti(G) is a tangle. Then each X C E(M) satisfies r7,,c)(X) > min(rq(X N E(G)), k —1).

Proof. Let T = Tp(M,G), and m = r7(X). If m < k — 1 then there is some Z € T so that
X C Z and Ay (Z) = m. Since G is a minor of M, A\a(Z N E(G)) < Ay(Z) < m. Since
G is round, either r¢(Z N E(G)) < mor r¢((E(M) — Z) N E(G)) < m < k—1. In the
latter case, (E(M) — Z)N E(G) € Ty(G) by Lemma 4.4.4. But then E(M) — Z € T by the
definition of T, which contradicts that 7 is a tangle and Z € T. Thus, r¢(Z N E(G)) < m,
so r¢(X N E(G)) < m since X C Z. O

The second lemma shows that tangles behave nicely with vertical connectivity; the proof
is similar to the proof of Lemma 4.5.1.

Lemma 4.5.2. Let M be a vertically s-connected matroid with a round minor G, and let k
be an integer so that Ti(G) is a tangle. If X C E(M) and r7,(vc)(X) < min(k — 1,5 — 1),
then rr. ey (X) > ru(X).

Proof. Let T = Ti(M,G), and m = r7(X). Since m < k — 1 there is some Z € T so that
X C Z and A\ (Z) = m. Since M is vertically s-connected and m < s—1, either r3/(Z) < m
or ry(E(M)—2Z) <m. If ry(E(M)—Z) <m, then r¢((E(M)—Z)NE(G)) < k—2 since
m < k—1. Then (E(M) — Z) N E(G) € T¢(G) by Lemma 4.4.4, so E(M) — Z € T by the
definition of 7. This contradicts that Z € T and T is a tangle. Thus, ry(X) < ry(Z) <m,
so the lemma holds. O

The following lemma shows the relationship between tangles and connectivity between a
pair of sets. We apply this lemma in the case that G is a restriction of M.

Lemma 4.5.3. Let M be a matroid with a round minor G, and let k be an integer
so that Ti(G) is a tangle. If J C E(G) and X C E(M) — J, then ry(J,X) >
min(r7 () (X), ra(J)).

Proof. Let T = Te(M,G), and E = E(M). Assume for a contradiction that r(J, X) <
min(r7(X),re(J)) for some J C E(G) and X C E — J. Let (Z, E — Z) be a partition of £
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such that X C Z and J C F — Z, and A\y(Z) < min(ry(X),rg(J)). Either Z or B — Z is
in 7, by tangle axiom (1). If Z € T, then

rr(X) < Au(2) < min(rr(X),ra(J)) < rr(X),

a contradiction. If £ — Z € T, then E(G)N(E — Z) € Tr(G) by the definition of T,(M, G).
Then

re(J) < re((E—Z)N E(G)) (1)
— (B - 2) 1 B(G)) o)
<Au(E—2) (3)
:)\M(Z) <Tc;(J), (4)

a contradiction. Line (1) holds because J C (E — Z) N E(G) and line (2) holds by Lemma
4.4.4 and the fact that (E — Z) N E(G) € Ti(G). O

Using tangles while taking a minor is tricky, because each time we contract an element
we have a new tangle, and we must ensure that the rank of each set of interest does not
decrease with respect to this new tangle. To deal with this, we prove two lemmas which
provide sufficient conditions for maintaining tangle connectivity of a set as we contract
towards a minor.

In the first case we contract an element which preserves the minor. Note that there are
two different tangles in the statement of the lemma.

Lemma 4.5.4. Let M be a matroid with a round minor G, and let k be an integer so that
Te(G) is a tangle. Let e € E(M) so that G is a minor of M/e, and let X C E(M). Then
rrm/ec)(X —{e}) > rnone)(X) — 1. Moreover, if e & cly ) (X), then ey (X) =
rrone)(X) and (M/e)| X = M|X.

Proof. Let T = Tp(M,G). If vy myec)(X — {e}) < ry(X) — 1, then there is some Z €
Ti(M/e, G) so that X — {e} C Z and Ayyje(Z) < r7(X) —1. Then Ay (ZU{e}) < r(M(T)),
so either ZU {e} € T or E(M) — (ZU{e}) € T by tangle axiom (1).

If E(M) — (ZU{e}) € T, then E(G)N(E(M) — (Z U{e})) is not spanning in G, by the
definition of 7 (G). This means that E(G) N (Z U{e}) spans G, since G is round. But then
E(G)NZ spans G since e ¢ F(G), which contradicts that Z € T,(M /e, G), by the definition
of To(M/e,G). Thus, ZU{e} € T. But Ay (ZU{e}) < ry(X) and X C Z, a contradiction.
If e ¢ cly(X), then Lemma 4.4.1 implies that e ¢ cly(X), so (M/e)| X = M|X. O

In the second case we contract a subset of the minor itself. Again, the lemma statement
involves two different tangles. The proof is very similar to the proof of Lemma 4.5.4.
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Lemma 4.5.5. Let M be a matroid with a round minor G and C C E(G), and let
k be an integer so that Tp(G/C) is a tangle. Then each X C E(M) — C satisfies
rrsocoy(X —C) > rrone)(X) —|C|. Moreover, if rr, e (X UC) = ry.n,6)(X) +C|,
then r’Tk(M/C,G/C)(X> = er(M7G)<X) and (M/C)|X = M‘X

Proof. Let T = Tp(M, G). If ryomyca/0)(X) < rrone)(X) —|C|, then there is some Z €
Te(M/C,G/C) such that X —C C Z and Ayyc(Z) < ry(X)—|C|. Then Ay (ZUC) < rr(X),
so either (ZUC) € T or E(M) — (ZUC) € T by tangle axiom (1).

If BE(M)—(ZUC) € T, then E(G) N (E(M) — (ZUC)) is not spanning in G, by the
definition of 7x(G). This means that E(G) N (Z U C) spans G, since G is round. But
then E(G) N Z spans G/C, which contradicts that Z € Ty (M/C,G/C), by the definition
of To(M/C,G/C). Thus, (ZUC) € T. But X C ZUC and A\y(ZUC) < ryr(X), a
contradiction.

If rr(XUC) = rr(X)+ |C|, then since cly (X UC’) C clp(X U ') for all ¢" C C by
Lemma 4.4.1, we have

ru(XUC) —ry(X) > rr(XUl) —re(X) =1C,
which implies that (M/C)|X = M|X. O

Tangles can also tell us how close a minor is to being a restriction.

Lemma 4.5.6. Let £ > 2 and m > 0 be integers, and let M € U(L) be a matroid so that
M/C has a simple round restriction G. Let k be an integer so that Tr(G) is a tangle. If
rrone (C) <m, then ry(E(G)) —r(G) < M+

Proof. Since 77, (m,6)(C) < m, there is a set Z € T(M,G) so that C C Z and Ay (Z) <m
Moreover, rq(Z N E(G)) < m by Lemma 4.5.1. Thus, ry(Z N E(G)) < |ZNE(G)| </
since G is simple and G € U(¢), by Theorem 1.3.2. We have
ru(E(G)) —r(G) = Mu(E(G), C)
< ru(E(G),C)
< Au(Z - E(G))
<AMu(Z2)+|ZNEG)| =m+ ™ < M
as desired. ]

Finally, we prove a result which lets us move from a Dowling-geometry minor to a Dowling-
geometry restriction in certain situations, while maintaining the connectivity of a set X to
the Dowling geometry. This theorem uses Lemma 2.2.4, in addition to the lemmas from this
section.
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Theorem 4.5.7. Let {,s > 2 and n,m > 3 be integers, and let I be a finite group. There
is a function rys7: 72 — 7 so that if M € U({) is a vertically (s + 2)-connected matroid
with no rank-n doubled-clique minor and with a DG(rys7(¢,m,n),I')-minor G, then for
each X C E(M) for which ry(X) < min(s,m), there is minor N of M with a spanning
DG(m,I')-restriction so that N|X = M|X.

Proof. Define r457(¢,m,n) =r = max(3m+ fog.4(¢,n, ™), 3(m+2)). Let k = m+2, and
note that 7x(G) is a tangle by Lemma 4.4.5 since k < r/3 < [2r/3]. Let M; be a minimal
minor of M so that G is a minor of M;, while M| X = M|X and rz, a6 (X) = ru(X).
Since M is vertically (s+ 2)-connected and rp(X) < min(s, k—2), the matroid M is a valid
choice for M; by Lemma 4.5.2. Let T = T, (M, G).

Let Cy C E(M;) so that G is a restriction of M;/Cy. Then Cy C cly(X) by the minimality
of My and Lemma 4.5.4, so r7(Cy) < r(X) < 7y (X) < m. Then by Lemma 4.5.6 we have
ru, (E(G)) — r(G) < ™. By Lemma 2.2.4 applied to M; with d = (™" the matroid
M,|E(G) has a DG™ (3m, I')-restriction G;. Then Gy has a DG™(m + 2, I')-restriction G so
that X N E(Gy) = @. By Lemma 4.5.3 we have

kan (B(Ge), X) > min(rr(X), rq(E(Gz))) = rr(X) = ry(X).

By Theorem 4.1.3, the matroid M; has a minor N so that N|E(Gs) = M;|E(Gs) and
N|X = M|X, while E(N) = E(G2) U X and Ay(E(G2)) = ku, (E(G2), X) = ru(X).
Since Ay (X) = ry(X) = rn(X) and E(N) = X U E(G3), we have ry(X) + ry(E(G2)) —
r(N) = rn(X), so E(Gs) spans N. By Lemma 2.2.3 and the fact that ry(X) < m, there
is a set C' of N of size at most two so that N/C has a DG(r(N/C),T')-restriction, and
(N/C)|X = N|X. O

When we apply this theorem X will either be a stack, or a collection of nearly skew spikes
of rank at most four.

4.6 The Proof

We now prove a theorem which easily implies Theorem 4.0.1, the main result of this chapter.
Recall that if P is a porcupine with tip f, then we write d(P) for the corank of si(P/f).

Theorem 4.6.1. Let { > 2 and k,s > 1 and g,m,n > 3 be integers, and let I' be a finite
group. There are functions sye1: Z3 — Z and rye1: Z° — 7 so that if M € U(() is a
vertically s46.1(k, s, g)-connected matroid with no rank-n doubled-clique minor, and with a
DG(rye1(,m, k,n,s,g),I')-minor G and sets T" C T so that |T| < k and each element of
T’ is the tip of a g-porcupine restriction P of M with d(P) = s, then M has a minor N of
rank at least m so that
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e N has a DG(r(N),T')-restriction,
o N|T' = M|T, and
e cach element of T' is the tip of a g-porcupine restriction P of N with d(P) = s.

Proof. Define integers ng = k + 1, and n; = 2kg2?™i-1+1 for 4 > 1, which appear in the
statement of Lemma 4.3.1. Let m; = max(3(ks + 1)ngs, m). Define s461(k,g,s) = ngs + 1
and r461(0,m, k,n,s,9) =r = max(my + 3 + fooa(l,n, ™), 3my). Let M € U(L) be a
vertically s46.1(k, s, g)-connected matroid with a DG(ry¢.1(¢, m, k,n,s,g),I’)-minor G, a set
T C E(M) with |T| <k, and 7" C T so that each element of 7" is the tip of a g-porcupine
restriction P of M with d(P) = s. Let t = |I'|. We may assume that 7" contains no loop of
M.

Let My be obtained from M by performing parallel extensions so that these porcupine
restrictions are pairwise disjoint, their union is disjoint from E(G), and T is disjoint from
E(G). Say that E(M,) = E(M) U X, where each element of X is parallel to an element
of My|(E(M)). Note that My is vertically s46.1(k, s, g)-connected. Let Ry = (Ry,Py) be a
g-prickle of M, so that

e the tip of each porcupine of Py is in T,

e cach element of T is the tip of a porcupine in Py,

e cach P € Py with tip in 7" satisfies d(P) = s, and

e cach P € Py with tip in 7' — T” satisfies d(P) = 0 (so P is simply a tip).

We first show that there exists a subprickle Q of Ry with ‘very small’ rank which contains
all other subprickles with ‘very small’ rank.

4.6.1.1. There is a subprickle Q of Ry so that vy, (E(Q)) < naq), and each A < Ry with
rmo(E(A)) < ngeay satisfies A < Q.

