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ABSTRACT. We characterize a rich class of valuated matroids, called R-minor valuated ma-
troids that includes the indicator functions of matroids, and is closed under operations such as
taking minors, duality, and induction by network. We exhibit a family of valuated matroids
that are not R-minor based on sparse paving matroids.

Valuated matroids are inherently related to gross substitute valuations in mathematical
economics. By the same token we refute the Matroid Based Valuation Conjecture by Ostrovsky
and Paes Leme (Theoretical Economics 2015) asserting that every gross substitute valuation
arises from weighted matroid rank functions by repeated applications of merge and endowment
operations. Our result also has implications in the context of Lorentzian polynomials: it reveals
the limitations of known construction operations.

1. Introduction

Valuated (generalized) matroids capture a quantitative version of the exchange axiom(s) for
matroids, first introduced by Dress and Wenzel [16]. Later, Murota [39] identified them as a
fundamental concept in discrete convex analysis. They play important roles across different
areas of mathematics and computer science, with several applications in algorithmic game

theory.
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Valuated matroids and valuated generalized matroids can be defined in many equivalent
ways: in tropical geometry [20, Theorem 4.1.3], via the interplay of price and demands in
economics [33], or with various exchange properties [39]. We follow [21, 44], and say that a
function f: 2V — R U {~oo} is a valuated generalized matroid if two properties hold:

VX,Y C V with |X| < |Y]:

fX) + f(Y) < max{f(X+j)+f(Y - )} (1a)
jeyY\Xx

VX, Y CVwith [ X|=|Y|andVie X \Y:

FOO+ f(¥) < max{f(X = i+))+ f(V +1 =)} a»)

For fixed r < |V, those set functions (V) — R U {—oo} fulfilling (1b) are valuated matroids. This
means that each layer of a valuated generalized matroid is a valuated matroid. Conversely, one
can represent all valuated generalized matroids by valuated matroids, see Appendix C.

The axiom (1b) can be seen as a quantitative version of the strong basis exchange property
of matroids. Valuated matroids with codomain {0, —c0} correspond to matroids: the sets taking
value 0 form the bases of a matroid, and conversely, every matroid gives rise to such a valuated
matroid. We call these trivially valuated matroids.

R-minor valuated matroids We are interested in the following classes of valuated matroids
arising from independent matchings in bipartite graphs. The term pays tribute to Richard Rado,
who introduced the induction of matroids through bipartite graphs in [50].

DEFINITION 1.1 (R-minor, R-induced). Let G = (VUW, U; E) be a bipartite graph with disjoint
vertex sets VU W and U, edges E with edge weights ¢ € RE, and let M be a matroid on U of rank
d + |W| for some d € N. Such a graph is displayed in Figure 1. We define an R-minor valuated
matroid f: () — Rfor X € (%) as follows.

The value f(X) is the maximum weight of a matching in G whose endpoints in VU W
are X U W, and the endpoints in U form a basis in M. For W = (), the function f is called an
R-induced valuated matroid.

Observe that every R-minor function f on V arises as a (valuated) contraction of an R-
induced function gon VU W,ie. f(X) = g(X UW).

This concept naturally extends to valuated generalized matroids: the endpoints in U should
not form a basis but a set in a generalized matroid.’ In 2003, Frank [40, 42] asked if all valuated
matroids arise as R-induced valuated matroids. The corresponding version of this conjecture for
valuated generalized matroids has been recently disproved by Garg et al. [22, 23], in which they

1 These are defined as the effective domain of a {0, —e}-valued valuated generalized matroid, see Section 7. The
canonical examples are independent sets of matroids.
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Figure 1. A bipartite graph G = (Vv UW,U; F) with edge weights ¢ € Rf and matroid M on vertex set U.
This gives rise to an R-minor valuated matroid on V, as described in Definition 1.1.

observed that valuated (generalized) matroids are closed under contraction, whereas R-induced
valuated (generalized) matroids are not.
Noting that R-minor valuated matroids are precisely the contractions of R-induced valuated

matroids, this suggests a natural refinement of the original conjecture:
Do all valuated matroids arise as R-minor valuated matroids?

A variant of this conjecture on valuated generalized matroids was proposed in [22]. The main
contributions of this paper are (i) showing that R-minor valuated matroids form a complete
class of valuated matroids, a family closed under several fundamental operations, yet (ii) not
all valuated matroids arise in this form, disproving the above conjecture. We then derive

implications for gross substitute valuations and for Lorentzian polynomials.

Complete classes of matroids Let us consider R-induced and R-minor valuated matroids
where M is the free matroid, the matroid all of whose subsets are independent, and c is weight
zero on all edges. The trivially valuated matroids arising this way are transversal matroids and
gammoids, respectively. In 1977, Ingleton [28] studied representations of transversal matroids
and gammoids. He observed that gammoids arise via this simple construction yet form a rich
class closed under several fundamental matroid operations. This motivated the definition of a
complete class of matroids by requiring closure under the operations restriction, dual, direct sum,
principal extension, four key operations that gammoids are closed under. Ingleton showed that
gammoids arise as the smallest complete class by taking the closure of the matroid on a single
element under these four operations. Moreover, complete classes are closed under a number
of other natural matroid operations, including contraction, matroid union and truncation. An
important example of such an operation is induction by bipartite graph, given by fixing a matroid
on one node set of a bipartite graph and inducing a matroid structure on the other node set via
matchings to independent sets. Induction encompasses many other natural matroid operations,
and closure under this operation is what creates the rich structure of complete classes.
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The theory of complete classes was further developed in Bonin and Savitsky [10] who also
collected the necessary properties to define a complete class. Brualdi [13] revealed that if a
matroid is base orderable?, then so is each matroid induced from it. As gammoids are base
orderable but the graphical matroid of K, is not, one can see that not all matroids are gammoids
and that there are larger complete classes strictly containing gammoids.

Gross substitutes A somewhat surprising application of valuated generalized matroids arises
in mathematical economics. Gross substitutability captures the following type of interaction
between prices and demands for goods. At given prices, an agent would like to buy a certain
amount of goods. If the price of a single good increases then we expect that demand for this
good decreases. Gross substitutability dictates that previously desirable goods whose price
is unaffected should remain desirable. This concept is crucial for equilibrium existence and
computation [5, 6, 15], auction algorithms [24, 25, 32], and mechanism design [7, 27].

In the case of discrete (indivisible) goods, an agent determines her demand by maximizing
a valuation function: a monotone set function taking value 0 on the empty set. Hence, gross
substitutability is a property of a function. It turns out that the functions with the gross substitute
property (GS functions) are exactly valuated generalized matroids [44].

For indivisible goods, the property was first formalized by Kelso and Crawford [29] to
show that a natural auction-like price adjustment process converges to an equilibrium. We
also point out that Gul and Stacchetti [25] showed that the so-called Walrasian equilibrium
exists whenever agents’ valuations satisfy the gross substitute property and that, in a sense, the
converse also holds. For further results on gross substitutability, we refer to [45, Chapter 11] and
a survey by Paes Leme [33].

A classical example of GS functions (= valuated generalized matroids) are assignment (OXS)
valuations introduced by Shapley [52]. For a graph G = (V,U; E) with edge-weights ¢ € RE , the

>0’

value v(X) for X C V is defined as the maximum weight matching with endpoints in X.3

Constructions of substitutes By the equivalence with valuated generalized matroids, func-
tions with the gross substitute property can be described in many different ways. Balkanski
and Paes Leme [8] mention eight characterizations of GS functions. Nevertheless, finding a
constructive description of all GS functions/valuations remained elusive.

The first attempt to “construct” all GS valuations was by Hatfield and Milgrom [27]. After
observing that most examples of GS valuations arising in applications are built from assignment

valuations and the endowment operation, they asked if this is true for all GS valuations. Ostro-

2 A matroid is base orderable, if, for any two bases B, and B,, there is a bijection o: B; — B; such that B; - x + a(x) and
B, — g(x) + x are bases for every x € Bj.

3 Shapley introduces the valuations as follows. Assume that vV are workers and U is the set of jobs within a company.
The edge set represents the possibilities (willingness) of assigning workers to jobs, and the weight ¢;; is the value the
company gets by assigning worker i to job j. Then the value of a subset X ¢ V of workers for the company is the
maximum possible value the company gets by assigning workers X to jobs U.
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vsky and Paes Leme [46] showed that this is not the case: some matroid rank functions cannot be
constructed as endowed assignment valuations while all (weighted) matroid rank functions are
GS valuations. Instead, Ostrovsky and Paes Leme proposed the matroid based valuations (MBV)
conjecture. Matroid based valuations are those that arise from weighted matroid rank functions
by repeatedly applying the operations of merge and endowment. Tran [54] showed that using
only merge but no endowment operations does not suffice, but the conjecture remained open.

Originally, interest for such conjectures stemmed from auction design. They are an attempt
at designing a language in which agents can represent their valuations in a compact and
expressible way [33]. Moreover, valuations with a constructive description facilitate more
algorithmic techniques, especially linear programming (see Section 5 and e.g., [23]). The quest for
succinct representations (of matroids) is also intimately connected to questions in parametrized
complexity, see e.g. [31]. In this paper, we analyze and disprove the MBV conjecture through the

lens of complete classes.

Sparse paving matroids A crucial tool for our counterexamples to the conjectures are valu-
ated matroids arising from the well-known class of sparse paving matroids. A matroid of rank
d is paving if all circuits are of size d or d + 1, and sparse paving if in addition the intersection
of any two d-element circuits is of size at most d — 2. Knuth [30] gave an elegant construction of
a doubly exponentially large family of sparse paving matroids; this is essentially the strongest
lower bound on the number of matroids on n elements. In fact, it was conjectured in [37] that
asymptotically almost all matroids are sparse paving; weaker versions were proved in [9] and
[49]. Our main valuated matroid construction is based on sparse paving matroids that arise
from Knuth’s construction.

Lorentzian polynomials Brdndén and Huh [12] recently introduced Lorentzian polynomials
generalizing stable polynomials in optimization theory and volume polynomials in algebraic
geometry. They act as a bridge between discrete and continuous convexity. In particular,
their domains form discrete convex sets, generalizing earlier work connecting matroids and
polynomials, e.g., by Choe et al. [14]. Their connection to continuous convexity is via their
equivalence to strongly log-concave polynomials discovered by Gurvits [26] and completely
log-concave polynomials which were used by Anari et al. [1] in their breakthrough work for
efficiently sampling bases of matroids. This connection has lead to applications in numerous
areas such as combinatorial optimization [2, 3]. Furthermore, they are intimately connected to
valuated matroids via tropical geometry: Brdndén and Huh showed that the space of valuated
matroids arises as the tropicalization of squarefree Lorentzian polynomials.

There is ongoing research regarding the space of Lorentzian polynomials [11]. They are
closed under many natural operations analogous to valuated matroids, therefore a natural ques-

tion is whether one can construct the space of Lorentzian polynomials from certain “building
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block” functions closed under these operations. We use our techniques to deduce limitations of

such constructions.

11 Our contributions

Complete classes of valuated matroids We introduce the notion of complete classes of
valuated matroids. These are classes of valuated matroids closed under the valuated generaliza-
tions of the fundamental operations restriction, dual, direct sum, and principal extension. The
crucial ingredient going beyond the basic operations already introduced in [16] is (valuated)
principal extension. This is a special case of transformation by networks [39, Theorem 9.27].
These operations appeared as ‘linear maps’ and ‘linear extensions’ in tropical geometry [20,
38]. Right from the definition, valuated gammoids are seen to form the smallest complete class
of valuated matroids (Theorem 3.6).

The valuated matroids arising as building blocks in both Frank’s question and the MBV
conjecture arise as R-minor valuated matroids. As both discuss closure under fundamental
operations, the study of their complete classes gives rise to a common framework. We can also
consider existing results from different fields in a unified manner: The proof of Ostrovsky and
Paes Leme [46] that endowed assignment valuations do not exhaust all GS functions is based
on a valuated analogue of (strongly) base orderable matroids. Also the work on Stiefel tropical
linear spaces in tropical geometry [17, 18] can be considered as the study of representations in
the complete class of valuated gammoids.

Complete class containing trivially valuated matroids After introducing complete classes,
animmediate question arises: does the smallest complete class that contains all trivially valuated
matroids cover all valuated matroids? Or in other words, does the smallest class that contains
all trivially valuated matroids and is closed for deletion, contraction, duality, truncation, and
principal extension exhaust all valuated matroids?