Proof. Let Q be a subprickle of Ry with d(Q) maximal such that 7y, (E(Q)) < ng4q). The
trivial subprickle of Ry is a candidate for Q since k < ng, so Q exists. If there is some
A £ Q such that 7y, (E(A)) < nga), then (QU A) < Ry and d(Q U A) > d(Q) and
vy (E(QUA)) < ngq) + naay < naqua)- We use that 2n; < n;q for all © > 1. This
contradicts the maximality of d(Q). O

The main idea of this proof is that we will use Lemmas 2.2.4 and 2.2.3 to find a DG(m, I')-
restriction, and then apply Lemma 4.3.1. In order to apply Lemma 2.2.4, we need to find a
minor of M, for which we can contract a set of bounded size and obtain G as a restriction.
We also need to preserve the tangle rank of prickles so that we can apply Lemma 4.3.1.
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Let M; be a minimal minor of Mj such that G is a minor of M; and M;|T = M,|T, while
M has a retract Ry of R with Q < R4 so that

(1> r’7—|"27"/3-‘72(M17G)<E<Q)) = TMy (E(Q)>7 and
(i) each A <Ry with rr, .. .6 (E(A)) < nga) satisfies A < Q.

Since My is vertically (n4w)+1)-connected, each prickle A X R with rr, .. .6 (E(A)) <
na(a) satisfies rr., .. vy, (E(A)) = 7y, (E(A)) by Lemma 4.5.2. This implies that My is
a valid choice for My, using 4.6.1.1.

Let T = Tiar/31-2(M1,G), and let C; C E(M;) such that G is a restriction of M;/Cy.
Note that Tror/31-2(M1/C,G/C) is a tangle for each C' C E(G) of rank at most two, by
Lemma 4.4.5; this is why we work with 7 instead of Ta,/3 (M7, G). We will show that there
is a prickle Y =< R; with ‘small’ tangle rank so that Cy C clr(E(Y)). We first prove the
following claim, which shows that the union of two subprickles of Ry with ‘small’ tangle rank
also has ‘small’ tangle rank.

4.6.1.2. If Ay = Ry and Ay < Ry such that r7(E(A;)) < 3(d(A;) + 1)naa,) fori e {1,2},
then rr(E(A1 U Az)) < 3(d(A1 U Asg) + 1)nga,uas)-

Proof. This is clearly true if Ay = Ay or A; = Ry, so assume that A; # A, and A; # Ry
for each i € {1,2}. Then A; U A, is a prickle such that d(A; U Ay) > max(d(A;),d(As)).
Assume that d(A;) > d(As), without loss of generality. Then

rr(E(A1 UAy)) <rr(E(Ay)) +rr(E(As))
d Al) —+ l)nd (A1)

(
(A1 U A.Q) -+ 1)nd(AluA2)

IAIAIA

,
6(
3(d
as desired. The last inequality holds because 2(i + 1)n; < (i + 1)n;44 for all ¢ > 0. O

Let Y be a subprickle of R; with d(Y) maximal such that r7(E(Y)) < 3(d(Y) + 1)ngcy)-
Note that Y exists because the trivial subprickle of R; is a choice for Y. One can show that
Y is unique by 4.6.1.2, but we only need the existence of Y. Also note that Q < Y, by
applying 4.6.1.2 with A; = Q and A, =Y.

The following claim shows that we can contract certain elements of E(M;) — clr(E(Y))
and recover a prickle which satisfies (i) and (ii) and has Y as a subprickle. We apply this
claim with A = R, to show that Cy C cly(F(Y)) so that we can apply Theorem 2.2.4 and
reduce to the case with a DG~ (m + 2, T')-restriction. We then apply this claim to show that
we can contract two elements and recover a DG(m, I')-restriction, and still have a prickle
with connectivity properties which satisfy the hypotheses of Lemma 4.3.1. While we only

79



apply this claim with A = R4, we state it more generally so that we can prove it using
induction on d(A).

4.6.1.3. Let C C Cy or C C E(G) so that |C| < 2 and r-(E(Y)UC) = rr(E(Y)) + |C].
Let T/C = 7T2r/3]_2(M1/C, G) or T/C = 7—[2r/3]_2(M1/C, G/C) ZfC Q CO or C g E(G),
respectively. Then for each prickle A < Ry with Y < A, the matroid M,/C has a retract
A’ of A so that Y < A’, and each Z < A" with r7/c(E(Z)) < naez satisfies Z < Q.

Proof. Assume that the claim is false for some prickle A with d(A) minimum. Then d(A) >
d(Y) or else A =Y and the claim holds, since Lemma 4.5.5 applied with X = FE(Y) implies
that (M/C)|E(Y) = M|E(Y) and that r7/c(Y’) = ry(Y’) for all Y’ C E(Y). Then by
Lemma 4.2.2 applied to A and Y, there is a collection A of subprickles of A such that
each Ay € A satisfies d(Ag) = d(A) — 1 and Y < Ag, while |A] < d(A) — d(Y) and
E(A) — E(Y) C Ungea(E(A) — E(Ag)).

Let Ay € A. We will show that r7(E(A) — E(Ag)) < 3nga). Since d(Ay) < d(A) and
d(A) is minimum, the matroid M;/C has a retract Aj of Ay so that Y =< A{, and each
Z < A} with r7/c(E(Z)) < d(Z) satisfies Z < Q.

By Lemma 4.2.4 there is a non-empty set C' C E(M) — C and a collection K of prickles
of M;/C such that ||+ |C'| <4, each K € K is a retract of A with Aj < K, and

E(A) — E(Ag) C ey, ((Ukex (E(K) — E(A}))) UC'UC). (1)

Note that for each K € K we have Y < Aj < K and d(Aj) = d(K) — 1, by the definition of
a retract. Since the claim is false for A, for each K € K there is some Z < K with Z £ Q
such that r7/c(E(Z)) < ngz) < naa). Since d(Aj) = d(K) — 1 and Z £ A{, by Lemma
4.2.1 (i) we have E(K) — E(Aj) € E(Z), so r1/c(E(K) — E(Af)) < naay. Thus, by (1) and
the fact that || + |C’| < 4, we have

rric(E(A) — E(Ag)) < rrjc(Ukec(E(K) — E(Ag))) + |C7|
< |Kl(ngay — 1) + ||
< (IKI+1C"] = 1)(naa) — 1) +1
S 3nd(A) — 2.

Then since |C] < 2 we have r7(E(A) — E(Ag)) < 3nga), using Lemma 4.5.4 if C' C Cj and
Lemma 4.5.5 if C' C E(G).

We now use that |A| < d(A) —d(Y) and E(A) — E(Y) C Ua,ea(E(A) — E(Ayp)). We
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have

rr(E(A)) < rr(E(Y)) +rr(E(A) - E(Y))

ApcA

3(d(Y) + 1)nd(y) + |A|3nd(A)
3(d(Y) + Dnacy) + 3(d(A) = d(Y))naa)
3(d(A) + l)nd(A).

IA N CIA

But then A <Y by 4.6.1.2 and the definition of Y, so A is not a counterexample. ]

If there is some e € Cy —clr(E(Y)), then rr, .., /e6) (E(Q)) = ruy (E(Q)) by Lemma
4.5.4 since E(Q) € E(Y). Then by 4.6.1.3 applied with C' = {e} and A = Ry, the
matroid M; /e contradicts the minor-minimality of M;. Thus, Cy C cly(E(Y)) and so
r7(Co) < 3(ks+ 1)ngs < my. So by Lemma 4.5.6 we have ry, (E(G)) —r(G) < ™% Then
since 7(G) > my + 3 + fos4(l,n, ™ ) by Lemma 2.2.4 with m = m; + 3 and d = (™!
there is a DG~ (my + 3, T')-restriction Gy of M;|E(G).

Since r7(E(Gy)) > rq(E(G1)) > my + 2 by Lemma 4.5.1, by Lemma 2.2.3 there is a
set C' C FE(G4) of size at most two so that r(E(Y)U C) = rr(E(Y)) + |C] and G,/C
has a DG(mq, I')-restriction Gy. Let T /C = Tfar/31-2(My/C,G/C). Since r7(E(Y)UC) =
r(E(Y)) +|C|, by 4.6.1.3 applied to Ry and C', the matroid M;/C has a retract Ry of Ry
so that Y < Ry, and each A < Ry with r7/c(E(A)) < nga) satisfies A < Q. This last
condition implies that Ry is a g-prickle.

4.6.1.4. Ry is a g-prickle.

Proof. 1f not, then there is some porcupine P of Ry which satisfies d(P) = 1 and
rayo(P) < g (so P is a spike of rank at most g). Then the subprickle A of Ry con-
sisting of P and otherwise only trivial porcupines is not a g-prickle, and satisfies d(A) = 1.
But then 7y, ,c(E(A)) < |T| + g < ny, and so r7/c(E(A)) < rac(E(A)) < ngea), so
A < Q. But then A < Ry since Q = Ry, which contradicts that Rg is a g-prickle, since
every subprickle of a g-prickle is also a g-prickle. O

We now show that M;/C and R, satisfy the connectivity conditions of Lemma 4.3.1 with
J = E(G3). Since r7(E(Y)UC) = r7(E(Y)) + |C| we have r7/c(E(Q)) = rr(£(Q)) by
Lemma 4.5.5. If A < Ry with A f Q, then
ko (E(G2), E(A)) > min (rr/c(E(A)), 76/c(E(G2))) = min(nga), m1) > naga),
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where the first inequality holds by applying Lemma 4.5.3 to 7 /C with J = E(G2), and the
last inequality holds since my > ny,. Since T' C E(Q), by Lemma 4.3.1 with J = E(G2) the
matroid M;/C has a minor N with G5 a spanning restriction, N|T' = (M, /C)|T = My|T,
and a g-retract R3 of Ry. Since Rj3 is a retract of Ry and is thus a retract of Rg, each
element of T” is the tip of a g-porcupine restriction P of N with d(P) = s.

Therefore, My has a minor N with a DG(r(N), I')-restriction so that N|T" = M|T and each
element of 7" is the tip of a g-porcupine restriction P of N with d(P) = s. Since porcupines
and Dowling geometries are simple, we may assume that N|(E(N) — T') is simple. Let
C1, D C E(M,) be disjoint sets so that N = My/Ci\D. Since N|(E(N) — T) is simple, we
may assume that X C D. Thus, N is a minor of M, and the theorem holds. O
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Chapter 5

The Main Result
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In this chapter we combine the main results of Chapters 3 and 4 to prove Theorem 1.7.2,
which we restate below for convenience.

Theorem 1.7.2. There is a function fi79 : Z* — Z so that for all integers £ > 2, t > 1 and
n,k >3, if M is a minor-closed class of matroids such that Us i ¢ M, then either

o M contains a rank-n doubled clique,
e M contains DG(k,T") for some group I' with |I'| > t, or
o cach M € M satisfies (M) < (t — 1) (T(éw)) + fiza(lyn, k,t) - r(M).

We first prove Theorem 1.7.2 for matroids with a spanning clique restriction in Section
5.1; we must treat this case separately as it is one of the two outcomes of Theorem 3.1.3
and does not promise any additional structure. Then in Sections 5.2-5.4 we show that each
of the three structures found in Theorem 3.6.1 leads to either a doubled-clique minor or a
Dowling-geometry minor with group size at least ¢. This allows us to complete step (III) of
the general growth-rates-proof sketch from Section 1.6.

5.1 The Spanning Clique Case

We combine Corollary 2.1.5, Theorem 1.6.2, and Theorem 1.3.5 to prove Theorem 1.7.2 for
matroids with a spanning clique restriction.

Proposition 5.1.1. There is a function fs11: Z3 — Z so that for all integers £ > 2, t > 1
and k,n > 3, if M is a minor-closed class of matroids such that Uy 4o ¢ M, then either

e M contains a rank-n doubled clique,
e M contains DG(k,T') for some group T with |T'| > t, or

e cach M € M with a spanning clique restriction satisfies (M) < (t — 1)(T(]2\/[)) +
f5.1.1(€7n7 k) ’ T(M)

Proof. Let h = hyg2(f,n) and o = ay35(¢,n), and define f511(¢,n, k) = 2k + hla.
Suppose that the first two outcomes do not hold for this value of f511, and let M € M be
simple with a spanning clique restriction. By Theorem 1.6.2 there are disjoint sets C, Cy C
E(M) with r,(C;UC,) < h and a B-clique M such that e(M) > e(M/(CyUC,)) and si(M)
is isomorphic to a restriction of M/C}.