We show that the smallest class of valuated matroids that contains all trivially valuated
matroids and is closed for the above operations is exactly the class of R-minor valuated matroids.
Thus, the above question asks if every valuated matroid is an R-minor valuated matroid. We can
use an information-theoretic argument to show that not all valuated matroids are R-induced by
constructing valuated matroids with many independent values (Appendix D). However, such an
argument does not seem to extend to R-minor valuated matroids, since the size of the contracted
set W may be arbitrarily large. Thus, the construction disproving the more general claim relies
on a well-chosen family of valuated matroids.

Non-R-minor valuated matroids The most challenging part of our paper is proving that
there are valuated matroids that are not R-minor valuated matroids. In particular, we show
that none of the valuated matroids in the following family is R-minor.
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DEFINITION 1.2. For n > 3, we define 7, as the following family of functions ('4") — R. Let
V =[2n], P; = {2i — 1, 2i} for i € [n], and let

H={P;UPj|ij=0 mod 2} (H-def)

i.e. we take pairs such that at least one of i and j are even. Let X* = Py U P, = {1,2,3,4}. A
function h : (Z) — R U {—o0} is in the family ¥, if and only if the following hold:

— h(X)=0ifX e () \ H,

— h(X) <0ifX € ‘H,and

— h(X™) is the unique largest nonzero value of the function.

THEOREM 1.3 (Main). Ifn > 3, then all functions in ¥, are valuated matroids. If n > 16, then
no function in ¥, arises as an R-minor function.

The functions in 7, are derived from sparse paving matroids; our construction was inspired
by Knuth’s [30] work. The construction also resembles the Vamos matroid which is an example
of a matroid that is not representable over any field, see [47, Proposition 2.2.26]. We note that if 8
is the family of bases of a sparse paving matroid of rank d, then any function h : (Z) — RU{-00}
with h(X) = 0if X € 8 and h(X) < 0 otherwise gives a valuated matroid, see Appendix A. This
implies in particular that all functions in ¥, are valuated matroids.

As our family allows still for quite some flexibility and it is conjectured that almost all
matroids are sparse paving [37], one could guess that even almost all valuated matroids might
not be R-minor. But the development of the framework for making such a statement goes
beyond the scope of this paper.

Refuting the Matroid Based Valuation Conjecture Building on Theorem 1.3, we also refute
the MBV conjecture by Ostrovsky and Paes Leme [46]. This is done by considering valuated
generalized matroids corresponding to R-minor valuated matroids and reduce to Theorem 1.3
by considering their layers.

First, we show that every function that can be obtained from weighted matroid rank
functions by repeatedly applying merge and endowment is an Ri-minor valuated generalized
matroid — the class of valuated generalized matroids arising by contraction and induction from
generalized matroids. Garg et al. [22] proposed the conjecture that all valuated generalized
matroids have an R¥-minor representation.

Then, we show that the function h: 2V — R defined as follows is a valuated generalized
matroid but not Ri-minor (Theorem 7.14). This disproves the conjecture in [22], as well as the
MBV conjecture. For an arbitrary valuated matroid h € 7, taking values only in (-1, 0], we
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define
1X| for | X| < 3,
hi(X) :={4+n(X) for|X|=4,
4 for | X| > 5.

We achieve this by focusing on the function restricted to all 4-subsets of V. This is an R-minor
valuated matroid and therefore allows us to apply Theorem 1.3. Note that the function h% has
the additional structure of being monotone and only taking non-negative finite values, as the
MBV conjecture refers to valuations. Finally, we note that while matroid based valuations form
a subset of R¥-minor valuated generalized matroids f that are monotone and f(0) = 0, it is

unclear whether the containment is strict or if these two classes coincide.

Lorentzian polynomials A fundamental operation which preserves Lorentzian polynomials
is by the multiplicative action of non-negative matrices in the argument [12, Theorem 2.10]. This
means that, given a Lorentzian polynomial p in n variables, a non-negative matrix A € R™¥
and a variable vector (y4,..., Yx), the polynomial given by p(A - y) € R[y4,..., yx] is also
Lorentzian.

We demonstrate that several basic operations for Lorentzian polynomials translate to
the basic operations considered for valuated matroids via tropicalization, where one replaces
the polynomial by a map from the exponents to the respective coefficients. Most notably, the
multiplicative action of non-negative matrices on Lorentzian polynomials translates to induction
via bipartite graphs for valuated matroids (Theorem 8.10).

Taking polynomials which correspond to our family of counterexamples given in Defi-
nition 1.2 via tropicalization, we can deduce limitations on constructions of Lorentzian poly-
nomials. Explicitly, we show that not all Lorentzian polynomials over the Puiseux series can
be realized by the action of non-negative matrices on generating functions of matroids (Theo-
rem 8.13). We then show a weaker restriction for Lorentzian polynomials over the reals, namely
that there exist Lorentzian polynomials that would require arbitrarily large matroids to be
realized by this construction. The proof is based on the relation between polynomials over

real-closed fields via Tarski’s principle.

1.2 Organization of the paper

In Section 2, we define the operations on valuated matroids: restriction (deletion), contraction,
dual, principal extension, induction by network, and induction by bipartite graph. Complete
classes of valuated matroids are introduced in Section 3, where we also prove that R-minor
valuated matroids form a complete class.

Theorem 1.3 is proved in two parts. The proof that functions in 7, are valuated matroids
follows from simple case analysis given in Appendix A. We prove that no function in ¥, arises as
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an R-induced minor function in Section 6; the proof uses several lemmas on Rado representations
of matroids given in Section 4, and lemmas on the LP representation of R-minor valuated
matroids given in Section 5. A roadmap to the main proof is given in Section 6.1.

Valuated generalized matroids and the MBV conjecture are treated in Section 7. Section 8

presents implications of our work for constructions of Lorentzian polynomials.

1.3 Notation

We denote a matroid M by M = (U, r) where U is the ground set of the matroid and r = rp, is
the rank function of the matroid. We assume familiarity with the basic concepts in matroid
theory; we refer the reader to Oxley’s book [47] for an introduction to matroids. Our notation
of the major operations on matroids follows the notation of valuated matroids introduced in
Section 2, as these are special cases of the valuated operations.

A function p : 2V — R is submodular if for every A,B € 2" it holds p(A) + p(B) >
p(A N B) + p(A U B). The rank function of a matroid is well-known to be submodular.

Given a set V, we denote its set of subsets of cardinality d by (Z) Given two sets X,Y, we
denote their disjoint union by XUY.

We denote a bipartite graph G by G = (V,U; E), where V and U are the two parts of the
node set and E is the edge set. For a subset of nodes Y € U U V, we denote the set of neighbours
of Y by I'c(Y) or I'r(Y). When the graph is clear from the context, we drop the subscript. Given
a set of edges u C E and a subset of nodes Y, we let 9y (u) denote the nodes in Y incident to the
subgraph induced by u. For a cost function ¢ € RE, we let c(u) := 2ecu Ce denote the cost of the
edge set u. By a network or directed network, we will refer to directed graphs.

2. Operations on valuated matroids

For a valuated matroid f, its (effective) domain dom( f) is formed by those sets X on which
f(X) > —oo. The exchange property implies that it forms the set of bases of a matroid. The rank
rk(f) of a valuated matroid f is the rank of the underlying matroid dom( f).

DEFINITION 2.1. Let f: (Z) — R U {—o0} be a valuated matroid with d = rk(f),andY c V
some subset of V.
(i) IfV\Y has full rank in dom( f) then the deletion of f by Y is the function f\Y: (Vc\ly) —
R U {—0} defined as

d

This is also called the restriction to V \ Y and denoted by f|(V \Y). If V \ Y does not
have full rank in dom( f'), the deletion is the function attaining only —oco.

(FA\Y)(X) = f(X), VX e (V\Y).
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V\Y

(i) IfY isindependent in dom(f), the contraction of f by Y is the function f/Y: ( -y

R U {—0} defined as

) —
V\Y
(f/Y)(X) = f(XVUY), VXe¢ :
d—[Y]
IfY is not independent in dom( f'), the contraction is the function attaining only —oco.
(ili) The dual of f is the function f*: (| ;) — RU {—co} defined as

V|-d
F=fon, vxe( !
) ’ Vi-dJ
(iv) The truncation of f is the function f@: (,¥,) — R U {~oco} defined as

f(l)(X) _ g‘?\}}(f(xuv), VX € (d‘i 1).

The iterated truncation for 1 < r < d — 1 is given by fU+V = (f(0)(@),

(v) For a weight function w € (R U {—c0})Y, the principal extension f* of f with respect to
w is the valuated matroid on V U p of rank d, for an additional element p, with f*|V = f
and

fW(Xup)zg‘f\\})(((f(XUv)+wv) for all Xe(d‘il).

REMARK 2.2. Our definition of deletion and contraction differs from the usual definition, e.g.
in [16], in that we impose these rank conditions. The usual definition of deletion (and dually
contraction) for matroids could equally be formulated by first performing a truncation (to the
rank of the remaining set) and then a deletion. While for unvaluated matroids this is the same,
for valuated matroids the naive deletion, where the remaining set does not have full rank,
would result in a function only taking —co as value. Our reason to be more restrictive with
deletion and contraction is that these definitions allow for simple ‘layer-wise’ extensions to
valuated generalized matroids in Section 7 and they tie in more naturally with operations on

polynomials as we demonstrate in Section 8.

EXAMPLE 2.3. The most basic examples of valuated matroids are those with trivial valuation,
where only the values 0 and — are attained (following naming as in [17]). Such valuated
matroids can be identified with the underlying matroid. Each of the operations listed in Defini-
tion 2.1 are valuated analogues of matroid operations, see [47] for formal definitions. These
operations can also be recovered by restricting the valuated operations to trivially valuated
matroids. L 2

EXAMPLE 2.4. Valuated matroids corresponding to the layers of the assignment valuations
are transversally valuated matroids. For a bipartite graph G = (V,U; E) with edge weights
c € RE, we define a transversally valuated matroid f: (|‘L/,|) — R U {—oo} by setting f(X) to the



1 /67 TheoretiCS On complete classes of valuated matroids

0]
! I
! 1\
1 AR
1 1 \
1 1 \
() ®
1 2 3 4

Figure 2. The bipartite graph realising the transversally valuated matroid from Example 2.4. The
dashed edges have weight zero and the solid edges have weight one.

14

maximum weight of a matching whose endpoints in V are exactly X, for X € (|U|

); if no such
matching exists then we set f(X) = —oo.

Let V = [4] and consider the valuated matroid f: () — RU {—co} defined as

f(12) = —o0, f(13) =0, f(14) =0, f(23) =1, f(24) =1, f(34) =1.

This valuated matroid is transversally valuated as it can be realized via the weighted bipartite
graph shown in Figure 2. L 4

EXAMPLE 2.5. One source of valuated matroids arises from matrices with polynomial en-
tries. Let A be a matrix with d rows and columns labelled by V, whose entries are univariate
polynomials over a field. For J C V, we denote by A[]] the submatrix formed by the columns
labelled by J. The valuated matroid induced by A is defined to be

f(J) = degdet A[/],

where f(J) = —ooifdet A[J] = 0 or A[]] is non-square, see [39, Section 2.4.2] for further details.
Recall the valuated matroid from Example 2.4. Observe that we can also represent this

matrix via the polynomial matrix

1 ¢tt¢t0
0011

e.g. f(23) =deg(t) =1. L 4

Recall the following matroid operations for combining matroids. Consider two matroids
My and M, on not-necessarily disjoint ground sets Uy, U, with sets of independent sets 11, 7;.
Their matroid union is the matroid M; V M, on the ground set U; U U, with independent sets
givenby I = {I U1, :i; € I;}. If Uy, U, are disjoint, then we call M; & My := My vV M, their
direct sum. These operations also have valuated analogues.

DEFINITION 2.6 (Valuated matroid union). Let f; and f, be valuated matroids on ground
sets V1 and V;, with ranks d; and dy, and let V = V; U V. The (valuated) matroid union of f; and
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fris(fiV fa): (d1Zd2) — R U {—o0}, where

(v L)) :maX{fl(Y)+fz(X\Y) ' YCX,Ye (Zi),X\Y c (dV)}

Undefined sets get the value —oo.

Note that for the special case when V; and V; are disjoint, the only sets with finite value
are X such that |X N Vy| = d; and |X N V;| = d,. For this case, we can write a simpler formula.
This will also be called the direct sum of f; and f, and denoted as (f; @ f2): ( ) > RU {—o0}.
Thus,

\%4
d1 +d2

(fi® f2)(X) = A(XNV) + (X N V)

with value —oco unless | X N V| = dqy and | X N V| = dy.

EXAMPLE 2.7. Given a matroid on some ground set, it is often useful to extend that ground set
to a larger ground set by adding coloops, elements contained in all bases. The same construction
can be generalized to valuated matroids in the following way.