~

5.1.1.1. (M) < e(M) + (hla)r(M).

Proof. Since e(M/(Cy U Cy)) < (M) it suffices to show that (M) < e(M/(Cy U Cy)) +
(hla)r(M). Assume for a contradiction that (M) — e(M/(Cy U Cy)) > (hla)r(M). Let
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C' C C1 Uy be a maximal independent set so that e(M) —e(M/C) < ry(C)(ba)r(M), and
let e € (01 U OQ) — CIM(O) Then

e(M/C) — £(M/C/e) = (e(M) — e(M/C/e)) — (<(M) — e(M/C))
w(C U {e})(Ea)r (M) — ras(C)(Ea)r(M)

la)r(M).

=

>
2

—~

Since M € U({), Lemma 1.1.4 implies that there are greater than «-r(M) long lines of M/C
through e. Let T, C E(M/C') be the set of elements of M/C on long lines through e, and
let N = (M/C)|Th.

Let (N/e)|T be a simplification of N/e, so e((N/e)|T) > a - r(N/e). By Theorem 1.3.5,
(N/e)|T has an M (K, )-minor. Say (N/X/e)|Ty = M(K,,) for disjoint sets X, T3 C T'. Let
J C E(N) denote the set of elements of NV on a line through e and an element of 7;. Each
line of N through e and an element of 77 has rank two in N/ X, since (N/X/e)|T} is simple.
Thus, (N/X)|J has a rank-n doubled-clique restriction with tip e, a contradiction. O

Since si(M ) is isomorphic to a restriction of M/Cy, the B-clique M has no Us ¢42-minor
and no DG(k, T')-minor with |T'| > ¢. Then by Lemma 2.1.5 we have e(M) < (¢ — 1)(T(§4)) +
20k - r(M). By 5.1.1.1,

e(M) < (t—1) (“]2” )) + (wﬁ + hea>r(M),

as desired. O

5.2 Stacks

We now prove that a matroid with a spanning clique restriction and a huge F NU(t)-stack
restriction has either a projective-geometry minor or a Dowling-geometry minor. Recall
that a matroid M is an (O, b, h)-stack if there are disjoint sets Pi, Py, ..., P, C E(M) such
that U; P, spans M, and for each ¢ € [h] the matroid (M/(P, U---U P,_1))|P; has rank at
most b and is not in O. Note that for each j € [h], the matroid M/(P, U---U P;) is an
(O, b, h— j)-stack. We say that a matroid N is a good (O, b, h — j)-stack-minor of M if there
is some j € [h] so that N = M/(P,U---U P;). It is clear from this definition that if M, is
a good (O, b, h — j)-stack-minor of M, and M, is a good (O, b, h — j — i)-stack-minor of M,
for i € [h — j], then M, is a good (O, b, h — j — i)-stack-minor of M.

We first prove a general lemma which shows that stacks are somewhat robust under lifts
and projections.
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Lemma 5.2.1. Let d,b,m > 0 be integers, and let M and N be matroids. If M|S is an
(0, b,m2%)-stack and dist(M,N) < d, then there are sets C and S’ so that (M/C)|S" =
(N/C)|S" is a good (O, b, m)-stack-minor of M|S.

Proof. Let d be minimal so that the claim is false, so d > 0. Let M, be a matroid so that
dist(M, My) < d — 1 and dist(My, N) = 1. By the minimality of d, there are sets Cy and S
so that (M/Cy)|So = (My/Co)|So is a good (O, b, 2m)-stack-minor of M|S, since ;"d—%ci =2m.
Let M' = My/Cy and N’ = N/Cy, and note that dist(M’, N') < dist(My, N) = 1. Let
(S1,52) be a partition of Sy so that M’'|S; and (M'/S)|Sy are (O, b, m)-stacks.

It suffices to show that there are sets C} and S3 so that (M'/Cy)|Ss = (N'/CY)|Ss is a
good (O, b, m)-stack-minor of M’|Sy, because then (M/(CyU C1))[S5 = (N/(Co U C1))| S5 is
a good (O, b, m)-stack-minor of M|S, and the lemma holds with C'= Cy U C; and S’ = S;.
Let K be a matroid so that {K/f, K\f} = {M’, N’} for some f € E(K). First assume
that (K\f, K/f) = (M',N"). If f & clg(S1), then N'|Sy is an (O, b, m)-stack and we take
Cy=2. If feclg(S), then

(N'/S)IS2 = (K/SI\f)|92 = (M'/51)] S5,

so we take C7 = S;. Now assume that (K/f, K\f) = (M',N'). If f ¢ clg(S1), then
N'|S1 = K|S1 = (K/f)|S1 = M'|S1, so we take C'= @. If f € clg(S]), then (N'/S1)[Ss =
(K/Sl/f)‘SQZ<M,/Sl)‘S2, so we take 01251. ]

We will need the following corollary of Lemma 5.2.1 in the next section.

Corollary 5.2.2. Let d,b,m > 0 be integers, and let M be a matroid. If M|S is an
(0,b,m2%)-stack and ry;(X) < d, then there are sets C and S" so that X C C and (M/C)|S’
is a good (O, b, m)-stack-minor of M|S.

Proof. Let N be the matroid with ground set E(M) so that N\X = M/X and ry(X) = 0.
Then dist(M, N) < d, so the statement holds by Lemma 5.2.1. O

We now combine Theorem 1.6.2 and Lemma 5.2.1 to prove the main result of this section.

Proposition 5.2.3. There is a function hso3: 73 — 7 so that for all integers £,t,b > 2 and
n,k >3, if M € U(L) has a spanning clique restriction and an (FOU(t), b, hs23(¢, k,n))-stack
restriction S, then M has either a rank-n projective-geometry minor or a DG(k,I")-minor
with |T'] > t.

Proof. Let h = hyg2(¢,n), let m = kQé, and define hso3(, k,n) = m2". Let By be a frame

for the spanning clique restriction of M. Assume that M has no rank-n projective-geometry
minor. By Theorem 1.6.2 there is some B; C By and a Bj-clique N so that dist(M, N) < h
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and si(N) is isomorphic to a minor of M. By Lemma 5.2.1, N has a contract-minor N;
with a set Sy so that N{|S; is an (F NU(t), b, m)-stack. Since N; is a frame matroid, the
matroid N;|S; is an (U(t), b, m)-stack. Then each part of this stack has a Us;yo-minor, so
by contracting elements of each part of this stack we see that N; has a contract-minor Ny
with Sy C 5] so that N»|Ss is a spanning (U(t), 2, m)-stack restriction of Ny. Note that N
is a B-clique for some B C By, since Ny is a contract-minor of V.

Since N3|Sy is a spanning (U(t),2, m)-stack restriction of Ny, there are disjoint sets
P, ..., P, C E(Ny) so that U;P; spans Ny and for each i € [m] the matroid (No/(P U
-+ U Pi_1))|P; is isomorphic to Ussyo. Since ¢ > 2 and each line of length at least four
spans two elements of B, this gives a partition (B, ..., B,,) of B so that |B;| = 2 and
P; C cln,/(pu-up,_1)(B;) for each i € [m]. Then PLU---UP,_y and By U---U B;_ span the
same flat of Ny, so

(No/(PLU---UP )P = (N2/(B1U---UBi))| B

Since P; C cln,/(B,u--uB,_1)(B;) and |P;| > 4, this implies that there are two elements e € P,
for which the unique circuit of Ny|(B U {e}) contains B;. Since N, is a frame matroid and
| B;| = 2, this circuit contains no other elements of B. Thus, two elements of P, are spanned
in N, by B; and are not parallel to either element of B;, which implies that P; C cly,(B;) for
each i € [m]. Since e(M|(B; U P;)) >t + 2 for each i € [m], the matroid N, has a DG(k,I')-
minor with |I'| > ¢ by Lemma 2.1.4. Since DG(k,T) is simple and si(/N) is isomorphic to a
minor of M, the matroid M has a DG(k, I')-minor. O

5.3 Small Spikes with Common Tip

In this section we prove that a matroid with a spanning clique restriction and lots of nearly
skew small spikes with common tip has a doubled-clique minor. We first prove a continuation
of Lemma 5.2.1 in the case that N is a B-clique.

Lemma 5.3.1. Let d,b,m > 0 be integers. There is a function fss,: Z> — Z so that if M
and N are matroids with dist(M,N) < d so that N is a B-clique and M|S = N|S is an
(O, b, f5.31(d,b,m))-stack, then there are sets C, D, B’ S" so that

e M/C\D = N/C\D,

e N/C\D is a B'-clique, and

o (M/C\D)|S" = (N/C\D)I|S" is a good (O, b, m)-stack-minor of M|S = N|S.
Proof. Define f531(0,b,m) = 1, and inductively define

f5.3.1(d, b, m) = f5.3.1(d — 1’ b’ m) (1 + 22b'f5.341(d—1,b,m))’
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for d > 0. Let d be minimal so that the claim is false, so d > 0, and let m; = f531(d—1,b,m).
Let M; be a matroid so that dist(N, M;) = 1 and dist(M;, M) < d — 1. Let (51, 52) be a
partition of S so that N|S; is an (O, b, m;)-stack and (N/S})|Ss is an (O, b, m;2%™ )-stack.
We consider two cases, depending on whether M, is a projection or lift of N. Recall that
any contract-minor of N is a Bj-clique for some B; C B.

First assume that there is a matroid K with an element f so that K\ f = N and K/f = M;.

5.3.1.1. There are sets Cy, Dy, By, S] so that N/JCi\Dy = M/Ci\D; is a Bj-clique, and
(N/C1\Dy)|S] = (My/C1\D1)|S] is a good (O, b, my)-stack-minor of N|S.

Proof. Let Bj be a minimal subset of B so that S; C cly(Bj), and note that |Bj| <
2rn(S1) < 2bmy. If f ¢ cly(Bj), then let Dy = E(N) — cly(B]). Then N\D; is
a Bij-clique, and N\D; = M;\D; since f ¢ clg(E(N) — D;), so the claim holds with
(Cy, D1, By,5y) = (@, Dy, By, S1).

If f € cly(BY), then by Corollary 5.2.2 applied with (M, X,d,m) = (N, B}, 2bmy, my),
there are sets C" and S so that B] C C" and (N/C")|S] is a good (O, b, m;)-stack-minor of
N|S. Thus, the claim holds with (Cy, Dy, S7) = (€, @,5"), since f € cly(C’) and N/C" is a
contract-minor of N. O

Now assume that there is a matroid K with an element f so that K/f = N and K\ f = M;.
5.3.1.2. There is a set C5 C E(N) so that |C3| <3 and f € clg(Cs).

Proof. 1f B is a basis of My, then r(M;) = r(N). But then f is a coloop of K, which
implies that N = M, and this contradicts that d(N, M;) > 0. Thus, there is some element
e € My —cly, (B). Since N is a B-clique there are elements b,0 € B so that e € cly({b,b'}).
Since 7y, ({b,0',e}) = 3 and rn({b, V', e}) = 2 it follows that f € clx({b,V, e}). O

If f € clg(Sy), then let C; = S;. Then there are sets By C B and S5 C Sy so that
N/Cy, = M/C} is a By-clique, and (N/CY)|S5 = (M;/C4)|S5 is a good (O, b, m; )-stack-minor
of N|S. If f ¢ clg(Sy), then let C3 be the set given by 5.3.1.2. By Corollary 5.2.2 applied
with (M, X,d, m) = (N, Cs,3,my), there are sets C' and S} so that C5 C C" and (N/C")|S] is
a good (O, b, my)-stack-minor of N|S. Let C, = C'". Then N/Cy = M, /C since f € cly(Ch),
and (N/CY)|S] = (M;/Ch)|S] is a good (O, b, my)-stack-minor of N|S.