Let f be a valuated matroid on ground set V, and W a disjoint set from V. We define the
free valuated matroid fry, on W to take the value 0 on W (and all sets of smaller size get value
—00); so the ground set itself is the only basis of the underlying matroid. Then the direct sum of
f with fry is given by

flY) X=YUuw
(f & frw)(X) = :
—oo  otherwise
In particular, note that f = (f @ fry)/W. This construction of adding coloops to a valuated

matroid will be useful throughout. 4

2.1 Induction by networks

The next operation is very powerful and can be seen as a vast generalization of Rado’s theorem
(Theorem 4.2). Somewhat surprisingly, we show that it can be modelled by the basic operations
defined so far. This can be seen as a generalization of transversal valuated matroids (Exam-
ple 2.4). Instead of finding a maximum weight matching in a bipartite graph, we embed V and
U into a directed network, with a valuated matroid g on U. For a subset X of V, we consider
the maximum weight set of node-disjoint paths from X to a subsetY C U, plus g(Y). As a
special case when g is the 0/—co indicator function of a matroid, this means that we need to find
node-disjoint paths to an independent set.

DEFINITION 2.8. Let N = (T, A) be a directed network with a weight function ¢ € R4. Let
V,U C T be two non-empty subsets of nodes of N. Let g be a valuated matroid on U of rank d.
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p U’

Figure 3. Given a valuated matroid g on U and w € (RU {-})Y, the principal extension g" is realized as
the induction of g via the above bipartite graph, as given in Remark 2.10. The dashed edges are
weighted zero, while the solid edges (p,u) are weighted w,.

Then the induction of g by N is a function ®y(N, g, ¢): (;) = RU {—oco}. For X € (%), one sets

Dy (N, g 0)(X) = max {Z c(a) +8(Y)

node-disjoint paths £ in N : }
aepP

w(P)=XAdy(P)=Y

Note that the maximization can also result in —co if no node-disjoint paths exist from X to a set
with finite value. It is even possible that dom(®y (N, g, c)) = 0.

In the special case that the directed network is bipartite with the edges directed from
V to U, we can also consider this as an undirected weighted bipartite graph G and call the
corresponding operation induction by bipartite graphs. In this case, we drop the dependence on
V and just use the notation ®(G, g, ¢).

THEOREM 2.9 ([39, Theorem 9.27]). Let N, g, c and V as in Definition 2.8. If dom(®y (N, g, ¢))
Is non-empty, the induced function is a valuated matroid.

While it is a special case of induction by networks, induction by bipartite graphs is an
extremely powerful operation. Many of the operations introduced so far can be modelled using
induction by bipartite graphs, which is a key observation in the proof of Theorem 2.12.

REMARK 2.10. Recall from Definition 2.1 the principal extension g" of a valuated matroid
g on ground set U with respect to a weight vector w € R U {—co}Y. We write the ground set
of g as U’ U {p} where p is a new element and U’ a copy of U, with a copy u’ € U’ for each
uecU. LetG = (V,U; E) be the bipartite graph with V = U" U {p} where the edge set E consists
of (W, u) and (p, u) for all u € U, and the weight function c takes the value zero on (v, u) and
wy on (p, u); this graph is displayed in Figure 3. Then the principal extension g% is precisely
®(G, g, ¢), the induction of g through G onto U’ U {p}. More details why this holds are provided

in Lemma B.3.
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Valuated .
Transversally VM C gammoids C R-minor VM
¢ &

R-induced VM Q N-induced VM

Figure 4. The inclusion relationship between classes of valuated matroids.

Furthermore, the following lemma shows we can realize induction by a network as induc-
tion by a bipartite graph followed by a contraction. Given the power of this operation, it shall
be a key construction throughout.

LEMMA 2.11. Let N be a directed network with weight function d and g a valuated matroid
on U such that f = ®y(N, g,d) is again a valuated matroid. Then there is a bipartite graph
G = (VU W,U U W’; E) with weight function ¢ € RV"*W and a valuated matroid h on U U W’ such
that f = (®(G, h,c))/W.

We end this section by stating that valuated matroids are closed under all the operations
introduced so far. We defer the proof of this and the previous lemma to Appendix B.

THEOREM 2.12. The class of valuated matroids is closed under the operations deletion, con-
traction, dualization, truncation, principal extension, direct sum, matroid union.

3. Classes of valuated matroids

In the following, we consider certain classes of valuated matroids that arise naturally in combi-

natorial optimization.

(i) The class of transversally valuated matroids are those valuated matroids arising from
trivially valuated free matroids by induction via a bipartite graph.
(i) The class of valuated gammoids are contractions of those valuated matroids arising
from trivially valuated free matroids by induction via a bipartite graph.
(iii) The class of R-induced valuated matroids are those valuated matroids arising from
trivially valuated matroids by induction via a bipartite graph.
(iv) The class of N-induced valuated matroids are those valuated matroids arising from
trivially valuated matroids by induction via a network.
(v) The class of R-minor valuated matroids are those valuated matroids arising as contrac-
tions of R-induced valuated matroids.

Transversally valuated matroids are essentially the layers of assignment valuations, see
also Example 2.4. They were extensively studied in [17], which also considered the class of
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U3

R4 Y
&

X

1 2 3 4 5 6 7 1 2 3 4 5 6
Figure 5. Two representations of the Snowflake, defined in Example 3.1. The left is a valuated gammoid
representation, where the element 7 is contracted. The right is an R-induced representation with
induced matroid U, 3. All edges are weighted zero.

valuated strict gammoids, a subclass of valuated gammoids, from the perspective of tropical
geometry.

The inclusion relationship between these classes is shown in Figure 4. These are laid out
in the following example and lemmas.

EXAMPLE 3.1. Consider the valuated matroid on six elements of rank two that takes the value
—oo on {12, 34,56}, and 0 on all other pairs of elements. This valuated matroid, referred to as
the “Snowflake”, has been studied in tropical geometry: in particular it is not a transversally
valuated matroid as shown in [17, Example 3.10]. However, it is both a valuated gammoid and an
R-induced valuated matroid, as given by the representations in Figure 5. L 2

LEMMA 3.2. The class of valuated gammoids forms a strict subclass of R-minor valuated ma-
troids.

PROOF. Containment is given by Theorem 3.6. By [46, Lemma 1], valuated gammoids are
(strongly) base orderable. However, any trivially valuated matroid that is not base orderable is

an R-induced valuated matroid, giving strict containment. u

LEMMA 3.3. The class of R-induced valuated matroids forms a subclass of N-induced valuated
matroids and a subclass of R-minor valuated matroids. Furthermore, N-induced valuated matroids
form a subclass of R-minor valuated matroids.

PROOF. The inclusion of R-induced within N-induced and R-minor are immediate from defini-
tion. Furthermore, Lemma 2.11 shows how to represent an N-induced valuated matroid as an

R-minor valuated matroid. [

The strictness of the inclusion between N-induced valuated matroids and R-minor valu-

ated matroids remains unresolved. From an algorithmic point of view, it would be desirable
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for N-induced valuated matroids to exhibit concise representations in the spirit of the small
representation of gammoids in [31]; see [51, Section 39.4a] for more on transversal matroids

and their contractions, the gammoids.

CONJECTURE 3.4. Let N = (T, A) be a directed network with a weight function ¢ € R4. Let
V,U C T be two non-empty subsets of nodes of N. Let g be a valuated matroid on U of rank d.

Then there is a directed network N’ = (T’, A”) with U,V C T’, and arc weights ¢’ € R4 such
that ®y(N, g,c) = ®y(N’, g, c’) and such that |T’| is polynomial in |V| and |U|.

As we show in Appendix D, R-induced valuated matroids have a polynomial size represen-
tation. However, the information-theoretic argument given does not extend to N-induced and
R-minor valuated matroids as it cannot control the size of the contracted set. This suggests that
several of the inclusions in Figure 4 should indeed be strict.

31 Complete classes

DEFINITION 3.5 (Complete class). Let ‘V be a subset of the set of valuated matroids. We
call vV a complete class if it is closed under taking restriction, duals, direct sum and principal
extension.

The original definition of a complete class of matroids included many other operations
including contraction, truncation and induction. We extend [10, Theorem 6.1] stating that these
four operations suffice to define a complete class for valuated matroids.

THEOREM 3.6. A complete class of valuated matroids is closed under taking contraction, trun-
cation, induction by bipartite graphs, induction by directed graph and valuated union.

Furthermore, valuated gammoids forms the smallest complete class. Hence, they are con-
tained in all complete classes.

PROOF. The first claim follows from Lemma B.1, Lemma B.2, Lemma B.3, Lemma B.4 and
Lemma 2.11.

A non-empty complete class must contain the free matroid on one element. By taking
iterated direct sum, this yields all free matroids. Then closure under induction by bipartite
graphs and minors yields valuated gammoids. u

3.2 R-minor valuated matroids

The classes of valuated matroids discussed in the beginning of this section arising from induc-
tion through a network may only be induced by trivially valuated matroids. As discussed in
Example 2.3, a trivially valuated matroid g can be identified with its underlying matroid M,
where g(X) takes the value zero on bases of M and —oco otherwise. Working with this underly-
ing matroid shall be more convenient much of the time, therefore we extend the notation of
Definition 2.8 to define ®y (N, M, ¢) := ®y(N, g, C).
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Figure 6. The network N constructed from a graph G inducing the principal extension of an R-minor
valuated matroid, as described before and within Lemma 3.8.

Let f be an R-minor valuated matroid on V. By definition, there exists an R-induced
valuated matroid f on VUW such that f = f/W. By definition, there exists some bipartite graph
G = (VUW, U; E) with edge weights ¢ € R and matroid M = (U, r) such thatf = ®(G, M, c); we
say f has an R-induced representation (G, M, c). As f = ®(G, M, ¢)/W, we extend this notation
to say that f has an R-minor representation (G, M, c, W), where W is the set to be contracted.

In the following, we show that R-minor valuated matroids are closed under deletion,
principal extension, duality and direct sum, making them a complete class. In the following we
shall assume f is an R-minor matroid with representation (G, M, ¢, W) as above.

LEMMA 3.7. For asubset X C V, let G \ X be the graph obtained from G by deleting the nodes X
and all edges adjacent. The deletion f \ X is represented by (G \ X, M, c,W).

PROOF. This follows by the definition of deletion. u

Let w € (RU {-})" and consider f*. Let V’, W’ denote copies of V, W, and define a
network N = (T, A) onthenode setT = (V' UW’' U {p}) U (V UW) U U, where p is a new node.
We write V=V UW’ U { p} to ease notation. The arc set A weighted by ¢’ € R4 consists of arcs
(v, v) with weight 0, where v’ € V' U W’ denotes the copy of v € V U W. We also add arcs (p, v)
with weight w,, for all v € V, and arcs (v, u) for all edges E of G with weight inherited by c. The
constructed network N is displayed in Figure 6. This network can intuitively be thought of as
the “concatenation” of G with the graph from Remark 2.10.

LEMMA 3.8. The principal extension f" arises as the contraction of ®3(N, M, c) by W'. In
particular, it can be represented as an R-minor valuated matroid.

PROOF. Consider a subset X C V U {p}, the principal extension f" is defined as

0 = (F/W)™ () = IflaX\;eV\y (fxuvuw)+w,) X=YU{p} |
f(XUW) péx

We claim that &3(N, M, ¢)(X" U W’) = f"(X) for X" C V' U {p}.
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Figure 7. Construction of R-minor representation for f*.

If p ¢ X’, then the value of ®3(N, M, ¢)(X’ U W’) is simply the maximal independent
matching in G to X U W with no contribution from the zero edges, i.e. ®3(N, M,c)(X’) =

f(XUW).If X" =Y’ U {p}, then the value of ®;(N, M, ¢)(X" UW’) is the maximal independent
matchingin GtoY Uv U W for some v € V' \ Y, plus w,, picked up from the arc (p,v), i.e.

(N, M, o) (X' UW') = max (FYuvuw)+wy) ,

which is precisely the value of f". Therefore f" = ®3(N, M, ¢)/W’. Applying Lemma 2.11, we
can represent @5 (N, M, ¢) as an R-minor valuated matroid, and therefore also f. u

Consider the dual valuated matroid f*, we claim it can be represented in the following
way. Let U’, V/, W’ be copies of U, V, W respectively. Let G’ = (UUVUW,U" UV’ UW’, E’) whose
edge set E’ consists of edges

E={(v,V)|veUuVvuw}u{(uVv)| (v,u) € E}.

The edge weights are given by ¢’ € RF where ¢’(v,V") = 0 and ¢’(u, V') = c(v, u). This graph is
displayed in Figure 7. We also use in our representation the matroid M’ = M* & fry.yw, the
direct sum of the dual matroid M* = (U’,r*) and the free matroid on V' U W".

LEMMA 3.9. The dual f* is an R-minor valuated matroid.

PROOF. Let f = f/W, then its dual is f* = (f/W)* = (f)* \ W by Lemma B.1. As R-minor
valuated matroids are closed under deletion by Lemma 3.7, we are done if we can show (f)* is
an R-minor valuated matroid. We claim that ( f)* is represented by (G’, M’, ¢, U).

Fix some X C V, we shall compute ®(G’, M’, ¢’)(X U U). First observe that v € X can only
be matched to Vv’ € X’ with weight zero, and that there are no matroid constraints on these edges.
Therefore the rest of the matching is an independent matching from U to (U' UV’ UW’) \ X". For
any independent matching, Y € U matches to (V' UW’) \ X’ if and only if U’ \ Y’ is independent
in M=, which by matroid duality only occurs when Y is independent in M. Therefore all
independent matchings are of the form

{wV) | (vw eupu{(v,v)|veXu(U\Y)}
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where u is an independent matching in G from (VU W) \ X to Y C U. As the weights of these
edges are either O or inherited from G, we have

(G, M, ) XUU) = fF(VUW)\X) = (/)"X),

implying that (f)* = ®(G’, M, ¢’)/U as claimed. AsU, W are disjoint, contracting and/or deleting
them commute and so f* has the representation (G’ \ W, M/, ¢/, U); the same representation as
(f)*, but with W deleted from G’. n

LEMMA 3.10. Let fi and f; be two R-minor valuated matroids represented by (G, My, c1, W1)
and (G, My, co, W5). Then fi @ f, is represented by (G’, M1 & My, ¢/, W1 U W), where G’ and its
weight function ¢’ arises by taking the union of the weighted graphs G, and G,.

PROOF. This follows from the definitions. ]

THEOREM 3.11. The set of R-minor valuated matroids forms a complete class of valuated
matroids.

PROOF. This follows directly from Lemmas 3.7, 3.8, 3.9 and 3.10. ]

4. Rado representation of matroids

Our proof of Theorem 1.3 relies heavily on the properties of (unvaluated) matroids arising
from the valuated matroids in #,. More precisely, the proof relies on the properties of the R-
induced and R-minor representations of the underlying matroids. In this section, we specialize
R-representations to matroids (without valuation) and give several lemmas that will be used
later in Section 6. For a representation of a matroid, we do not care about the weights of the
edges in the bipartite graph but only the existence of the independent matchings. Then the
representation boils down to well-known results in matroid theory. This allows us to deduce
useful structural statements and uncrossing properties.

DEFINITION 4.1 (Rado representation). Let G = (V,U; E) be a bipartite graph and M =
(U,rp) be a matroid. We define a matroid N on V as follows. A set X C V is independent in N
if there exists S C U such that there is a perfect matching in the subgraph induced by (X, S) and
S is independent in M. We say that (G, M) is a Rado representation of N.

The following theorem verifies that this construction indeed defines a matroid, and char-

acterizes its rank function.

THEOREM 4.2 (Rado’s theorem [47, 50]). Let N be as in Definition 4.1. Then N is a matroid.
Moreover, a set X C V is independent in N if and only if rp((I'(Y)) > |Y| for allY C X. If a set
X C Visacircuit in N, thenrp(I'(X)) = | X| - 1.
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A more general representation can be obtained as minors of the above.

DEFINITION 4.3 (Rado-minor representation). Let G = (VUW, U; E) be a bipartite graph and
M = (U, rp) be a matroid. We define a matroid NV on V as follows. A set X C V is independent
in N if there exists S C U such that there is a perfect matching in the subgraph induced by
(X UW,S) and S is independent in M. We say that (G, M, W) is a Rado-minor representation
of N.

PROPOSITION 4.4. Let N be as in Definition 4.3. Then N is a matroid. Moreover, X C V is
independent in N if and only if for all Z C X UW it holds that ryp(T'(Z)) > |Z|. Ifaset X CVisa
circuit in N, then there exists Z' C X UW with X = Z' NV such that rp(T'(Z7)) = |Z'| — 1.

PROOF. Consider G, W and M as in Definition 4.3. Then, let N/ be the matroid on V U W with
Rado representation (G, M). By definition of contraction, N can be obtained by contracting W
in N’. The first two parts of the proposition follow immediately from Theorem 4.2.

For the final statement, note that if X is a circuit of N, there exists a circuit Z’ of N’
such that X = Z’ NV [47, Proposition 3.1.10]. Applying Theorem 4.2 gives the final part of the
proposition. u

Any matroid that has no independent sets other than the empty set is said to be an empty
matroid. We next introduce some basic matroidal notions, and present their properties in the
context of Rado representations. Recall the notions of matroid union and direct sum motivating
Definition 2.6. We restate them here for clarity, along with some additional related notions for

decomposing matroids.

DEFINITION 4.5 (Direct sum, Disconnected). Let Uy, ..., Uy be disjoint sets. For i € [k] let B;
be the bases of matroid M; on U;. The direct sum M1 @ - - - ® My is a matroid M on U = UleUi
with bases 8 = {L'szlBi : B; € B;}. We say that a matroid M is disconnected if it is a direct sum

of at least two non-empty matroids. A matroid is connected if it is not disconnected.

DEFINITION 4.6 (Matroid union, Fully reducible). Fori € [k], let 7; be the set of independent
sets of the matroid M; on U. The matroid union My V --- V My is a matroid M on U with
independent sets given by J = {Uileli : I; € 1;}. If additionally r(M) = le r(M;), then M is
the full-rank matroid union of My, ..., Mk (see [14]).

We say that a matroid M is reducible if it is a matroid union of at least two non-empty
matroids. Further, M is fully reducible if it is a full-rank matroid union of at least two non-empty

matroids.

We will use the rank formula of matroid union, see e.g. [19, Theorem 13.3.1].
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THEOREM 4.7 (Edmonds and Fulkerson, 1965). Consider the matroid union M = MyV-- -V My
for matroids My, ..., My, k > 2 on the ground set U, and let r; denote the rank function of the
i-th matroid. Then for any X C U, the rank r(X) in M equals

k
r(X) = min{Zri(Z) +1X\Z|: Z gx} .

i=1

Consequently, if X is a circuit in M then Zle ri(X) = |X| -1

LEMMA 4.8. Let N be a matroid with a Rado representation (G, M), where G = (V,U; E) and
M = (U,r). Assume that M = My & --- & My, with k > 2, for matroids M; = (U, r;), and
['(V) NnU; # 0 for every component of M. Then, N is reducible. Furthermore, if rn (V) = ry(U),
then N is fully reducible.

PROOF. Let N; be the matroid with Rado representation (G;, M;), where G; = (V,U;; E;)
and E; is the set of edges between V and U;. Then each independent set in N arises from a
matching that is composed of matchings on the G;. Hence, the definition of matroid union
yields N = N1 V...V Ni. By the assumption, I'(V) N U; # 0 for each i € [k], hence each N; is a
non-empty matroid. Using k > 2, then N is reducible. The second part follows from

Y‘N(V) < er(V) +--- 4 T’Nk(V) <T'my (U]) +--- 4+ er(Uk) = I"M(U) . [ |

41 Uncrossing properties for Rado-minor representation

We now present some technical statements for Rado-minor representations that will be used in
the proof of Theorem 1.3. Consider a matroid &V on ground set V with Rado-minor representation
(G, M,W) where G = (VUW,U;E)and M = (U,r).

For a subset X of the ground set V of N, wesaythatZ C VUW isan X-setifZNnV = X.
ForZ CcVUW,let

p(Z) =rI(Z)) - |Z].

For an X-set Z, we give lower bounds on p(Z) depending on the independence of X in N.
Throughout, we will use X,Y for subsets of V; and Z, I, J for subsets of V.U W, i.e., X-sets for
some X C V are denoted with letters Z, I, J.

LEMMA 4.9. The function p : 2"YW — Z defined above is submodular. Let X C V and consider
any X-set Z.
(ind) If X is independent in N, then p(Z) > 0.
(cir) If X is a circuit in N, then p(Z) > —1. Moreover; in this case there is an X-set Z such that
p(Z) =-1.
(span) If X contains a basis of N, then p(Z) > r(N) — |X|.
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PROOF. The function p is the difference of a submodular function r(I'(.)) and a modular
function |.|, and thus it is submodular. (For the submodularity of r(T'(.)), see [47, Lemma 11.2.13].)

(ind) follows immediately from Proposition 4.4. Let us show (cir). Using again Proposi-
tion 4.4, we have p(Z \ {i}) > 0 for an arbitraryi € Z NV = X. By adding an element to Z \ {i},
the p-value decreases by at most 1 (the rank function is monotonic so cannot decrease, while
the size increases by one). It follows that p(Z) > —1. Moreover, Proposition 4.4 implies there
exists an X-set where equality is attained.

For (span), let B C X = Z NV be a basis. Then, using the monotonicity of r(I'(.)) we have

p(Z) =r(I(Z)) - |Z| = r(I(Z))-|BU(ZNW)|-|X\ B|
> r(l(BU(ZNnW)))—|BU(ZNnW)|+|B| - |X|
= p(BU(ZNW))+r(N) - |X|
> r(N) - |X].

Where the last inequality follows by applying (ind) for the basis Band B-set BU (ZNW). =

Recall that for a matroid M = (U, r) and a subset X C U, the closure cly([X] of X is the maximal
set containing X whose rank equals the rank of X, i.e.

cAp[X] ={xeU:rXu{x})=rX)}.

If M is clear from the context, we simply denote as cl[X]. A set X with cl[X] = X is called a
closed set or flat.

LEMMA 4.10. Ifp(I)+p(J) = p(IU])+ p(IN]), thencl[['(I)] ncl[[(]J)] =cl[T(IN])].

PROOF. Asp(I)+p(J) = p(HU])+p(INn]),wehaver(I'(I))+r(I(J)) =r(TIU]))+r(TL{IN])).
Then trivially,

r(c[C(D]) +r(cd[I(D]) =r(c[LTUD]) +r(cd[IUIN])]). (2)

On the other hand, we have

r(c[TD]) +r(cd[T(N]) = r(c[TD]Ud[T()]) +r(dID] Nel[I()])

> r(c[T()UTL()]) +r(cd[TT)NT()])

> r(c[TTuU])+r(cdTIN))]).
The first inequality follows by submodularity of r. The second inequality follows from the
properties of the closure operator cl[T'(I) NT(J)] € cl[T(I)] Nncl[T'(J)] and since r( cl[T'(I)] U
cl[T(J)]) =r(cl[TI)UT(J)]) (hereweused cl[ cl[['(I)]ucl|T(J)] ] =cl[T(I)UT(J)]). The third
inequality follows from the properties of the neighbourhood function I'(I) UT(J) =T (I U J)
andI'(InJ) cT(I)NT(]).
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Thus, by (2), we have r( cl[['(I)]Ncl[T(J)] ) =r(cl[T(IN])]). Hence, cl[T'(IN])] is a closed
set that is a subset of the closed set cl[T'(I)] Ncl[['(])], and both cl[T(INJ)] and cl[T'(I)]Ncl[T(])]
have the same rank. Thus, cl[T'(I)] N cl[T'(J)] =cl[TI N])]. u

We will also use the following simple consequence of the definition of p.

LEMMA 4.11. Let Z C V UW such that p(Z) = 0. Let u be any matching in G such that 8y (u) is
independent in M, and Z C dyuw (u). Then, for every (i, j) € u,i € Zifand only if j € clp[T'(2)].

PROOF. It is immediate that ifi € Z for (i, j) € u, then j € I'(Z) C cly([T(Z)]. For the other
direction, note that there are |Z| edges in u between Z and I'(Z). Since 0 = p(Z) = r(I'(Z)) — |Z|,
these endpoints already have full rank r(I'(Z)). Using that 9,,(U) is independent in M, there
may not be any edges (i, j) € uwithi € (VUW)\Zand j € clp([I'(Z)], completing the proof. =

Throughout we shall refer to the following uncrossing lemmas liberally. The first statement
is the standard uncrossing argument for tight sets prevalent in combinatorial optimization.

However, in our case one needs to require that X U Y is also independent.

LEMMA 4.12 (UncrossingI). For X,Y C VletI,] C VUW be any X-set and any Y-set respectively,
and assume p(I) = p(J) = 0. If X UY is independent in N then,

pIN]),p(IU])=0.

In particular, if X =Y for an independent set X in N, and p(I) = 0 for some X-set I, then there
exists a unique largest maximal X-set I with p(I) = 0.