In all cases, we have shown that there are sets Ci, D, By, S; so that N/Ci\D; =
M, /C1\D; is a Bj-clique, and (N/C1\D;)|S1 = (M;/C1\D1)|S1 is a good (O, b, my)-stack-
minor of N|S. Let N' = N/Ci\D;, and M’ = M/Ci\D;. Then N’ is a Bj-clique, and
dist(N'/Cy\ Dy, M/C1\Dy) < dist(M;, M) < d—1. By the minimality of d, the definition of
myq, and the fact that N’ is a Bj-clique, there are sets Cy, Do, B}, S} so that
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[ J M’/CQ\DQ - N//CQ\DQ,
e N'/Cy\Dy is a B)-clique, and
o (M'/Cy\D9)|S} = (N'/Cy\D9)|S} is a good (O, b, m)-stack-minor of M’'|S; = N'|S;.

Let C = C;UCy and D = Dy U Dy. Then M/C\D = N/C\D is a Bj-clique, and
(M/C\D)|Sy = (N/C\D)|S] is a good (O, b, m)-stack-minor of M|S = N|S. O

To prove the following proposition we apply Theorem 1.6.2 and Lemma 5.3.1, and then
apply Lemma 2.2.2 to find a doubled-clique minor. Given a collection Z of sets, we will
write UZ for UzczZ, for convenience.

Proposition 5.3.2. There is a function msso: Z2 — 7 so that for all integers £ > 2 and
n >3, if M € U(X) has a spanning clique restriction and there is some e € E(M) and a
collection S of ms3.2(¢,n) mutually skew sets in M/e so that for each S € S, the matroid
M|(SU{e}) is a spike of rank at most four with tip e, then M has a rank-n doubled-clique
minor.

Proof. Let h = hyg2(¢,n) and m; = nQZH, and define ms32(¢,n) = f531(h,2,2m;)2".
Assume that M has no rank-n doubled-clique minor; this implies that M has no rank-n
projective-geometry minor. Let M with § be a counterexample so that M is minor-minimal.
Then each S € S satisfies rp7/.(S) = 2, since every rank-4 spike has a rank-3 spike as a
minor. For each S € S, let Xg be a transversal of the parallel classes of (M/e)|S, and let
X ={X5:5€S} Let O = M—{(M/e)| X: X € X}, where M is the class of all matroids.
Then (M/e)| U X is an (O, 2,m532(¢,n))-stack. Note that if M’ is a good (O, 2, j)-stack-
minor of (M/e)| U X, then there is collection of j sets in X which are mutually skew in M’,
by the definition of a good (O, 2, j)-stack-minor.

Since M /e has a spanning clique restriction, by Theorem 1.6.2 there is a B-clique N so
that dist(M /e, N) < h. By Lemma 5.2.1 with m = f531(h,2,2m;) and d = h there are sets
Cy and S so that (M/e/Ch)|S1 = (N/C1)|Sy is a good (O, 2, f53.1(h,2,2m,))-stack-minor
of (M/e)| U X. Note that dist(M/e/Cy, N/Cy) < dist(M/e, N) < h and that N/C; is a
By-clique for some B; C B. Then by Lemma 5.3.1 with M = M/e/Cy and N = N/C} and
S =51, there are sets C, D, B, S" so that M/e/(C; UC)\D = N/(CyUC)\D is a B'~clique,
and (N/(Cy UC)\D)|S" is a good (O, 2, 2m; )-stack-minor of (N/C4)|S;.

Let C” be a maximal subset of C; U C' so that e & cly/(Cy UC), and let M’ = M/C'\D.
Then M’ /e is a B'-clique, and there is a collection X’ C X of 2m; mutually skew subsets of
M'/e. Let &' ={S € S: Xg € X'}. For each S € &’ we have M'|(SU {e}) = M|(SU{e}),
since e is a nonloop of M’ and (M'/e)|X = (M/e)|X. Thus, S’ is a collection of mutually
skew subsets of M’/e so that for each S € &', the matroid M’|(S U {e}) is a rank-3 spike
with tip e. Let Cy C E(M’) have minimum size so that Cy U (US’) spans M’, and let M,
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be a simplification of M'/Cy. Then Ms|({e} U (US")) = M'|({e} U (US’)) and My/e is a
Bs-clique for some By, C B’, while US’ spans M.

5.3.2.1. There is a collection Y of my pairwise-disjoint 2-subsets of By so that each Y € )
spans a nontrivial parallel class of Ms/e which contains neither element of Y.

Proof. Let Y be a maximal such collection of subsets of By, and assume for a contradiction
that |Y| < my. Since each element of US’ is in a nontrivial parallel class of Ms/e, the
maximality of || implies that each nonloop element of (US")—(UY) is parallel in M /e/(UY)
to an element of By — (UY). Since 7,/.(UY) < 2(mq — 1) < |S’| and the sets in S’ are
mutually skew in M, /e, there is some set S € 8’ so that (My/e/(UY))|S = (Ma/e)|S. But
since (Msy/e)|S contains a rank-2 circuit, this implies that three elements of By — (U)) are
in a circuit in (My/e/(UY)), which contradicts that Bs is independent in M, /e. O

Lemma 2.2.2 and 5.3.2.1 and the definition of m imply that M, has a rank-n doubled-
clique minor, a contradiction. O

5.4 Porcupines

The following lemma shows that any matroid with a large independent set so that each
element is the tip of a g-porcupine is not a bounded distance from a frame matroid. We will
apply this with h = hy 62(¢,n) to find a rank-n projective-geometry minor. Recall that if P
is a porcupine with tip f, then we write d(P) for the corank of si(P/f).

Proposition 5.4.1. For each integer h > 0, if M is a matroid with a size-(h+1) independent
set S so that each element is the tip of a (5 - 2")-porcupine P with d(P) = h + 1, then there
are no sets Cp,Cy C E(M) with rp(Cy UCy) < h and a frame matroid N on ground set
E(M) such that

(*) for all X C E(M) — (C1UCy), if (M/(CyUC%))|X is simple, then N|X = (M/C})|X.

Proof. Let e € S — cly(Cy U Cy), and note that e is a nonloop of N by (*). We will show
that e is the tip of a spike of rank at least five in N. Let P be a (5-2")-porcupine restriction
of M with tip e and d(P) = h+ 1, and let (P/e)|Ty be a simplification of P/e. By Lemma
4.2.6 there is some T; C T} so that (M/e/(Cy U Cy))|Ty has corank h + 1 and girth at least
five. In particular, (M/e/(Cy U Cy))|T} is simple.

Then (M/e/C1)|T) has corank at least one and girth at least five, since 7,(C2) < h. So
there is some Ty C T3 so that (M/Cy/e)|T3 is a circuit of size at least five. Let S C E(P)
be the union of lines of P through e and an element of T5.
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5.4.1.1. (M/CY)|S is a spike of rank at least five with tip e, and (M/C1/e)|Ty is a simplifi-
cation of (M/Cy/e)|(S —{e}).

Proof. First note that each line of P|S through e has rank two in M/CY, or else (M /Cy/e)|T3
contains a loop. Also, each line of P|S through e is a line of (M/C1)|S, or else two elements
of (M/Cy/e)|Ty are parallel. Since (M/C4/e)|T» is a circuit of size at least five, the claim
holds. [l

Since (M/e/(Cy U Cy))|Ty is simple, no two elements of S are parallel in M/(C; U Cy),
and S is disjoint from clye, (C2). Thus, (M/(Cy U C5))|S is simple. By (*) we have
N|S = (M/C1)|S, so N has a spike restriction of rank at least five, which contradicts that
N is a frame matroid. O

Theorems 1.6.2 and Proposition 5.4.1 combine to give the following corollary, which we
will use in the proof of Theorem 1.7.2 to find a rank-n doubled-clique minor.

Corollary 5.4.2. Let {,n > 2 be integers, and let h = hyg2({,n). If M € U(C) is a
matroid with a spanning B-clique restriction, and a size-(h + 1) independent set S so that
each element is the tip of a (5 - 2")-porcupine P with d(P) = h + 1, then M has a rank-n
projective-geometry minor.

5.5 The Main Proof

We are now ready to prove Theorem 1.7.2. The proof applies Theorems 3.1.3, 3.6.1 and 4.0.1
in that order, and then uses the results of Sections 5.2-5.4.

Theorem 1.7.2. There is a function fi79 : Z* — 7Z so that for all integers £ > 2, t > 1 and
n,k >3, if M is a minor-closed class of matroids such that Us i ¢ M, then either

e M contains a rank-n doubled clique, or

e M contains DG(k,T") for some group I with |I'| > t, or

e cach M € M satisfies (M) < (t — 1) (T(]Zw)) + fizo(l,n k,t) - r(M).
Proof. Let hg = hig2(¢,n), let mg = ms32(¢,n), and let hy = hso3(¢,k,n). Then let
h = max(hg, mg, h1); we will use h to apply Theorem 3.6.1. Let m; = max(4myg, 15h;2"),

which will be an upper bound on the rank of a stack or collection of small spikes which we
find. Let

np = max (/f77’4.0.1(€, 3,ho+1,n,hg +1,5-2"), ry57(C, mh”));
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which is the rank of a Dowling-geometry minor that we will find, and let
$1 = max (34,0,1(110 +1,ho + 1,5 2m) + 2" my + 2 4 h2MT 215h>.

Define
f1 = max <f5.1.1(57 n, k)a 52%, 041.3.5(5, ng + h2h+7)>,

to handle matroids with a spanning clique restriction and the case t = 1, and

t—1
9 )

r1 :T3.1.3< f1a07€71781)7

and finally
fiza(l,t,n, k) = max(¢™, fy).

Let p(r) = (t — 1)(5) + fi72(¢,t,n, k) - 7. Assume that the third outcome of the theorem
statement does not hold, and that M contains no rank-n doubled clique.

Let M € M be a matroid so that (M) > p(r(M)). Then r(M) > ry, by the definition
of fi72(f,t,n,k) and the fact that M € U(¢). We will show that M has a DG(k,T)-
minor with |I'| > ¢. By Theorem 3.1.3 with » = 1 and s = s;, the matroid M has a
minor N so that (V) > 1 and ¢(N) > p(r(N)), while N either has a spanning clique
restriction, or is vertically s;-connected and has an sj-element independent set S so that
each e € S satisfies e(N) — e(N/e) > p(r(N)) — p(r(N) — 1). Since (N) > p(r(N)) and
fi > fs11(f,n, k), the matroid N does not have a spanning clique restriction by Theorem
5.1.1. Since e(N) > ay.35(¢,ng + h2"*7) - r(N) by the definition of f;, the matroid N has an
M (K, 14no0+7)-minor G by Theorem 1.3.5. Since ny > k, this proves the result in the case
that t = 1, so we may assume that ¢ > 2.

By Theorem 3.6.1 with h = max(hg, mg, h1) and the facts that f; > ¢2" and s; > 215
there is some C' C E(N) with ry(C) < h2h*7 so that N/C has either

(i) an (FNU(t),15 - 2" hy)-stack restriction,

(ii) an element e and a collection S of my mutually skew sets in N/(C U {e}) such that for
each R € S, the matroid (N/C)|(RU{e}) is a spike of rank at most four with tip e, or

(iii) a size-(ho + 1) independent set so that each element is the tip of a (5 - 2")-porcupine
restriction P of N/C with d(P) = hg + 1.

Note that N/C has an M(K,,i)-minor since ry(C) < h2"*7 and N has an
M (K, 414 pon+7)-minor. Also, N/C is vertically (s; — h2""7)-connected since N is vertically
si-connected and 7,(C) < h2"7. Note that s; — h27 > my + 2.

92



If (i) holds, then N/C has a rank-n projective-geometry minor or a DG(k, I')-minor with
IT'| >t by Theorem 4.5.7 with m = m; and Proposition 5.2.3. If (ii) holds, then N/C has a
rank-n doubled-clique minor by Theorem 4.5.7 with m = m, and Proposition 5.3.2.

If (iii) holds, then by Theorem 4.0.1 with s = k = hg + 1 and g = 5 - 2" and m = 3, the
matroid N/C has a minor with a spanning clique restriction and a size-(hy + 1) independent
set so that each element is the tip of an 5-2"-porcupine P with d(P) = ho+ 1. By Corollary
5.4.2 and the definition of hg, the matroid N/C has a rank-n projective-geometry minor and
thus a rank-n doubled-clique minor. O]

We conclude this chapter by proving Theorem 1.7.3, which shows that there are di-
chotomies among minor-closed classes which exclude a line and all rank-n doubled cliques.
Recall that a ['-frame matroid is a frame matroid associated with a directed graph whose
edges are labeled by elements of I'.