PROOF. By submodularity, we have 0 = p(I) + p(J) = p(IN]J) + p(I U]J). By definition, I N J
isan (X NY)-setand I U J is an (X U Y)-set. Since both X NY and X U Y are independent, we
have p(IN]),p(I U J) > 0by Lemma 4.10. The first part follows.

By the first part, the family of sets I that are X-sets with p(I) = 0is closed under intersection
and union. If this family is non-empty then there exists a unique largest X-set I with p(I) = 0. =

In other words, the above lemma states that the set of X-sets I where X is independent
in N and with p-value 0 is a lattice over V U W with respect to union and intersection (as are
minimizers of a submodular function).

Using p(0) = 0, we apply the uncrossing lemma to X =Y = (). This yields the following
corollary.

COROLLARY 4.13. There exists a unique largest set Q C W such that p(Q) = 0.

LEMMA 4.14 (Uncrossing II). Let X,Y C V be two different circuits in the matroid N such
that | X VY| = r(N) + 2 and X UY contains a basis. Consider an X-set I and a Y-set | with
p(I) = p(J) = -1. Then, we have p(INJ) =0and p(IU J) = -2.
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PROOF. Since I N Jisan (X NY)-set and X NY is an independent set, we have p(INJ) > 0.
Since I U Jisan (X UY)-set and X U Y contains a basis, applying (span) givesus p(I U J) > —2.
By submodularity we get -2 = p(I) + p(J) = p(IN])+ p(IU]J) > 0 — 2. Hence, the equalities
p(INJ)=0and p(IU]J)=-2hold. |

4.2 Lovasz extension and the matroid of maximum weight bases

We close this section by recalling some results on Lovasz extension and maximum weight bases

of a matroid that will be useful when dealing with R-minor valuated matroids.

DEFINITION 4.15 (Lovasz extension). Let M = (U, r) be a matroid. The Lovdsz extension
7 : RV — R of the rank function r is defined for 7 € RY as the maximum 7-weight of a basis of

M, i.e.
7(7) := max {Z Ti

ieB

B € B(M)} .

For a given 7 € RY, the value 7(7) can be calculated by the following well-known charac-
terization, see e.g., [19, Theorem 5.5.5].

LEMMA 4.16. Let M = (U, r) be a matroid. For T € RY, the Lovasz extension 7(7) equals

m-1

F(T) = 1(U)Tuy + D T(U) (T = Ty »

i=1
where we reordered U = {uy,uy, ...,un} such that ty,, > 7y, > ... > 7y, and U; = {uy, ..., u;} for

alli € [m].

In this context, we say that S C U is a level set of 7if S = 0, S = U, or S = U; for some
i € [m] with 7, > 7,,. Thus, the level sets of 7 form a chain. Using these level sets we can
nicely capture all maximum weight bases in a matroid. The following lemma follows from the
greedy algorithm for finding maximum weight bases in a matroid.

LEMMA 4.17 ([4, Proposition 2]). For amatroid M = (U,r)andt € RY, let 0 =Sy € S1 € Sy &
...St € St41 = U denote the level sets of T. Let us define the matroid

t+1

M. =P (M|S€) /Sp1.

=1
This is the matroid formed by the maximum t-weight bases of M. That is, a basis B in M maximizes
Y.iep Ti if and only if B is a basis in M;.

5. Linear programming representation of R-minor functions

R-induced valuated matroids are defined via independent matchings. Thus, the function value
of a set can be naturally captured by a linear program. Similarly, the set of all maximizers
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of an R-induced valuated matroid corresponds to the integral solutions of a linear program.
Below, we obtain a description of all such integral solutions using the dual linear program and
complementary slackness.

Throughout this section, unless stated otherwise, f is an R-minor valuated matroid with
representation (G, M, ¢, W) given by a bipartite graph G = (V U W, U; E), edge weights ¢ € Rf
and a matroid M = (U, r).

LEMMA 5.1. For X C V, f(X) is the objective value of the linear program

max 2, j)ek CijXij

S.t.. ZjeU Xij = Liexow VieVUW
Zicvow, jes Xij < 1'(S) VScU (3)
ievuw,jeu Xij = T(U)
Xij =0 VieVUW,VjelU.

Here, 1;c7 is the indicator function of the set Z, taking value 1 if i € Z and 0 otherwise.

PROOF. The formulation clearly gives a relaxation of the integer program defining the value
of f(X). Using the total-dual integrality of polymatroid intersection, see [51, Theorem 46.1 and
Corollary 41.12b], the existence of an integer optimal solution x € ZF is guaranteed; see the proof
of Lemma 5.2 for more details. By the first set of constraints and since ;. X;; < r({j}) < 1for
all j € U, it is clear that x = x, for a matching u. Moreover, it holds dyuw (¢) = X UW and 9y (u)
is a basis in M. The lemma follows. |

We next characterize the set of maximizers of an R-minor valuated matroid.

LEMMA 5.2 (Dual LP). Let B be the set of maximizers of f. Then B corresponds to the set of
integral optimal solutions of

Max X j)ek CijXij
S.L. YjewXij<1  VieV
2jev Xij =1 VieW
Zievow,jes Xij < T(8) ¥YScCU
2ievuw,jeu Xij = r'(U)

Xij =20 VieVUW,VjeU.

4)
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The dual of (4) is then
min (V) +m(W) + #(7)
st: mi+ti>cj V(i,j)€E
>0 VieV (5)
;i —free VieW

T — free.

Above, 1 is the Lovdsz extension of the matroid rank functionr. Let (11, 7) € RVYWYU be an optimal
dual solution. Let Eq = {(i, j) € E : m; + Tj = c;j} be the set of tight edges, and Gy = (VU W, U; Ey)
the tight subgraph. Let ) = Sy € S1 € S2 € ...St € St41 = U be the level sets of T in U, and
denote with M, the matroid of maximum weight bases. Let N be the matroid on V. U W with bases
{BUW : B e 8}. Then, (Gy, M) is a Rado representation of N. We have i; = 0 for alli € V for
which there is a maximizer set X € B withi ¢ X.
Further; the optimal solution (1, T) can be chosen with the following additional properties:
— Every level set Sy, £ € [t + 1] is a flat in M.
— Forevery £ € [t+1], (Sp\ Se—1) NTg, (V) # 0.

PROOF. Observe that the problem is a special case of matroid intersection. We can define two
matroids on the edge set E: a partition matroid enforcing that only one edge can be selected
incident to every node in V U W, and a second matroid enforcing that the set of endpoints in
U must be independent in M; this can be obtained from M by replacing every node u € U
by parallel copies corresponding to the edges incident to u. By the integrality of polymatroid
intersection [51, Theorem 46.1 and Corollary 41.12b], the set arg max{f(X) : X C V} corresponds
to the set of integral solutions of (4).

The dual LP formulation can be easily derived from Frank’s weight splitting theorem [19,
Theorem 13.2.4], interpreted in this bipartite setting. The Rado representation of N and the
condition on the 7r; = 0 values follow by complementary slackness.

Let us now show that the additional properties can be ensured. Consider the smallest level
set S, that is not a flat. Thus, S, = {i € U : 7; > A} for some A € R. Let us increase 7 to A for
every j € cl[S,] \ S¢. By definition of the Lovasz extension, this does not change the value 7(7);
and since we only increase 7, the solution remains feasible. After the change, cl[S,] replaces S,
as a level set. Thus, after at most |U| such changes, we can guarantee that all level sets are flats.

We show that this also implies the final property, i.e., that for every i € [t + 1], there exists
a tight edge (i, j) € Eo with j € Sy \ Sy—1. Indeed, if no such edge exists, then we can decrease 7x
by some positive € > 0 for every k € Sy \ S;_1 such that (7, 7) remains feasible, and Sy, remains
a level set, i.e. Tx > 7 for any k € Sy, k’ € Sp41. This decreases 7(7) by € (r(Sy) — r(Se-1)) > 0,a
contradiction to optimality. ]
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Note that as an immediate corollary, the set of maximizers 8 is a matroid with Rado-minor

representation (Go, M., W).

LEMMA 5.3. Let f be an R-induced valuated matroid represented by (G, M, c¢) and B be the set
of maximizers of f. Consider a dual optimal solution (7, 7) as in Lemma 5.2. If 7; # 7 for some
I, J € U, then the matroid on V defined by the bases 8B is fully reducible.

PROOF. By Lemma 5.2, (V,U; Eg) and M, gives a Rado representation of the matroid with
bases B (since W = 0). For the flats S;, M, is the direct sum of the matroids (M|S€) /Se_1

(Lemma 4.17). Since all level sets S, are flats, each matroid (M| Sg) /Se¢—1 1s non-empty. If there
are more than two terms, then Lemma 4.8 implies that 8 corresponds to a fully reducible
matroid. Otherwise, the only flats can be Sy = 0 and S; = U; consequently, 7; is the same for all
ieU. [ |

6. R-minor functions do not cover valuated matroids

In this section we prove that no function in 7, arises as an R-minor valuated matroid. Together
with Appendix A this proves Theorem 1.3. The proof will be by contradiction, considering a
carefully chosen minimal counterexample. We start by giving some definitions and the selection
criteria for the minimal counterexample. We then outline a roadmap to the proof in Section 6.1.
Recall that 7, (Definition 1.2) is a family of valuated matroids defined over the ground set

V = [2n], using pairs P; = {2i — 1, 2i} for i € [n]. We let H be the set of P; U P; such that at least
one of i, j is even and we let X* = Py U P, = {1,2,3,4} € H. A function h : (Z) — RU {-o0}isin
¥ if and only if the following hold:

— h(X)=0ifX e () \ H,

— h(X) <0ifX € ‘H,and

— h(X™) is the unique largest nonzero value of the function.

First, we introduce some notation and choose an appropriate minimal counterexample.
Let us fix a value n > 16. For a contradiction, let us assume there exists a valuated matroid
h € ¥, that is R-minor arising via a bipartite graph G = (V U W, U; E), a matroid M = (U, r),
and weights ¢ € RE. Define

By = argmax(h) = (Z) \'H, B;:=dom(h).

By Lemma A.1 both B, and B are (sparse) paving matroids. From the definition of ¥, we have
Bo U {X*} C By.

Maximum weight matchings For every X € By, (arbitrarily) fix a maximum weight inde-
pendent matching u* with dyuw (1) = X U W; let £ be the set of all these matchings. Thus,
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c(uX) =0if X € Byand c(u¥) < 0if X € By \ By. Define
E*:={(i,j): (i,]) € u* for some X € By}

as the union of all maximal independent matchings in G of maximum weight.

Selection criteria for h As we assume that the set of valuated matroids in %, with an R-
minor representation (G, M, ¢, W) is not empty, we can select an extremal one h among them
according to the following criteria:

(S1) The function h has minimal effective domain, that is, |$;| is minimal.

(S2) Subject to this, |[W| is minimal.

(S3) Subject to this, |E \ E*| is minimal.

Note that (S1) only depends on h, whereas (S2) and (S3) also depend on the representation.

We will refer to this choice as the minimal counterexample. This choice is well-defined,
since all criteria minimize over non-negative integers. For (S1), note that the extreme case is
B1 = By U {X*}; a key step in the proof is to show that this must always be the case.

REMARK 6.1. To show that not all valuated matroids arise as R-minor valuated matroids,
it would suffice to show Theorem 1.3 in a weaker form, only for functions h € ¥, such that
h(X) = —co for X € H \ {X*}. This would already postulate 8; = By U {X*}, enabling a slightly
simpler proof. However, we need Theorem 1.3 for the entire class #,, because in order to refute
the MBV conjecture in Theorem 7.14, we require a function in #, with finite values that is not

R-minor.

Dual solutions We will also select an optimal dual solution (77, 7) to (5) in Lemma 5.2. Let us
introduce some notation; the choice of the particular solution will be specified in Lemma 6.3.

Let Eg = {(i,j) € E : m; + 7; = ¢;j} denote the set of tight edges. By complementarity,
E* C Eyp must hold for any optimal dual (s, 7). Note that 77; = 0 for every i € V by Lemma 5.2,
since for every i € V there is an optimal primal solution to (4) matching a set X € (},) \ H with
1 ¢ X.

Recall that M; denotes the matroid of the maximum 7-weight bases as in Lemma 4.17; we
let r; denote its rank function. The bipartite graph G = (VUW, U; E) and matroid M = (U, r) and
W give a Rado-minor representation of B1. As By is the set of maximizers of h, it follows from
Lemma 5.2 that Gy = (VU W, U; Eyg) and M; = (U, r;) and W give a Rado-minor representation
of B.

ForZ C VU W, weletI'(Z) and I'y(Z) denote the set of neighbours of Z in U in the edge
sets E and Ey, respectively. Furthermore, for Z C V U W we define

rT(FO(Z)) - |Z| ’
r(I'(z)) - 1z|.

po(Z) :
p1(Z2) :
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Note that p1(Z) > po(Z) for every Z C V U W. Finally, let Qy denote the unique largest subset of
W with po(Qg) = 0 as guaranteed by Corollary 4.13. Analogously, one could also define Q1 as
the unique largest subset of W with p1(Q1) = 0. However, using selection criterion (S2), it turns
out that Q1 = 0. The following lemma will be proved in Section 6.2.

LEMMA 6.2. In the minimal representation, we have p,(Z) > 0 for each non-empty Z C W.

6.1 Roadmap to the proof

We derive a contradiction by a thorough combinatorial analysis of the structure and Rado
representations of the matroids 8y and $;. Our first key lemma shows that the primal and dual
optimal solutions must be in either of two restricted configurations.

LEMMA 6.3. The minimal counterexample can be selected to satisfy one of the following proper-
ties:
(CI) We can choose a dual optimal solution (1, T) such that E = Eq U {(i’, j')} for an edge
(", j') wherei’ €e X* UW, M; =M, and B, = By U {X*}.
(CII) E = Ey=E*" and M; # M for any dual optimal (, 7).

Intuitively, the above lemma states that the difference between Rado-minor representa-
tions of By and B, is either in the edge set only, or in the matroid on U only. In case (CI), all
bases in M have the same 7-weight, and there is a single non-tight edge. Further, h(X™) is the
only finite value outside By. In contrast, in case (CII), all edges are tight, but we need to work
with two different matroids on U.

The proof in Section 6.2 exploits the selection criteria. First, using (S3), we argue that
E = E*U uX,ie, all edges are used in one of the optimal matchings or in the maximum weight
independent matching on X*. If E = E*, we get a contradiction to case (CII) immediately. If
E # E*, we can get (CI) by constructing another dual solution.

The base case W = @ We first exclude the case that W = 0, that is, the case when h is R-induced.
We tackle this case in Section 6.3. First, in case (CII), M; # M implies, using Lemma 4.8, that B
is fully reducible, that is, it can be written as a full-rank matroid union of smaller matroids. An
elementary argument in Lemma 6.4 shows that 8 is not fully reducible for n > 10, leading to a
contradiction. The proof exploits the low rank of the matroid (4), and the combinatorics of the
pairs P; in the construction.

Hence, (CI) must be the case. We note that the set X* = P;UP, does not have an independent
matchingin Eg buthasonein E = EqU{(i’, j')}. The edge (i’, j) isincident to X*; say, i’ € P;. With
an uncrossing argument using the submodularity of the rank of the neighbourhood function, we
show that (i, j*) should create an independent matching also for another set X = P; U Py ¢ By.



30 /67 TheoretiCS E. Husi¢, G. Loho, B. Smith, L. Végh

Since M = M; and this is the single non-tight edge, it follows that 0 > h(Z) > h(X*), a
contradiction that h(X™) is the unique largest negative function value.

Robust matroids If W # 0, we get a contradiction by showing the existence of a counterexam-
ple with smaller W. Towards this goal, in Section 6.4, we define a common abstraction of B
and B;. We call them robust matroids (Definition 6.8), and analyze their Rado representations.
These are a class of sparse paving matroids of rank 4 with elements arranged in pairs P;. All
circuits are formed by the union of two pairs (D1).

We call these matroids ‘robust’ because the structure is robust against the ‘perturbation’
from the set of bases B, to B1; = By U X*. This is due to the fact that the non-bases of B, have
been carefully selected, ensuring that they are neither too sparse nor too uniform. We define a
robust matroid 8 by a similar selection process, ensuring that the set of non-bases H have the
correct density. The crucial ingredients to this selection process are the properties (D2a) and
(D2b). They allow us to control the excess functions py and p; (see Lemma 6.12).

We consider the Rado representation of such a robust matroid 8 and analyze the excess
function p(X) = r(I'(X)) — |X|; statements derived in Section 6.4 will be valid for p; in the
representation G = (V U W, U; E) with M = (U, r) as well as for py in Gy = (V U W, U; Ep) with
M= (U, r;) (Lemma 6.9).

The difficulty in the proof is to control the freedom in the set W. While we are ultimately
interested in the matroid on V, we also have to deal with its ‘preimage’ before contraction in
the bigger matroid in V U W. As 8 is robust, the structure of the non-bases H is sufficiently
rigid that their ‘preimages’ in V U W also exhibit a similar structure. As such, the analysis
reveals that the structure of the pairs P; ‘forces itself’ on the full representation. This can be
quantified with the excess function p. Let Q € W be the unique largest set with p(Q) = 0
(Corollary 4.13). In Lemma 6.10, we show that for each pair P; there exists a unique largest
‘extension set’ Z; C V.U W with p(Z;) = 0 and Z; N V = P;. Moreover, for every i # j, we have
ZinZj=Q,aswellas p(Z; UZ;) =0if P; UP; € B and p(Z; U Z;) = —1 otherwise (Lemma 6.11).
The last property asserts that Z; U Z; certifies P; U P; ¢ 8 whenever this set is a circuit.

Let le and Zl.1 denote the respective sets in the representations of the two matroids $y and
$4. For the rest, we argue that these two representations must be near-identical, while still
corresponding to two different matroids.

In Section 6.5, we first show that supp(h) = 81 = By U {X*} always holds (Lemma 6.14).
This is already known in (CI); however; it is significantly more difficult to show in (CII). We then
argue that the Zl.1 sets partition the ground set V U W (Lemma 6.16). Further, for each i € [n],
Z? = Zl.1 U Qo must hold; that is, the two extension sets may only differ in Qy, the largest subset
of W with py(Qp) = 0.
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Completing the proof It remains to complete the analysis for the two cases (CI) and (CII). In
case (CI) (Section 6.6), the set Qg plays a key role. First, assume Qg = 0, i.e. Z; := Z? = Z;. Then,
for each set Z;, the neighbourhoods using edges in Ey and the entire set E should have the same
rank; this basically leaves no room for the edge (i, j') € E \ Ey. Hence, Qg # 0, and we must
have Qg C Z}I for a unique q € {3,4,...,n}. The final contradiction is reached by a submodular
uncrossing argument.

Finally, in case (CII) (Section 6.7), we can show Q¢ = 0 (Lemma 6.13), and therefore
Zi = Z? = Zl.1 for all i € [n]. While the edge sets E and Ej are the same, the functions p; and
po may be still different as they correspond to different matroids, M and M,. We derive a
contradiction to (S2) by showing that for some Z; with |Z;| > 2, deleting an element of W N Z;
and contracting a node in the matroid M leads to a smaller representation of h.

6.2 Proofs of Lemma 6.2 and Lemma 6.3

We now present two proofs deferred from the previous section.

PROOF OF LEMMA 6.2. By (ind), we must have p;(Z) > 0 for all Z C W. For a contradiction,
let Z C W be a non-empty set with p1(Z) = 0. Let T = cl[['(Z)], then r(T) = |Z|. By Lemma 4.11,
for every edge (i, j) in some maximal independent matching u, we have i € Z if and only if
Jj € T. That is, the nodes in Z can only be matched to nodes of T and vice versa in maximal
independent matchings. Moreover, the weight of the edges covering Z must be the same value &
for any maximal independent matching. This follows since for any two maximal independent
matchings u, u’, we can replace the set of edges covering Z in u by the set of edges covering Z
in ¢’ and obtain another independent matching covering Z U X. Let M’ := M/T denote the
matroid obtained from M by contracting T, and let U’ := U \ T. Then, we obtain a smaller
R-minor representation of h by restricting to W’ := W'\ Z, and using M’ on U’. Moreover, we
define the new weight function on the edges as ¢’(i, j) := c(i, j) + §/r(M’) for each edge (i, j)
withi € VU W’ and j € U’ to obtain the same h(X) values. This contradicts criterion (S2)

whenever Z # (). ]

PROOF OF LEMMA 6.3. Let y¥ € £ denote a maximum weight independent matching
covering X*UW. First, we show that E = E* U ¥ . Indeed, removing an edge in E \ (E* U uX")
does not affect h(X) for X € By U {X*} as all matchings u* for X € B, lie in E*. For any other set,
h(X) may decrease (possibly to —oo); but this would yield another function in %, that is the same
or better on criterion (S1), the same on (S2), and strictly better on (S3). Hence, E = E* U uX*.

First, assume E = E*. Then, y*X C E* C E. Thus, dy(u*X) cannot be independent in M.,
as otherwise h(X*) = 0 would follow by complementary slackness. Hence, M # M., giving
case (CID).
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Next, assume that E \ E* = yX \ E* # 0. Let (i, j’) be an arbitrary edge in u* \ E*, i.e,
i’ € X* UW. We start increasing c to ¢’ for € > 0 as follows

cij +¢& for (i,j) = (', j')
Cij otherwise.

Pick the largest € > 0 such that the maximum weight of an independent matching in G, M, ¢
remains 0, i.e., such that the optimum value of the LP (4) does not change.

Claim 6.3.1. € = —h(X™).

Proof. Suppose that € < —h(X™*). By definition of E*, we have stopped increasing ¢ as the edge
(', j') has now entered E* and increasing the value further would increase the optimal value
via a set X € By. However, we still have h(X*) < 0, which contradicts (S3). Y

Next, we note that By U {X*} is the set of maximizers of LP (4) under the increased weights c’.
Indeed, by the choice of ¢ all previous maximizers 8, remain maximizers and now y* achieves
the same value thereby becoming a maximizer as well. Moreover, for X € H \ {X*}, we have
(W) <c(u¥)+e<c(uX)+e=0.

Let us pick an optimal dual solution (s, 7) to (5) under ¢’. Recall that E = E* U uX and
therefore all edges E are tight with respect to ¢’. Since ¢’ > ¢ and the optimum value is the same
for the two cost functions, it follows that (57, 7) is also optimal to (5) with the original weights c.

Since c¢ and ¢’ differ only on (i’ j’), all edges E \ {(i’, j*)} are tight under (s, 7) for c; thus,
Eo=E\{(,J)}.

As 9y (u¥) is a maximum 7-weight basis in M, it follows that we can replace M by M.
This is because all yX € £ for X € By U {X*} remain independent matchings. The function
value h(X) might decrease for X ¢ By U {X*}, but this may only lead to improvement in (S1), or
otherwise we get another solution that is equally good on the selection criteria.

Itis left to show B; = ByU{X*}. Take any X € B;. As we replaced M by M, and every basis
in M; has maximum 7-weight, the value of c(u) is the optimum minus the sum of the slack values
on the edges as given in the dual LP of Lemma 5.2, that is, h(X) = c(u¥) = - 2 (i,j)eu (7T +Tj — Cij)-
Since (7', j’) is the only edge with positive slack, this means that h(X) = 0if (I, j’) ¢ u* and
h(X) = h(X*) if (', j*) € u*. Since X* is the unique set with the largest negative function value,
this implies 8; = By U {X*}. This completes the analysis of the case E \ E* # 0, showing (CI)
holds. u

6.3 his not R-induced (W = 0)

We start by showing that W = () is not possible; in other words, h cannot have an R-induced
representation. We start with a structural claim on 8.

LEMMA 6.4. The matroid on [2n] defined by bases B, is not fully reducible for n > 10.
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PROOF. Let ry denote the rank function of the matroid with bases $,. For a contradiction,
assume this matroid is obtained as the union of two non-empty matroids M; and M; on
V = [2n] with rank functions r; and ry, such that r{(V) + r,(V) = 4. Recall that ry(X) =
min{r;(Z) +ry(Z) +|X \ Z| : Z € X} by Theorem 4.7. W.Lo.g. (V) < ry(V). We distinguish two

cases.

Casel:ri(V) =1,r2(V) =3. LetT := {v e V: ri({v}) = 0} denote the set of loops in M;. We
observe that T may intersect at most three different pairs P;. To see this, suppose T intersects
four distinct pairs P;, Pj, Px, P, and let X = {v;, vj, vk, v¢} C T be a subset of T consisting of one
element from each pair respectively. Then X € By but ry(X) < 3 as each element of X is a loop
in My, giving a contradiction.

Let us select four pairs P;, Pj, Py, P, that do not intersect T such that i and j are odd and k
and ¢ are even; such selection is possible for n > 10 as the most restrictive scenario is when all
three pairs intersecting T have even index, requiring five pairs of even index in total. Since
P; UP; € By, we must have rp(P; U P;) = 3; w.l.o.g. assume ry(P;) = 2.