Theorem 1.7.3. For all integers £ > 2 and n > 3, if M is a minor-closed class of matroids
so that Uspio ¢ M and M contains no rank-n doubled clique, then there is a constant cp
so that either

(1) hpm(r) < cpg -1 forallr >0, or

(2) there is a finite group T' so that |T((}) + 7 < ha(r) < T|(5) + camq -7 for all v > 0, and
M contains all I'-frame matroids.

Proof. We may assume that M contains all graphic matroids, or else (1) holds by Theorem
1.3.5. Let t € Z be maximal so that M contains a rank-k Dowling geometry with group size
t for infinitely many integers k. Since there are finitely many groups of size t, there is some
group I' such that |I'| = ¢ and M contains DG(k,I") for infinitely many integers k. Since
DG(n,TI') is a minor of DG(n + 1,T") for all n > 3, this shows that M contains all Dowling
geometries over I'. By Theorem 1.7.2 and maximality of ¢, there is a constant cy( so that
ha(r) < |D|(5) + caq -7 for all ¥ > 0.

Using the fact that if M = DG(r(M),T"), then si(M/e) = DG(r(M) —1,T'), it is not hard
to show that DG(2n + 1,I') has a minor N so that si(N) = DG(n,I'), and each parallel
class of N has size at least two. This can be done by contracting one element b of a frame
of DG(2n + 1,T'), and a set of elements which forms a maximum matching of the I'-labeled
graph associated with DG(2n 4 1,T")/b. Combined with the fact that each simple rank-n
[-frame matroid is a restriction of DG(n, '), this shows that each I'-frame matroid is a minor
of a sufficiently large Dowling geometry over I'. Thus, M contains all I'-frame matroids. [
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Chapter 6

An Exact Theorem
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The remainder of this thesis deals with applications of Theorem 1.7.2. In this chapter we
use Theorem 1.7.2 to prove Theorem 1.7.6, which we restate below for convenience. Recall
that a matroid M is a nontrivial extension of a Dowling geometry if M is simple, and has
no coloops.

Theorem 1.7.6. For all integerst > 1, £ > 2, and k,n > 3, if M s a minor-closed class
of matroids so that U 1o & M, then either

o M contains a rank-n doubled clique, or
e M contains a nontrivial extension of DG(k,T") with |T'| > t, or

e cach M € M with sufficiently large rank satisfies e(M) < t(r(ém) +r(M). Moreover,
if r(M) is sufficiently large and (M) = t(T(M)) + (M), then si(M) is isomorphic to

2
a Dowling geometry.

We first use Theorem 1.7.2 to prove an analogue of Theorem 3.1.3 for classes which exclude
a doubled-clique minor, in Section 6.1. This is enough to prove the upper bound in Theorem
1.7.6, but to prove uniqueness of Dowling geometries we need some properties of matroids

for which each bounded-rank restriction is a frame matroid, and we prove these in Section
6.2.

6.1 A New Connectivity Reduction

In this section we prove an analogue of Theorem 3.1.3 for matroids with no doubled-clique
minor, where the spanning minor we find is a Dowling geometry, not a clique. The proof is
essentially identical to the proof of Theorem 3.1.3, except we apply Theorem 1.7.2 instead
of Theorem 1.3.5.

Theorem 6.1.1. There is a function rg11: R® — Z so that for all integers (,k,t > 2 and
r,s > 1 and any real polynomial p(x) = ax?+bx +c with a > %, if M € U(L) has no rank-k
doubled-clique minor and satisfies (M) > rg11(a,b, ¢, t, k,r,s) and e(M) > p(r(M)), then
M has a minor N with (N) > p(r(N)) and r(N) > r such that either

(1) N has a DG(r(N),')-restriction with |U'| > t, or
(2) N is vertically s-connected and has an s-element independent set S so that each e € S

satisfies e(N) —e(N/e) > p(r(N)) — p(r(N) — 1).

Proof. We first define the function r411. Let v = v311(a,b,¢, ¢, k,r,s), and define 7; to be
an integer so that

(2s + Da(z +y) + s(v +b) + ¢ — as® < 2azy
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and p(r—s) < p(r—s+1) for all real x,y > 71. Let f be a function which takes in an integer
m and outputs an integer f(m) > max(r,2m, 271) such that p(z) —p(z —1) > ax 4 (m2xm)
for all real x > f(m). Define rr,,, = 1, and for each ¢ € {0,1,2,..., [v/a] — 1} recursively
define r; to be an integer so that

X

p(x) > (t - 1) <2> + fir2 (f, k,nsi2 (CL, b, c,t, f(TiH), 8),t> - T

t—1

for all x > ;. Such an integer r; exists because a > 5. Finally, define

Tﬁ.l.l(a7 b7 C, g? ta k7 r, 8) =To-

Let M € U({) with no rank-k doubled-clique minor such that r(M) > ry and (M) >
p(r(M)). Let M denote the class of minors of M. We may assume that hp(n) < p(n)+vn
for all n > 1, or else (2) holds by Lemma 3.1.1. The following claim essentially finds some
' so that the coefficient of the linear term of hys(n) is in the interval [/ +b—a, v +b+al.

6.1.1.1. There is some 0 < V' < v and i > 0 so that hp(n) > p(n) + v'n for some n > r;,
and hap(n) < p(n) + (V' 4+ a)n for alln > r;i.

Proof. We will break up the real interval [0, v] into subintervals of size a. Define v; = ai for
i€{0,1,2,...,[%]}. Let i > 0 be minimal so that hx(n) < p(n) + viin for all n > riyy.
This choice of i is well-defined, because i = [v/a] — 1 is a valid choice since v, /) > v and
ha(n) < p(n) +vn for alln > 1 =rp,/q).

If i > 0, then hy(n) > p(n) + v; for some n > r; by the minimality of i. If i = 0,
then M certifies that hp(n) > p(n) for some n > ry. Thus, there is some ¢ > 0 so that
ham(n) > p(n) + vn for some n > r;, and hpy(n) < p(n) + vipqn for all n > 744, Since
Vi +a = Vi1, we may choose v = v;. Note that v; = ai < v since 1 < [2] — 1. O

By 6.1.1.1, M has a minor M; such that r(M;) > r; and e(M;y) > p(r(My)) +v'r(M;). By
Theorem 1.7.2 and definition of r;, the matroid M; has a DG(ng12(a,b,c,?, f(riz1),s),T)-
minor with [I'| > ¢. Then by Lemma 3.1.2 with » = f(r;;1) and ¢ = p + v/, the matroid
M has a minor N such that r(N) > f(r;11) and e(N) > p(r(N)) + /r(N), and N either
has a DG(r(N), I')-restriction or an s-element independent set S so that each e € S satisfies
e(N) —e(N/e) > p(r(N)) — p(r(N) — 1) + /. We may assume that N is simple. Since
f(riy1) = r and v/ > 0 we may assume that N is not vertically s-connected, or else either
(1) or (2) holds.

(
Let (A, B) be a partition of E(N) so that ry(A) < ry(B) < r(N) and ry(A) +ry(B) —
r(N) < s—1. Let ry = r(N) and r4 = ry(A) and rp = ry(B). We first show that
r4 > max(7y,r41). If not, then rg > ry — r4 > max(r;11,71), using that ry > f(riq) >
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max(2r;,1,271). Also,

Bl = [N| = [A] > plra) + vy — (m<0urie) )
>plry — 1)+ (V' +a)ry (2)
> p(re) + (V' + a)rs. (3)

Line (1) holds because r4 < max(r1,7;41) and N € U({), and line (2) holds because ry >
f(rix1). Line (3) holds because rg > 71, so p(rg) < p(ry — 1) since rg < ry — 1. But then
rp > rip1 and |B| > p(rp) + (V' +a)rp, which contradicts 6.1.1.1 and the choice of /. Thus,
rp > 1ra > max(ry, ri41). Then

prat+rg—s)+v (ra+rpg—s) < plrn)+v'ry < |A|+|B| < p(ra)+p(rg)+ @' +a)(ra+rp),

where the first inequality holds because r4 + 5 — s < ry and p(x — s) < p(x — s+ 1) for
all z > 7y, and the last inequality holds by 6.1.1.1 because rg > r4 > r;1;. Expanding
p(x) = ax?® + bz + ¢ and simplifying, we have

(2s + Da(ra+rp) + s( +b) + ¢ —as® > 2ararg,

which contradicts that r4 > 7, since v/ < v. O

6.2 Locally Frame Matroids

In this section we prove a lemma which will help prove the uniqueness of Dowling geometries
in Theorem 1.7.6. We first need a straightforward lemma about frame matroids.

Lemma 6.2.1. If M is a simple frame matroid and e € E(M), then no element on a line
through e of length at least four is the tip of a spike in M/e.

Proof. If f is on a line of M through e of length at least four in M, then f is parallel to
a frame element in M /e, by Lemma 1.2.3 (i). Thus, f is not the tip of a spike in M /e by
Lemma 1.2.3 (iii). O

The following proposition is the main result of this section, and relies on Proposition 3.4.5.
We freely use the fact that if M is framed by B and e € E(M) is on at least two lines of M
of length at least four, then e is parallel to an element of B.

Proposition 6.2.2. Let t > 1 be an integer, and let M be a simple matroid of rank at
least seven so that |M| = t(r(]zw)) + r(M) and there is some e € E(M) so that si(M/e) =
DG(r(M) — 1,T) for some group T" with |I'| = t. Then either

(1) there is a set X C E(M) for which rp(X) < 15 and M|X is either not a frame matroid,
or has a Uy 41 3-minor, or
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(2) e is the tip of a spike of rank at least five, or
(3) M = DG(r(M),T).

Proof. Assume for a contradiction that (1), (2), and (3) do not hold for M.
6.2.2.1. There is no B C E(M) so that M is framed by B.

Proof. If the claim is false, then, since M has no Us ;. 3-restriction and e(M) = t(r(;w)) +r(M),
each pair of elements of B spans a Uy ;1o-restriction of M. Since no rank-4 subset of E(M) has
a Uy yig-minor, Corollary 2.1.2 implies that there is a group I" so that M = DG(r(M),I").
Then si(M/e) = DG(r(M) — 1,I"), which implies that I = I', since Dowling geometries
are isomorphic if and only if their groups are isomorphic. Thus, M = DG(r(M),T") and (3)
holds, a contradiction. O

We now reduce to the case that ¢ > 2. Note that e(M) —e(M/e) = t(r(M) — 1) + 1.
6.2.2.2. ¢ > 2.

Proof. Assume for a contradiction that ¢ = 1. Since (1) does not hold, each restriction
of M of rank at most 15 is binary, by Theorem 1.1.1. Since every binary spike has an
Fr-minor and F% is not a frame matroid by Proposition 1.2.1, binary spikes are not frame
matroids. This implies that e is not the tip of a spike, since (1) and (2) do not hold. Since
e(M) —e(M/e) = r(M) and M has no Us4-restriction, there are r(M) — 1 lines of length
three of M through e. We claim that each transversal B of the long lines of M through e
is a frame for M/e. Since e is not the tip of a spike in M and si(M/e) = M(K,), the set
B corresponds to a spanning tree of M/e. If this tree has a path P with three edges, then
there is some f so that P U {f} is a size-4 circuit. But then e is the tip of a rank-3 spike
in M/f, and (1) holds since binary spikes are not frame matroids. Thus, B corresponds to
a spanning star of K, and is a thus a frame for M/e. In particular, this implies that each
pair F, F' of long lines of M through e satisfies | clp(FUF")| > enpre(clarse(FUE")) +3 = 6,
since si(M/e) = M(K,).

We will choose a specific transversal B’ of the long lines of M through e, and show that
M is framed by B’ U {e}. Let F} be a long line of M through e, and let b, € Fy — {e}. Let
F be a long line through e other than F. Since | cly(Fy U F)| = 6 and (1) does not hold, we
have M| cly (F1UF) =2 M(K,). Since e and by are in a triangle, the matroid M| cly (F1 U F)
has a unique frame containing e and by, and the third frame element bg is on F' — {e}.
Then {b;} U{bp: F # F} is a long line through e} is a transversal B’ of the long lines of M
through e.
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We claim that B’ U {e} is a frame for M. Clearly B’ U {e} is a basis for M since B’ is a
basis for M/e. Let x € E(M). Since M/e is framed by B’, there are elements b,0' € B’ so
that  C cly({e,b,b'}). If by € {b,b'}, then B U {e} contains a frame for M|cly/({e,b,b'})
and x is spanned by two elements of {e,b,b'}, so we may assume that b; ¢ {b,b'}. Then
ru({e,b1,0,0'}) = 4, and |cly({e,b1,0,0'})| = enye(clarse({01,0,0'})) + 4 = 10, since B’
frames M /e. Since (1) does not hold, this implies that M| cly({e, b1, b,b'}) = M(K5). Since
e and by are in a triangle, this matroid has a unique frame B; containing e and b;. This set
By contains the unique frame for M|cly({e, b1,b}) and M|cly({e,b1,0'}), and so b,V € By.
Since ry(B1) = 4 and e,by, 0,0 € By, we have By = {e,by,b,b'} C B"U{e}. Thus, z is
spanned by two elements of B’U{e}. Therefore, M is framed by B'U {e}, which contradicts
6.2.2.1. [

Since t > 2, we can exploit that fact that any rank-3 frame matroid with 3t + 3 elements
and no Us s 3-restriction has three elements each on two lines of length at least four, and thus
has a unique frame. Let (M /e)|T} be a simplification of M, and let T" C T} be a transversal
of the nontrivial parallel classes of M/e. Let B be a frame for (M/e)|T). There are two
distinct cases for the structure of the long lines of M through e.

6.2.2.3. If e is not the tip of a spike, then e is on r(M) — 1 lines of length t + 2 so that each
contains an element of B.

Proof. Recall that e(M) — e(M/e) = t(r(M) — 1) + 1. If e is not the tip of a spike, then
e is on r(M) — 1 lines of length ¢ + 2 since M has no Uy s-restriction. Let F' be a line of
M through e. If FN B = &, then there is an element of F' which is the tip of a spike S of
rank at most four in M /e, since each element of (M /e)|(T) — B) is the tip of a spike of rank
at most four in M since (M/e)|T) = DG(r(M/e),I"). But then M|(F U S) is not a frame
matroid by Lemma 6.2.1 and (1) holds, a contradiction. O

The structure is a bit more complex when e is the tip of a spike.

6.2.2.4. If e is the tip of a spike, then (M/e)|T" has a star-partition (L,{x}) so that
|clv({e,2})| =t+2, and |L| =t for each L € L. Moreover, x € B and for eachb € B—{x}
there some L € L so that L C cly({e,x,b}).

Proof. Since (1) and (2) do not hold, by Proposition 3.4.5 with g = 5 there is a star-partition
(X, L) of (M/e)|T so that each line of M through e and an element of 7' — X has length
three. Note that each L € L satisfies |L| < ¢+ 2, or else (1) holds. Then |£]| < (M) —1, or
else (2) holds by taking the union of lines through e and each element of a transversal of L.
Then there is some L € L so that |L| > 2, or else e(M) —e(M/e) < (r(M) —1)+2t+2 <
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t(r(M) — 1) + 1, using that (M) > 7. This implies that |L| <t for all L € L, or else (1)
holds by Lemma 3.5.1. Letting m = | cly({e} U X)|, we have

t(r(M)—1)+1=e(M)—e(M/e)

:Z|L|—I—m—1

Lel
<t(r(M)—2)4+m-—1,

which implies that m >t + 2 and each L € L satisfies |L| = t.

By the same reasoning as in 6.2.2.3, cly/({e,2}) N B # @&. Since B C T and cly({e,z})N
Ty = {z} we have z € B. Fix some L € L. By the definition of a star-partition, the set
{z} U L is a line of M/e of length t + 1 > 3, and thus spans some element b, € B — {z} in
M /e since z € B. Thus, L C cly({e,z,b}), so for each L € L there is some b, € B—{z} so
that {e,x,b.} spans L in M. If L # L' then by, # by, or else LU X is not a flat of (M/e)|T,
which contradicts the definition of a star-partition. Since |L| = |B — {z}| = r(M) — 2, for
each b € B — {z} there is a unique L € L so that L C cly({e,z,b}). O

Let by € B be on a line of length ¢ 4+ 2 through e; such an element exists by 6.2.2.3 and
6.2.2.4. We will show that for each b € B — {b,}, the matroid N = M|cly({e, b1,b})) is a
frame matroid with a unique frame. Note that epr/ec(clar/e({01,0})) = t + 2 since si(M/e)
is isomorphic to a Dowling geometry. If e is not the tip of a spike of M, then since B is a
transversal of the long lines of M through e by 6.2.2.3 we have ¢(N) = (t+2)+2t+1 = 3t+3,
and thus NV has a unique frame since it has no Us 4 3-restriction. If e is the tip of a spike of
M, then by 6.2.2.4 the point e is on ¢ lines of length three and a line of length ¢t 4+ 2 in IV,
so e(N) = (t+2)+2t+1=3t+3 and again N has a unique frame.

We now define a frame for M. Fix some element by € B — {b;}, and let {e’,],b,} be
the unique frame for M|cly({e, b1, b2}), where {€/,0} spans {e,b1}. Define a function f
from B — {b;} to E(M) which maps b to the unique element f(b) so that {¢, b}, f(b)} is
a frame for M|cly ({e,by,b}). We will show that B = {e/, 0/} U {f(b): b € B — {by}} is
a frame for M. Clearly |B| < r(M) and B U {e} C cly(B) by the definition of f, so B
is a basis of M. Let x € E(M), so z € cly({e, b;,b;}) for some b;,b; € B, since B is a
frame for M/e. Then x € cly({€/, b, f(bi), f(bj)}), since {e, b1 } spans {€’, V] }. The matroid
M| cly({€, by, f(b;), f(b;)}) is a frame matroid of rank at most four, and the frame contains
{e’, b, £(b;), £(bj)}, as each of these elements is in the unique frame for M| cly({e, b1, b;}) or
M| cly({e, b1,b;}). Since {€', b}, f(b;), f(bj)} spans {e, b1, b;,b;} and is contained in a frame,
the set {e/, b}, f(b;), f(b;)} is a frame for M|cly({e, b1, b;,b;}). Therefore, x is spanned by
two elements of B. But then M is framed by B, which contradicts 6.2.2.1. O
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6.3 The Proof

In this section we prove Theorem 1.7.6, which we state more precisely below. The proof of
the upper bound on the extremal function follows the same outline as the proof of Theorem
1.7.2.

Theorem 6.3.1. There is a function r¢31: Z* — 7Z so that for all integers t > 1, £ > 2,
and k,n > 3, if M is a minor-closed class of matroids so that Us g9 ¢ M, then either

o M contains a rank-n doubled clique, or
e M contains a nontrivial extension of DG(k,T") with |T'| > t, or

e cach M € M with r(M) > re31(¢,t, k,n) satisfies e(M) < t(T(g/[)) +r(M). Moreover,
if r(M) > res1(,t,k,n) and e(M) = t(r(éw)) + (M), then si(M) is isomorphic to a

Dowling geometry.

Proof. We first define a sequence of large integers, ending with 731(¢,t, k,n). Define ny =
max(rq57(0, k,n),re01(¢,k,1,n,1,5)), and define ry to be an integer so that t(;) +r >
(t—=1)(5) + fr.7.2(¢, t, no, n)r for all r > ro. This will allow us to find a DG(ng, I')-minor with
IT'| > ¢. Define ry = max(k, 7o), and ro = r6.1.1(5,1,0,¢,¢, k, 1, 200).

This integer 79 is large enough to show that hp(r) < t(;) + r for all » > ry, but we must
define a larger integer to prove that each extremal matroid is a Dowling geometry. Define
ni > ry to be an integer so that

try > 400(x + y) + 200(1 — t/2) — 2007

for all real x,y > n;. Define ny to be an integer so that
t
5(29[; —1)> (1 —t/2)+ 02+ (™

for all real * > my. Finally, define rg31(¢,t,k,n) to be an integer so that t(;) +r >
(t —1)(}) + fure(lt,ng,n) - v for all v > rez1(¢,t,k,n). We will write DG(k,T') + e to
denote any nontrivial extension of DG(k,T"). Assume that M contains no rank-n doubled
clique and no DG(k,T") 4+ e with |I'| > t. The following claim provides sufficient conditions
for finding a (DG(k,T") + e)-minor with |I'| > ¢.

6.3.1.1. Let N € M be a vertically 200-connected matroid so that N has a DG(ng,I')-minor
with |U| > t. If N has either a restriction of rank at most 15 which is not in F NU(t + 1)
or a spike restriction of rank at least five, then N has a (DG(k,I') 4+ e)-minor with |I'| > t.
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Proof. If there is some X C E(N) so that (N|X) < 15 and N|X ¢ FNU(t + 1), then
by Theorem 4.5.7 with m = k and s = 15, the matroid N has a minor /N; with a spanning
DG(k,T')-restriction so that N;|X = N|X. Since N;|X is not a restriction of a Dowling
geometry with group size at most ¢, the matroid N; has a (DG(k,T") 4 e)-restriction.

If N has a spike restriction of rank at least five, then by Theorem 4.0.1 with m = k,
s =k =1 and g = 5, the matroid N has a minor N, of rank at least k£ with a DG(r(Ny),I')-
restriction and a spike restriction of rank at least five, using that s401(1,1,5) < 200. Since
r(N2) > k and spikes of rank at least five are not frame matroids, N, has a (DG(k,I') + e)-
minor. [l

We first prove the upper bound on the extremal function for M.
6.3.1.2. hy(r) < t(g) + 7 for allr > 1.

Proof. 1f this is false, let M € M so that r(M) > ry and e(M) > ( )) +r(M). By Theorem
6.1.1 with r = 7y and s = 200, M has a minor N so that r(N ) > 1and€(N) > t(") r ))—l—r(N)
and N has either a DG(r(N),I')-restriction with |I'| > ¢, or is vertically 200- connected
and has an element e so that ¢(N) — e(N/e) > t(r(N) — 1) + 1. We may assume that
the first outcome does not hold or else N has a (DG(r(N),T") 4 e)-restriction, and thus a
(DG(k,T') 4+ e)-minor since r(N) > k. Since r(N) > ry and e(N) > (T(év)) + r(N), we have
e(N) > (t— 1)(T(év)) + fir2(l,t,ng,n) - r(N), so N has a DG(ng, I')-minor with |I'| > ¢ by
Theorem 1.7.2.

Since N has an element e so that e(N) —e(N/e) > t(r(N) —1)+ 1, by Theorem 3.6.1 with
h =0, N either has a restriction of rank at most 15 which is not in F NU(t + 1), or a spike
restriction of rank at least five. Here we use the fact that the union of two spikes with tip e

which are skew in M/e is not a frame matroid, which follows from Lemma 3.4.1. Then N
has a (DG(k,T') + e)-minor by 6.3.1.1, a contradiction. O

We now prove the uniqueness of Dowling geometries as extremal matroids. Let M € M be
a simple matroid so that (M) > re3.1((, ¢, k,n) and [M| = ¢(" M))—H“(M). Assume for a con-
tradiction that M is not isomorphic to a Dowling geometry. Since r(M) > ri72(¢,t,n9,n),
the matroid M has a DG(ng,I')-minor G with |I'| > ¢, by Theorem 1.7.2. Let C C E(M)
so that G is a restriction of M/C. Let C; be a maximal subset of C' so that ¢(M/Cy) =
t(T(MQ/C”) +r(M/Cy) and si(M/C) is not isomorphic to a Dowling geometry. Let M; be a
simplification of M/C4, and note that C; # C.