Consider P; U Py and recall that it forms a circuit in 8y. By Theorem 4.7, r1(P; U Px) +
ro(P; U Py) = 3, implying ry(P; U Py) = 2. Similarly, r,(P; U P,) = 2. By submodularity, we have
ro(P; U Py U Py) = 2, and thus ro(P; U Px U Py) = 3, a contradiction as the union of any three

pairs contains a basis.

Casell: rq(V) = r,(V) = 2. Note that there can be at most one pair P, such that r,(P;) = 0, and at
most one pair Py with r,(Py) = 0. Otherwise, if there existed Pg, P, such thatri(Py) = r1(Pp) =0,
then r1(P, U Pp) = 0, contradicting that the union of any two pairs has rank at least 3 in 8.
Let us select P;, Pj, Py, P, such that i is even, and j, k, and ¢ are odd, and all these pairs
have rank > 1 in both matroids; again such sets can be selected for n > 10 as we require
at most four pairs of odd index and two pairs of even index. Since P; U P; is a circuit in
By, Theorem 4.7 yields r1(P; U Pj) + ro(P; U Pj) = 3. Similarly, r{(P; U Px) + ry(P; U Px) = 3
and rq(P; U Py) + ry(P; U Pp) = 3. Wlo.g. ri(P; U Pj) = ri(P; U Px) = 1. By the assumption
r1(P;) > 1, submodularity gives r1(P; U P; U Pr) = 1. This again contradicts the fact that
ro(P; UPj U Py) = 4. m

LEMMA 6.5. IfW = 0, then we must have T = 0 and t = 0 for the optimal dual (7, 7) in (5).

PROOF. By definition of h € #,, the optimum value of the LP (4) is 0. Recall that s7; = 0 for all
i € V. From Lemma 5.3, it follows that 7; has the same value for all i € U; let a be this common
value. Then, the objective value of the dual program (5) is 0 = a - r(M). Consequently, a = 0,
and therefore 7 = 0. n
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Therefore M; = M, implying case (CI) of Lemma 6.3: E = EqU{(i*, j*)} and 81 = ByU{X"}.
The rest of the analysis is covered by the argument in Section 6.6 for (CI). We include a simpler
direct proof that also illustrates some key ideas of the more complex subsequent arguments.

Let £ € {1, 2} such that i* € P,. We note that the cases £ =1 and £ = 2 are not symmetric,
because of different parity.

CLAIM 6.6. We have r(I'(Py)) = 3.

PROOF. We first show that j* ¢ cl[T'o(X™)]. Indeed, since X* is a circuit in By, r(I'o(X*)) = 3 by
Theorem 4.2. If j* € cl[To(X™)], then r(I'(X*)) = 3 since I'(X*) = T'o(X™) U {j*}; thus, X* ¢ B4, a
contradiction.

As P, c X%, it follows that j* ¢ cl[T'g(P,)]. Since Py is a subset of a basis in By we have
r(cl[To(P¢))]) = 2. Thus, r(I'(Pg)) = r(To(Pe) U {j*}) = r(cl[To(Pe))] U {j*}) = 3.

Let us show r(I'(Py)) < 3. Recall that Py U P, € ‘H \ {X*},ie, P, UPy ¢ By = By U {X*}.
Moreover, P, U P, is a circuit in matroid $;. Consequently, r(I'(Py)) < r(I'(Pp, U P4)) = 3 by

Theorem 4.2. [
PROPOSITION 6.7. his not an R-induced valuated matroid.

PROOF. Let X,Y € H \ {X*} be two sets whose intersection is P,. If £ = 1, we can select
X =pPuP,={1,2,7,8} andY = P{UPg = {1,2,11,12},and if £ = 2, we can select X,Y € H\{X*}
intersecting in P,, such as X = P, U P3 = {3,4,5,6} andY = P, U Py, = {3,4,7,8}.

Since h(X), h(Y) = —oco by 81 = ByU{X"}, there isno independent matching in E covering X
orY,and X andY are circuitsin ;. By Theorem 4.2, we have r(I'(X)) = r(I'(Y)) = 3. By Claim 6.6,
it follows that I'(X), T'(Y) C cl[I'(Pp)]. This further implies that r(I'(X U Y)) < r(I'(Py)) =3, a
contradiction since X U Y contains a set in 8. (For £ = 1, one such set is {1,2,7,11}, and for
£ = 2, we can select {3,4,5,7}.) u

6.4 Robust matroids and their Rado-minor representations

In this section we study some additional properties of Rado-minor representations of the
matroid By. We formulate the properties more generally, so that we can also use them whenever
B1 = By U {X*}. This always holds in case (CI), and we will later show that it must also be true
in case (CII).

DEFINITION 6.8 (Robust matroid). Let V = [2n], and let P; = {2i — 1, 2i} for i € [n]; these
are called pairs. We define a matroid by its set of bases 8 C (Z) and let H = (Z) \ B. We say
that B forms the bases of a robust matroid if
(D1) Every circuit in H is the union of two pairs P; U Pj,
(D2) Consider a graph ([n], H) where {i, j} € H if and only if P; U P; € H. Then, we can
partition [n] into two sets S and K such that |S| > 3, K is a clique in H with |K| > 3,
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Figure 8. The graph H of a robust matroid defined in (D2).

and every node in S is adjacent to every node in K. (A schematic view of H is given in
Figure 8.) Moreover, for eachi € S

(D2a) thereis j € S such thati is non-adjacent to j in H, and

(D2b) S\ {i}is not a clique.

Note that this defines a sparse paving matroid of rank 4.
LEMMA 6.9. Both By and By U {X*} are robust matroids for n > 8.

PROOF. The first property is immediate. For (D2), in B, (respectively By U {X*}), it suffices to
choose K as the set of even indices (respectively the set of even indices different from 2). In
both cases, S = [n] \ K. Note that S is a stable set for $By. For By U {X*}, H[S] is disjoint union of
a star with center in node 2 and isolated node 1. u

Let B be a robust matroid on V. Consider a Rado-minor representation (G, M) with
bipartite graph G = (V U W,U;E) and M = (U,r). Recall that for Z C V U W, we define
p(Z) = r(I'(Z)) — |Z|, and that there is a unique maximal subset Q of W such that p(Q) = 0
by Corollary 4.13. We now derive strong structural properties for such a representation of
the matroid B by making heavy use of the results in Section 4.1. In particular, we note that
if {i, j}, {i, k} € H then the circuits P; U P;, P; U P, € H satisfy the conditions of Lemma 4.14:
their union has cardinality 6, i.e., the rank of the matroid plus 2, and contains a basis, e.g.,
P; U {2j, 2k}.

LEMMA 6.10. For each pair Py, there exists a unique largest Py-set Zy with p(Zx) = 0; and
Q C Zk.

PROOF. By (D2), there exist different indices i, j € [n] \ {k} such that P; U P; and P; U Py are
circuits in H. By (cir), there exists a (P; U Py)-set I and a (P; U Px)-set J with p(I) = p(J) = -1.
By the second uncrossing Lemma 4.14, the intersection I N J is a Px-set with p(I N J) = 0. This
shows the existence of a Px-set with p-value 0. The existence of a unique largest such set follows
by the first uncrossing Lemma 4.12 by choosing X =Y = Py there.
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To see that Q C Zx, we apply the first uncrossing Lemma 4.12 for X = 0,I = Q and
Y = Py, ] = Zx. Namely, Q N Zx is an (-set and Q U Zy is a Py-set. Thus, p(Q U Zx) = 0 and
Q C Zk. [ ]

Let us interpret the above lemma. It states that for any pair Py there exists a unique largest
set Zx containing exactly Py in V with p(Zx) = 0. Having p(Zx) = 0 means that any independent
matching y in the Rado-minor representation with dyuw (¢) = Px U W, must match the nodes
in Zy to cl[T'(Zx)] and no other node is matched to a node in cl[T'(Z;)] (Lemma 4.11).

Next we describe how the sets Zx, given by Lemma 6.10, interact with each other.

LEMMA 6.11. Forany i, j € [n], i # j, we have
— IfPiUP; € Bthenp(Z; UZ;) =0;
— ifPiUPj € Hthenp(Z;UZj) = -1
— Foralli,j € [n],i # jwehave Z;NZ; = Q and cl[T'(Z;)] N cl[I'(Z;)] = cl[T(Q)].

PROOF. First, we show the lemma for pairs P; and P; such that P; U P; is a basis in 8. We have
that Z; N Z; is an @-set and Z; UZ;j is a (P; U Pj)-set. By the first uncrossing Lemma 4.12, as P; U P;
is an independent set, we have p(Z; N Z;) = p(Z; U Z;) = 0. By the maximality of Q and since
Q € Z;,Zj,we have Z; N Z; = Q. Finally, Lemma 4.10 implies cl[T'(Z;)] N cl[T'(Z;)] = cl[I'(Q)].
This proves the lemma for i, j € [n] with P; U P; € 8.

For the rest of the proof, consider pairs P; and P; such that P; U P; is a circuit in H. We
show that p(Z; UZ;) = —1. By (cir), there is a (P; U Pj)-set A with p(A) = —1. Letk € K\ {i, j} be
such that P; U Px and P; U Py are circuits #; such k is guaranteed by (D2). Again by (cir), there
exists a (P; U Py)-set I and a (P; U Py)-set J such that p(I) = p(J) = —1. Further, |P; UP; U Py| = 6.
By the second uncrossing Lemma 4.14, we have p(I U J) = —-2.

Letus showthat ANI C Z; and AN J C Z;. By symmetry, it suffices to show the first claim.
Uncrossing gives

-2=pA)+pI) = p(ANI)+p(AUIl) >0-2,

where the second inequality follows by (ind) and (span), since ANIisa P;-setand AU is a
P; U P;j U Py-set. Consequently, p(A NI) =0, and therefore A NI C Z; by maximality of Z;.
Next, we uncross A and I U J, using p(A) = —-1and p(I U J) = —-2:

—3=p(A)+pIU]) 2 p(ANTU]))+p(AUTU]) 2 -1-2,

by (cir) and (span), since C .= AN (JUJ)isa (P; UPj)-setand AUI U Jisa (P; UP;U Py)-set.
Thus, p(C) = —1. We canrewrite C = (ANI)U (AN]J). Asnoted above, ANI C Z;,ANJ C Zj,
and consequently, C C Z; U Z;.

Uncrossing C with Z; gives

—1=p(C) +p(Zi) 2 p(CNZ) +p(CUZ) = -1,
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that is, p(C U Z;) = —1. Similarly, p(C U Z;) = —1. Finally, we uncross C U Z; and C U Z;:
-2=p(CUZ)+p(CUZj)>2p(CUZUZ)+p((CUZ)N(CUZj)) >-2.

Recalling that C C Z; U Zj, it follows that p(Z; U Z;) = —1.

Next, we show that Z;NZ; = Q. For a contradiction, assume there existsw € (Z;NZ;)\Q € W.
Consider k € K \ {i, j} as before, i.e., k € K \ {i, j} such that {i, j, k} is a triangle in the graph H.
By the second uncrossing Lemma 4.14 for I = Z; U Zx and J = Z; U Zy, we see that p(I N J) = 0.
Since Zy C INJ and Zy is the largest Px-set with p(Zx) = 0, it follows that INJ = Zx. Consequently,
ZinZjCZrandw € Z, for all k € K.

Let k,k’ € K, and consider any ¢ € S. These three indices again form a triangle in the
graph ([n], H). By the same argument as in the previous paragraph, we conclude w € Z, for
all £ € S. Hence, w € Z, for all ¢ € [n]. This is a contradiction as we have already shown that
Zq,NZy = Q whenever P, U Py is a basis in 8.

Finally, we show that cl[I'(Z;)] N cl[T(Z;)] = cl[T(Q)]. Similarly to the previous argument,
we assume for the contradiction that there exists u € (cl[I'(Z;)] N cl[T(Z;)]) \ cl[T'(Q)]. Again,
by the second uncrossing Lemma 4.14 for I = Z; U Zx and | = Z; U Zx, we have p(INJ]) = 0
and I N J = Zx. Moreover, it holds p(I) + p(J) = p(IN]J) + p(I U J). Lemma 4.10 implies that
cl[T(I)] ncl[T'(J)] = cl[T'(Zk)]; consequently, c1[I'(Z;)] N cl[T'(Z;)] C cl[T'(Zx)]. As before, this
implies that u € cl[T'(Z,)] for all £ € [n]. This is a contradiction as we have already shown that
cl[T'(Zg)] Nncl|I'(Zp)] = cl[T'(Q)] whenever P, U Py is a basis in 8. u

LEMMA 6.12. We have p(U_,Z;) =4 — 2n and p(Uicn)\(jyZi) = 2 — 2n for every j € [n].

PROOF. We rely on the following two claims.
Claim 6.12.1. Consider three different indices i, j, k € [n] such that at least two out of {i, j}, {i, k},
and {j, k} are edges in H. Then, p(Z; U Zj U Zy) = —2.