6.3.1.3. M; is vertically 200-connected.
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Proof. 1f not, then there is a partition (A, B) of E(M;) with 7y, (A) < ray (B) < r(My) so
that 7y, (A) + ran (B) < r(My) +200. Let 74 = 7ra,(A) and 75 = 7y, (B). We first show
that r4 > nq. If not, then

My| = |A] + |B| < €™ + max <£"2,t<rf) +75)

<M +t<r§’> +rp

< t(r(];m) (M),

a contradiction. The last line holds since r(M;) > r(G) > ne and rg < r(M;), and by the
definition of ny. Thus, rp > 74 > ny > 9. Then using that r4 +rp — 200 < r(M;), we have

—2 M
t(TA+rg 00) +ra s — 200 < t(T(Q 1)) + (M)

= [Mi] = |A] + B

,
<t +ra+t("?) +rp
2 2
After expanding these polynomials and rearranging, this contradicts that rg > rq > n;. O

Let e € C' — (). By the maximality of C}, either e(M;/e) < t(T(MQI/G)) + r(Mi/e), or
si(M;/e) is isomorphic to a Dowling geometry. If (M;/e) < t(T(MQl/e)) + r(M;/e), then
e(My) —e(My/e) > 1+ t(r(M;) — 1). Then by Theorem 3.6.1 with h = 0, the matroid M;
either has a restriction of rank at most 15 which is not in F NU(t + 1), or a spike restriction
of rank at least five. By 6.3.1.1 and 6.3.1.3, this implies that M; has a (DG(k,T") + e)-minor.
This is a contradiction, so M /e is isomorphic to a Dowling geometry. Then by Proposition
6.2.2, the matroid M either has a restriction of rank at most 15 which is not in F NU(t+ 1),
or a spike restriction of rank at least five. Again, 6.3.1.1 and 6.3.1.3 imply that M; has a
(DG(k,T') 4 e)-minor with |I'| > ¢, a contradiction. Therefore, M is isomorphic to a Dowling
geometry. O

We conclude this chapter by stating a consequence of Theorem 6.3.1, which is interesting
in light of Theorems 1.5.8 and 1.5.9.

Corollary 6.3.2. If M is a minor-closed class of matroids such that ha(r) = (7";1) for
sufficiently large r, then each simple extremal matroid of sufficiently large rank is isomorphic
to a clique.
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Proof. There is some integer n > 3 so that M contains no rank-n doubled clique, or else
ha(r) > 2(;) +1 for all » > 3. There is some integer k£ > 3 so that M contains no nontrivial

extension of M (Kjy), or else haq(r) > ("1')+1 for all » > 3. Thus, Theorem 6.3.1 applies. [
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Chapter 7

Representable Matroids
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In this chapter we show that Theorems 1.7.2 and 1.7.6 apply to many interesting classes
of representable matroids. A key fact is that doubled cliques of large enough rank are
representable over fields of at most one characteristic, and are not representable over fields
of characteristic zero. In Section 7.1 we show that the connection between doubled cliques
and representable matroids is due to a class of rank-3 matroids called Reid geometries. Then
in Sections 7.2 and 7.3 we use this connection to state some corollaries of Theorems 1.7.2
and 1.7.6 for representable matroids.

7.1 Reid Geometries

A Reid geometry is a simple rank-3 matroid R consisting of long lines Lq, Lo, L3 with a
common intersection point x so that Ly = {z,y, z} has length three. The incidence graph
I(R) of R is the bipartite graph with bipartition (L; —{z}, Ly —{z}) such that a; € L; —{z}
is adjacent to ay € Ly — {x} if and only if {aq, as,y} or {ai, as, z} is a line of R. Note that
I(R) has maximum degree at most two, since each a; € L; — {x} is on at most one long line
of R with each of y and z.

We say that a Reid geometry R is proper if I(R) contains a cycle; these are the most
interesting Reid geometries. The following lemma is due to Joseph Kung [30], but we include
a proof for completeness. We remark that a partial converse is true: if I(R) is a cycle of
length 2p for a prime p, then R is representable over every field of characteristic p.

Lemma 7.1.1. For each integer k > 2, if R is a Reid geometry so that I(R) has a cycle of
length 2k, then R is representable over a field F only if k is prime and F has characteristic
k.

Proof. Let {uy,...,ur} C Ly —{z} and {vy,..., v} C Ly —{x} be the elements in a length-
2k cycle of I(R) so that {u;,v;,y} and {v;, u;41,2} are lines of R for each i € [k], taking
indices modulo k. We may assume that F(R) = {z,y,2} U {uy,...,ux} U{vy,...,vp}. Let
[F be a field, and consider a representation of R over I so that z = [1,0,0]7, y = [0,1,1]7,
z=a,1,1]T, u; = [¢;,1,0]7 and v; = [d;,0,1]7, where a, ¢;, and d; are nonzero elements of
F for each i > 2, and ¢; = d; = 0. Since rg({u;, v, y}) = 2 we have ¢; + d; = 0 over F for
each ¢ € [k]. Since rr({v;, u;s1,2}) = 2 we have ¢;41 + d; —a = 0 over F for each i € [k],
taking indices modulo k. This tells us that ¢;11 = ¢; + a for each i € [k]. By induction on
k it follows that ¢y = (k — 1)a. Then 0 = ¢; = ¢ + a = ka. Since a # 0 we conclude that
k = 0 over F, so the characteristic of F divides k. If the characteristic of F is some proper
factor p of k, then ¢,1; = pa = 0. But then u; and w,;, are parallel in R, a contradiction
since p < k. Thus, k is prime and [ has characteristic k. O

The following lemma shows the connection between Dowling geometries and Reid geome-
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tries. Specifically, every nontrivial extension of a Dowling geometry with lines as long as
possible has a proper Reid-geometry minor. Recall that a matroid M is a nontrivial extension
of a Dowling geometry if M is simple, and has no coloops.

Proposition 7.1.2. For all integers £ > 2 and k > 3, if M € U(¥) is isomorphic to
a nontriwvial extension of DG(k,T') with |I'| = ¢ — 1, then M has a proper Reid-geometry
minor.

Proof. Let e be an element of M so that M\e = DG(k,I") with |[I'| = ¢ — 1. Let B be a
frame for the spanning DG(k,I')-restriction of M, and let B, C B so that B. U {e} is the
unique circuit contained in B U {e} which contains e. Then |B,| > 3, or else cly/(B,) has a
Us pyo-restriction. Let by, by, by be distinct elements of B,, and let N = M /(B — {by, bs, b3}).
Let Ly = cly({b1,b2}) and Ly = cly({b1,b3}). There is some element y spanned by {b, b3}
such that {by,y,e} is a line, or else N/b; has a Uy o-restriction. Let Ly = {by,y, e}, and
R = N|(L;ULyU Lg), so R is a Reid geometry. Note that each long line of R through e or
y other than L3 contains precisely one element from both L; and Ly. Then each element of
(Ly U Ly) — {b1} is on a long line with y, or else e(N/y) > e(R) — ({ — 1) = £ + 2. Similarly,
each element of (L; U Ly) — {b1} is on a long line with e. Thus, each vertex of I(R) has
degree at least two in I(R), so I(R) contains a cycle. O

The following lemma shows that every large-rank doubled clique in ¢/ (¢) has a proper Reid-
geometry minor. Together with Lemma 7.1.1, this shows the connection between doubled
cliques and representable matroids.

Proposition 7.1.3. For each integer £ > 2, if M € U({) is a rank-32" doubled clique, then
M has a proper Reid-geometry minor.

Proof. Define a function ¢: {2,3,...,} — Z by g(¢) = 3, and g(s) = 3(9(8;1)) fors < (. It
is an easy induction proof to show that g(s) < 3@~ for all s > 2. Let k = g(2), and
note that k < 32°. For all integers d > 2 and r > 3, a rank-r d-doubled clique is a simple
matroid M with an element ¢ so that si(M/t) = M(K,), and each parallel class of M/t has
size d. Note that a 2-doubled clique is a doubled clique.

Let s € {2,3,...,¢} be maximal so that there exists a rank-g(s) s-doubled clique M € U(¢)
with no proper Reid-geometry minor. If s = ¢, let L; and Lo be lines of M through e of
length ¢+ 1, and let L3 = {e,x,y} be a line of M through e so that Ly, Ly and {z,y} are
pairwise disjoint. Then R = M|(Ly U Ly U L3) is a Reid geometry, and each vertex of I(R)
has degree two or else R has a U, gio-minor. Thus, I(R) contains a cycle, so s < /.

Let (M/t)|X be a simplification of M /t, and note that (M/t)|X = M(Kyy). Let X be

a collection of (g(s; 1)) size-three subsets of X which correspond to pairwise vertex-disjoint
triangles of (M/t)|X.
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7.1.3.1. For each F' € X there is some xp € F so that clyye, ({t} U F) has a Usia-
restriction.

Proof. Let FF € X. Let L; and Lo be distinct lines of M of length s + 1 through e and
elements of F', and let Ly = {t,x,y} be a line of M with x € F so that x,y ¢ L U Ls.
Then Ly U Ly U Ly is a Reid geometry, and either (L; U Lo U L3)/x or (Ly U Ly U Ls)/y
has a Us ¢ o-restriction, or else the incidence graph has minimum degree two and thus has a
cycle. O

Let C = {zp: F € X}, and let X’ be a transversal of {F — {zp}: FF € X}. Then
si((M/t/C)|X) is isomorphic to a clique, and X’ corresponds to a size- (g(s,j 1)) matching of
(M/t/C)|X. Thus, (M/t/C)|X has a minor with ground set X’ which is isomorphic to
M(Ky(s+1y). So there is some ¢ C X — X' so that (M/t/C/C")|X" = M(Kys41)) and

For each # € X', the matroid (M/C)|clyyc({t,x}) has a Us s o-restriction, by 7.1.3.1
and the definition of C. In M/C/C" there is no line through ¢ which contains two ele-
ments of X', since (M /t/C/C")| X" is simple. Thus, for each x € X', the set {t,z} spans
a distinct Us z4o-restriction of M/C/C". Since (M/t/C/C")| X" = M(Ky(s41), this implies
that (M/C/C")|({t} U X’) has a (s + 1)-doubled-clique restriction of rank g(s + 1). By the
maximality of s, this matroid has a proper Reid-geometry minor. O]

7.2 Approximate Results

For classes of representable matroids, Theorem 1.7.2 has the following corollary, which deter-
mines the correct leading coefficient of the extremal function for a huge family of well-studied
classes.

Theorem 7.2.1. Let ¢ > 2 and o« > 1 be integers so that { > «. Let F be a family of
fields having no common subfield so that « is the size of the largest common subgroup (up
to isomorphism) of size less than €, of the multiplicative groups of the fields in F. Then the
class M of matroids representable over all fields in F and with no Us ¢+o-minor has extremal
function hp(n) = a(3) + O(n).

Proof. By Proposition 7.1.3 and Lemma 7.1.1, M contains no rank-32" doubled clique. By
Theorem 1.2.4, M contains no Dowling geometry with group size greater than a. Thus,

h./\/l(n) < O{(Z) * f1.7,2(€705 + 1732273) "n

for all n > 0. By Theorem 1.2.4, M contains all Dowling geometries over the cyclic group
of size «, s0 haq(n) Za(g) +n for all n > 0. O
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We highlight two special cases which are particularly interesting. The first was conjectured
in [10].

Theorem 7.2.2. Let Fy and Fy be finite fields with different characteristic, and let o be the
size of the largest common subgroup, up to isomorphism, of the groups F and F5. Then the
class of matroids representable over both Fy and Fy has extremal function h(n) = a(;) +0(n)
for all sufficiently large n.

The previous best upper bound on the leading coefficient was ¢2* 1 — ¢®* ' =2, where

q = min(|Fy|, |Fs|), which was proved by Kung [30].

The second special case follows from the fact that the largest finite subgroup of the mul-
tiplicative group of the real numbers has size two.

Theorem 7.2.3. For each integer ¢ > 3, the class of R-representable matroids with no
Us p42-minor has extremal function h(n) = 2(2) + O(n) for all sufficiently large n.

This is the current best upper bound for ¢ > 4. The class of R-representable matroids
with no U;4-minor is equal to the class of regular matroids, so in this case Theorem 1.5.4
says that h(n) = ("}') for all n > 0. When ¢ = 3, Theorem 1.5.7 tells us that h(n) = n?
for all n > 0. However, for ¢ > 4 the previous best upper bound on the leading coefficient is
(=1 — 2=2 proved by Kung in [30].

7.3 Exact Results

Theorem 1.7.6 has the following consequence for quadratically dense classes of representable
matroids.

Theorem 7.3.1. Let F be a family of fields having no common subfield, and let t > 1 be an
integer. Then the class M of matroids representable over all fields in F and with no Usy3-
minor satisfies ha(n) < ¢(5) +n for all sufficiently large n. Moreover, if (M) = t(r(g@) +
r(M) and r(M) is sufficiently large, then si(M) is isomorphic to a Dowling geometry.

Proof. By Proposition 7.1.3 and Lemma 7.1.1, M contains no rank-32""" doubled clique. By
Lemma 7.1.2 and Lemma 7.1.1, M contains no nontrivial extension of DG(3,I") with |['| > ¢.
Thus, Theorem 6.3.1 applies. O]

Whenever the size of the largest common subgroup (up to isomorphism) of the multiplica-
tive groups of the fields in F has size ¢, Dowling geometries over that group give a matching
lower bound for the extremal function. There are two notable cases for which this occurs.
The first was conjectured independently by Nelson [38] and Kapadia [25].
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Theorem 7.3.2. For each integer t > 1, the class of C-representable matroids with no
Uz 1+3-minor has extremal function h(n) = t(;‘) +n for sufficiently large n. Moreover, if n is
sufficiently large and equality holds for M, then si(M) is isomorphic to a Dowling geometry
over the cyclic group of size t.

The second was conjectured by Geelen, Gerards and Whittle in [10].

Theorem 7.3.3. IfFy and Fy are finite fields with different characteristic such that |Fq| —1
divides |Fa| — 1, then the class of matroids representable over Fy and Fy has extremal function
h(n) = (|Fy|—1) (Z) +n for sufficiently large n. Moreover, if n is sufficiently large and equality
holds for M, then si(M) is isomorphic to a Dowling geometry over F7.

In fact, we can prove a result which implies Theorem 7.3.3, and was also conjectured in
[10]. We first need a result about Reid geometries. We remark that if R is a Reid geometry
so that I(R) is connected, then I(R) is either a cycle or a path, since /(R) has maximum
degree at most two.

Lemma 7.3.4. If R and R’ are Reid geometries so that I(R) and I(R') are connected
isomorphic graphs, then R and R' are isomorphic matroids.

Proof. Since I(R) is connected and has maximum degree at most two, either I(R) is a cycle
or a path. We prove the case that I(R) is a cycle of length 2k for some k& > 2; the proof when
I(R) is a path on 2k vertices is nearly identical. Let Ly, Lo, L3 be long lines of R with common
point x so that Ly = {z,y,z}, and L; — {x} = {wy,...,ux} and Ly — {x} = {vq,..., v}
By reordering {uy,...,ux} and {vy, ..., v}, we may assume that {u;, v;, y} and {v;, u; 41, 2}
are lines of R for each i € [k], taking indices modulo k. Note that these lines and Ly, Lo, L3
are the only long lines of R, since for each i € [k], each long line through u; other than L,
contains y or z and a unique element of Ly — {z}.

Let L}, L, L% be long lines of R’ with common point 2’ so that L; = {z/,v/, 7'}, and
Ly —{a2'} = {u),...,u;} and L, — {2’} = {v},...,v.}. Again, by reordering {u}, ..., u}}
and {v{,...,v,}, we may assume that {u],v},y'} and {vj,ul,,2'} are lines of R’ for each
i € [k], taking indices modulo k. Define a function f: E(R) — E(R') by f(e) = €' for each
e € E(R). Then each set Z C E(R) is a long line of R if and only if f(Z) is a long line of
R'. Since r(R) = r(R') = 3, this implies that f is an isomorphism from R to R'. O

For each prime p, define R(p) to be the unique Reid geometry so that I(R(p)) is a cycle
of length 2p.

Theorem 7.3.5. Let F be a finite field with characteristic p, and let M be the class of -
representable matroids with no R(p)-minor. Then ha(n) = (|[F|—1)(})+n for all sufficiently
large n, and if equality holds for M and r(M) is sufficiently large, then si(M) is isomorphic
to a Dowling geometry.
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Proof. Assume for a contradiction that there is a rank-32") doubled clique M € M. By
Proposition 7.1.3, M has a proper Reid-geometry minor R. Since R € M and F has
characteristic p, this cycle has length 2p by Lemma 7.1.1. Thus, R has an R(p)-restriction,
a contradiction, so M contains no rank-32"") doubled clique. By Lemma 7.1.2 and similar
reasoning, M does not contain any nontrivial extension of DG(3,T") with |I'| > |F*|. Thus,
Theorem 6.3.1 applies. O
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Chapter 8

Future Work
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In this chapter we discuss some natural questions which arise from results and conjectures
in this thesis.

8.1 Projections of Dowling Geometries

The results of this thesis indicate that minor-closed classes which contain no rank-n doubled
clique warrant further study. Perhaps the most interesting avenue of further research is
Conjecture 1.7.12, which we restate for convenience.

Conjecture 1.7.12. Let £ > 2 and n > 3 be integers, and let M be a minor-closed class
of matroids so that Uyeia ¢ M, and M contains no rank-n doubled clique. Then there is
an integer k > 0 so that each simple extremal matroid of M with sufficiently large rank is a
k-element projection of a Dowling geometry.

Theorem 1.7.6 shows that this conjecture is true (with & = 0) for classes which do not
contain any nontrivial extension of DG(m,I') with |['| > ¢ for some fixed m > 3. The
extremal matroids in Theorem 1.5.5 are projections of cliques, so this conjecture also holds
for the the class of sixth-root-of-unity matroids and the class of near-regular matroids. As
a final piece of evidence, the extremal matroids representable over GF(4) and GF(5) are
expected to be rank-2 projections of cliques. This is known as Archer’s conjecture [1], and
has been verified by Grace [22] subject to the Matroid Minors Structure Theorem.

Conjecture 1.7.12 may be difficult to prove in general, but there are some cases which
may not be so hard. In general, it should be easier when the maximum group size of a
Dowling geometry in M is close to ¢, because in this case the integer k£ should be smaller.
For example, the following conjecture might be approachable using the techniques of this
thesis.

Conjecture 8.1.1. The simple extremal R-representable matroids with no U, g-minor and
sufficiently large rank are projections of Dowling geometries with group GF(3)*.

A more general approach would be to try to prove Conjecture 1.7.12 for classes which
contain all I'-frame matroids, but do not contain Us |p|44.

In another direction, if Conjecture 1.7.12 is true, then it is worthwhile to study k-element
projections of Dowling geometries. From the perspective of Problem 1.4.1, we would like to
determine all possibilities for the number of points of a k-element projection of a Dowling
geometry. These matroids are not well-studied at all, so perhaps a first step would be to find
a lower bound on the number of points of a k-element projection of a Dowling geometry. In
the case that the Dowling geometry is a clique we make the following conjecture.

Conjecture 8.1.2. For each integer k > 0, if M is a matroid with a spanning clique

restriction G and X C E(M) — E(G) is a rank-k flat of M, then e(M/X) > (T(MQ)H) —
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(3(%) + 2k).

This bound is achieved when M is a specific binary matroid for which each column indexed
by X has support of size four. We may assume that X is a flat, or else the problem reduces to
an instance with a smaller value of k. In [16] Geelen and Nelson proved that this conjecture is
true when £ = 1. It is difficult to even make an analogous conjecture for Dowling geometries
in general. Since each Dowling geometry over a non-cyclic group is not representable over
any field, it is hard to imagine what the ‘worst-case’ k-element projection might be.

Lastly, perhaps there is some analogue of Theorem 1.6.2 for classes with no rank-n doubled
clique.

Problem 8.1.3. What is the structure of matroids with no Us ¢yo-minor, no rank-n doubled-
cligue minor, and a spanning clique restriction?

In the proof of Theorem 1.7.2, Theorem 1.6.2 finds a projective-geometry minor when all
we need is a doubled-clique minor. Since the constant hy go(¢,n) is enormous and plays such
an important role in the proof of Theorem 1.7.2, it would be nice to at least answer Problem
8.1.3 in a way that allows us to use a much smaller constant.

Since it should be much easier to find a doubled-clique minor than a projective-geometry
minor, it might be the case that the matroids in Problem 8.1.3 have a strong structural
description. This is particularly interesting since Problem 8.1.3 applies to many quadratically
dense classes of representable matroids, such as the ones considered in Chapter 7.

8.2 Lifts of Dowling Geometries

Another clear avenue for further research is to try to use the techniques of this thesis to
prove Conjecture 1.4.4, which we restate for convenience.

Conjecture 1.4.4. If M is a quadratically dense minor-closed class of matroids, then there
are integers o« > 1 and t > 0 so that

e hym(n)=a(y) +0(n), and
e for each integer n > t, M contains an («,t)-frame matroid of rank n.

In order to adapt the proof of Theorem 1.7.2 for Conjecture 1.4.4, we would have to make
two improvements. The first would be a result analogous to Theorem 4.0.1, in which we do
not exclude rank-n doubled-clique minors. For such a result to be true, we would have to
reduce both the number of porcupines and the constant g during the proof, but this is not
an issue since Conjecture 1.4.4 has a linear error term.

The second improvement would be replacing Theorem 3.6.1 by a similar result for which
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each outcome leads to either a projective-geometry minor or an («, t)-frame matroid minor.
More specifically, we would have to replace outcome (2) of Theorem 3.6.1, since a collection
of nearly skew spikes is not helpful for finding either of these matroids as a minor. In
order to prove such a strengthening of Theorem 3.6.1 we would have to improve the results
in Section 3.2. In particular, we would need to investigate which structures arise when
(M, f) — d(M/e, f) is large, as in Lemma 3.3.2. This would likely be easier for classes
which contain no DG(k,T") with |['| = 2, because any U, 4-restriction is helpful for finding a
DG(k,I')-minor with |I'| = 2.

If Conjecture 1.4.4 is true, then it is worthwhile to study (c,t)-frame matroids. For
example, it may not be difficult to prove that every (a, t)-frame matroid with huge rank has
an (o, t)-frame matroid minor M with big rank such that si(M/T) is isomorphic to a Dowling
geometry. This would be good first step to refine the structure of (a, t)-frame matroids.

As a second step, since we are interested in matroids with large density, we would like to
solve the following problem concerning («, t)-frame matroids which are at least as dense as
all of their minors.

Problem 8.2.1. What is the structure of an («,t)-frame matroid M so that e(M) =
oz(r(]zv‘[)) +b-r(M) + ¢ for some constants b and ¢, and each minor N of M satisfies

e(N) < a("(év)) +b-r(N)+c?

Theorem 2.1.1 shows that when (¢,b0,¢) = (0, 1,0), the answer is given by Dowling geome-
tries. It seems likely that when ¢ > 1 these maximally dense («, t)-frame matroids are also
described by a group, and the proof may be similar to the proof of Theorem 2.1.1.

Finally, if Conjecture 1.4.4 is true then we would like to use it to find exact extremal
functions, just as we used Theorem 1.7.2 to prove Theorem 1.7.6. To do this we would have
to prove an analogue of Theorem 6.1.1 for (a, t)-frame matroids, where we find a spanning
(o, t)-frame restriction instead of a Dowling-geometry restriction. It is unclear how difficult
this would be, but it is worth investigating since there are several natural minor-closed
classes for which the extremal matroids are conjectured to be lifts of Dowling geometries.
Most notably, lifts of Dowling geometries are likely the extremal matroids for the classes of
GF(p*)-matroids with no PG(n, p)-minor, where p is a prime number.

8.3 Linearly Dense Classes

As discussed in Chapter 1, linearly dense minor-closed classes can be a bit wild. However,
there are some enticing conjectures in [10] which would go some way towards classifying the
extremal functions of linearly dense classes.

Conjecture 8.3.1. If M is a linearly dense minor-closed class of matroids, then
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lim,, o haq(n)/n exists and is rational.

Conjecture 8.3.2. If M s a linearly dense minor-closed class of matroids, then there
exists a sequence (a,bo, by, ..., by_1) of rational numbers so that, for all sufficiently large n,
hap(n) = an + b; where i € {0,...,t —1} and i =n mod t.

These conjectures are not even known to be true for minor-closed classes of graphs, so
they are certainly difficult. On the other hand, Kapadia [25] proved both conjectures in
the case that M is a class of F-representable matroids of bounded branch-width for a finite
field F. Hill [24] was able to generalize this to all classes of bounded branch-width, although
his results have not yet been published. If these conjectures are true, they would indicate
that even the ‘wildest’ minor-closed classes of matroids which exclude a line have some
structure.
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