Proof. Consider the pairs P;, Pj, and Py with indices as in the claim. Without loss of generality
assume that {i, k}, {j, k} are edges in H. Thus, P; U Py and P; U Py are circuits in . Then, we
have p(Z; U Zx) = p(Z; U Zx) = —1 by the second part of Lemma 6.11. Let us uncross these two
sets. By submodularity and Lemma 4.9, we have

-2 =p(Z; U Zy) +p(Zj UZk) = p(Zx) + p(Z; UZ;j UZk) >0-2.
Hence, p(Z; UZ; U Zy) = -2. L 2

Claim 6.12.2. Let L C [n] such that |[L N K| > 3 and L N S contains two non-adjacent indices i and
j. (Recall that K and S are the sets given by (D2).) Then, p(Uic1.Zi) = 4 — 2|L|.

Proof. As {i, j} ¢ H then P; U P; € 8 and thus p(Z; U Z;) = 0 by the first part of Lemma 6.11.
Consider any index k € K. By Claim 6.12.1, p(Zx U Z; U Z;) = —2. Therefore, adding Zx to Z; U Z;
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decreases the p value by 2. In other words, for any k € K we have
Ap(Zk|Zi UZ]') = p(Zk U Z; UZ]') - p(Zl' UZ]') =-2-0=-2. (6)

As the intersection of any pair Z, N Z, = Q by Lemma 6.11, submodularity implies that
adding ¢ different sets Zx with k € K to Z; U Z; decreases p by at least 2¢£. We proceed to prove a
similar statement for sets Z, with k € S.

Consider three different indices a,b,c € KNL. LetY = Z, U Z, U Z.. We then have,
p(YUZ;UZj) <0-2-3=4-2-5.8ince a,b, c € K, by Claim 6.12.1, we have p(Y) = -2. By
Lemma 4.9 (span), we also have p(YUZ;UZ;) > 4—2-5 and consequently p(YUZ;UZ;) = 4-2-5.
(Which proves the claim if L = {a, b, ¢, 1, j}.)

Rearranging the above we conclude that whenever {i, j} ¢ H, we have
Ap(Zi U Zj|Y) =-4. (7)

In other words, adding Z; U Z; to Y leads to a decrease of 4 in the p value. By Lemma 4.9 (span)
we also have p(YU Z;) >4-2-4=-4,and p(YUZ; UZj) > 4-2-5 = —6. Combining it
with the previous paragraph, we have A,(Z;|Y) > -2, and A,(Z;|Y U Z;) > —2. Using (7) and

submodularity we conclude that the inequalities hold with equality. That is, we have
DMp(Zi]Y) = =2 (8)

for every i such that {i, j} ¢ H for some j € S, i.e., by (D2a), for every i € S. By submodularity,
adding ¢ different sets Z; with i € S to Y decreases the p value by at least 2 - £.

Thus, for our set L, by submodularity and combining (6) and (8) we have p(U;c1Z;) <
4 — 2 - |L|. The equality holds by Lemma 4.9 (span). 2

The lemma follows by (D2b) and the last claim for L = [n] and L = [n] \ {j}.

6.5 Bounding the support of h

Since By is always a robust matroid, we can use the results in the previous section for 8 = 8.
Let Z? denote the P;-set Z; for 8 = By, and Q( the unique largest subset of W with py(Qop) = 0.

Our first goal is to show Lemma 6.14 below, namely, that in both case (CI) and (CII), we
have that dom(h) = B; = By U {X*}. Thus, we get the smallest possible size according to the
main selection criterion (S1). This will enable us to also use the robust matroid analysis on
B = B1. The proof will rely on the following ‘reduction’ of the matroid M.

U

Reducing M We replace M on U by the following matroid M:asetT € (|W|+4

) is a basis in
M if and only if there is a matching in E between T and a basis in

B={XUW: XeByU{X*}}.
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These sets T form the bases of a matroid by Rado’s theorem. Since h(X) is finite for all X €
Bo U {X*}, this will be a ‘submatroid’ (weak map) of M, i.e., all bases of M are bases in M.
Let h(X) be the function corresponding to the modified representation (G, M, ¢, W). Clearly,
h(X) = h(X) for every X € By U {X*} and h(X) < h(X) otherwise. As h has the same or better
criteria (S1)-(S3) than h, for the rest of the proof we shall assume h = hand M = M.

Using this construction, we first show that Qo = @ in (CII). However, Q¢ # @ may still be
possible in case (CI).

LEMMA 6.13. In case (CII), i.e., if E = E*, then Qg = 0 must hold. Thus, p1(S) = po(S) > 1 for all
S CW,S # 0 in this case.

PROOF. Denote with Ty = I'(Qp). By definition of pg, r:(Ty) = |Qo|. We claim that also r(Ty) =
|Qo|. The next claim will be needed for this proof.

Claim 6.13.1. There is no edge (i, j) € Ewithi € (VUW) \ Qg and j € T,.

Proof. Suppose there is such an edge. By definition of E* (= E), there exists an independent
matching u containing (i, j) with weight 0 such that the endpoints dy(u) are independent in
M. Trivially, this matching also covers Qy as Qo € W. This leads to a contradiction with
Lemma 4.11. 2

Suppose that r(Tp) > |Qol|. Then there is a basis S of M such that [SNTy| > |Qol. As M=M
there is an independent matching that matches S N Tj to a subset of size > |Qy| in V U W. This
is impossible as the neighbourhood of Ty in V is Q¢ by Claim 6.13.1. Hence, r(Ty) = |Qo|. This
contradicts Lemma 6.2. u

LEMMA 6.14. B, = By U {X*} must hold.

PROOF. There is nothing to prove in (CI), so let us assume we are in case (CII); thus, E = E*.
According to the previous lemma, we also have Qp = 0. Let Z* = U?ﬂZ?; in particular V C Z*.

Claim 6.14.1. There are no edges between W \ Z* and I'(Z").

Proof. Let F denote the edge set in the claim. Let T* := I'(Z*) = I'((Z*). By Lemma 6.12 and
Lemma 6.13, we have that po(Z*) =4 —2n. As po(Z*) = r(T'o(Z*)) — |Z*| = r(T*) — |Z*| we have
r-(T*) =4+ |Z* N W]|. Consequently, an independent matching u of weight 0 cannot use any of
the edges in F, since |8z (u%)| = 4 + |Z* n W| and thus 8z: (u*) must be matched to a maximal
independent setin T*. Hence, E*NF = (. Then F =0 as E = E*. &

Consider any X € 81 \ (8o U {X*}). We have X = P; U P; for some i, j € [n], {i, j} # {1,2}
by the definition of #,. Thus, there is a matching in E between X U W and a basis R of M. Since
M = M, there is in turn another matching u between R and a setY € By U {X*}.
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LetS :=ZU Z? and T := I'(S). Thus, |[R N T| = |S|. Therefore, the matching 4 must match
R NT to an independent subset Y’ C Y with |Y’| = |S|. Note that Y’ # S, since S is not a subset
of any basis in By U {X*}. Therefore, u must contain an edge between T and (V U W) \ S. The
following claim shows that this is not possible, giving rise to a contradiction.

Claim 6.14.2. T(T) = S.

Proof. In case (CII), Lemma 6.13 shows Qg = 0. Thus, Lemma 6.11 implies that T = I'(Z)) U I“(Z;.))
is disjoint from F(Zg) forall k ¢ {i, j}. Thus,I'(T) nZ* =S. Further, I(T) N (VUW) \ Z*) =0
according to Claim 6.14.1. The claim follows. Y

In light of the above Lemma, we can apply the techniques in Section 6.4 to the robust
matroid B; = By U {X*}. Let Zl.1 denote the corresponding sets in Lemma 6.11, and recall that
p1(Z) = r(I'(Z)) — |Z|. By Lemma 6.2, the largest subset Q; of W with p;(Q1) = 01is Q1 = 0.
Applying Lemma 6.11 then immediately gives:

LEMMA 6.15. Forany i, j € [n],i # j, we have Z} mZ}l. =0 and cly([T(Z})] N clM[F(Z}.)] = 0.
LEMMA 6.16. U Z' =V UW.

PROOF. We use the following claim stating that, in the minimal counterexample, for any V-set
Z with sufficiently large pi-value it holds VU W = Z.

Claim 6.16.1. Let Z =V U W’ for W' C W such that p,(Z) = 4 — |V|. Then, we must have W’ = W
or equivalently, Z =V UW.

Proof. For a contradiction assume that W’ # W. Let T = cl[[(V U W’)]. By definition of pq,
having p1(VUW’) =4 — |V means r(T) = |[VUW’| +4 — |V| = [W’| + 4. Thus, for any X € 8,
(|X| = 4) the corresponding matching u* € £ matches exactly r(T) nodes in T to the nodes in
X UW’. In other words, any matching u* € £ matches nodes W \ W’ to |[W \ W’| nodesin U \ T.

Similarly to the proof of Lemma 6.2, it follows that in any uX € £, the cost of the edges
covering W \ W’ is the same. Hence, we can get a smaller representation by restricting W to W’
and U to U’. This contradicts the selection criterion (S2). L

Lemma 6.12 for B; gives p; (U, Z}) = 4 - 2n. Also noting that V. C U Z}, the statement follows

by Claim 6.16.1. u
LEMMA 6.17. We have Z? = Z{ U Qo for i € [n]. In particular, in case (CII) we have Z? = Z].

PROOF. Let us first show Z! U Qo C Z). By Lemma 6.10, Qo C Z?. Let us show Z} C Z). We
have po(Z}) > 0 by (ind) since Z} is a Pi-set, and also po(Z;) < p1(Z}) = 0. Thus, po(Z}) = 0. By
the maximality of Z) (Lemma 6.10), it follows that Z} C Z?.
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We next show that equality holds. For the sake of contradiction, assume that we have
w e Z?\ (Z} UQo) for somei € [n]. Lemma 6.16 shows that U | Z! = V UW, and hence we must

have w € (Z) N Zjl.) \ Qo for some j # i. Thus, we get a contradiction by
0 Nl — s0 ~ 0 _
wezdnzlcz)nzd=Qo,

where the last inequality follows by the third part of Lemma 6.11. ]

6.6 The case (Cl)

We are ready to show that case (CI) cannot occur. In this case, we have M; = M, E = EqU{(i*, j*)},
and 81 = By U {X"}.

LEMMA 6.18. Either Qo = () or there exists a unique q € [n] such that Qo C chz'

PROOF. Suppose Qp N chz # ( for some g € [n]. By definition, pl(Z}l) = 0. By Lemma 6.2, we
have p1(Qg) > 1 and p, (Zé N Qg) > 1. By (ind), p1 (Z<11 U Qp) > 0 holds since chz U Qo is a Pg-set.
By submodularity,

0+1=p1(Zg) +p1(Qo) = p1(Z5 N Qo) + p1(Zy U Qo) = 1+0,

implying p1(Z; U Qo) = 0. By maximality of Z;, we have Qg C Z. The uniqueness of such a g
follows since the sets Zl.1 are pairwise disjoint (Lemma 6.15). u

LEMMA 6.19. We have po(Z? U Z9) = -1 and po(Z} U Z}) = 0. Consequently, Qu # 0 and
q ¢ {1,2} for q as in Lemma 6.18.

PROOF. Recall that po(Z) U Z)) = —1 by Lemma 6.11 as X* € H. We claim that po(Z] U Z}) = 0.
First, note that po(Z] U Z}) < 0since po(Z] UZ}) < p1(Z} U Z;) = 0. For a contradiction, assume
that po(Z] U Z3) < 0.

Thus, po(Z; UZ}) < p1(Z3 UZ}) = 0, implying r(T'(Z] U Z3)) > r:(To(Z] U Z})). Noting that
M = M, and therefore r = ry, this means that I'(Z] U Z}) 2 cl[To(Z} U Z})]. Thus, the single
edge (i*, j*) € E \ Ep is incident to Z} U Z;. Let £ € {1, 2} such that i* € Z;. Now, we must have
0 < po(Z}) < p1(Z}) = 0, a contradiction.

The last statements follow since if Qo = 0 or q € {1,2}, then Z0 U Z) = Z} U Z] by
Lemma 6.17. [ |

For the rest of the proof, let us fix q € [n] such that Qy C Z;, and let Y := Ujeqn)\(g}Z; -
LEMMA 6.20. po(Y) =2 - 2n.

PROOF. By the second part of Lemma 6.12 for p;, we have p1(Y) = 2 — 2n. We show that the
same holds for po.
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As all Z} are disjoint (Lemma 6.15), we have Qo N Z} = 0 for all i € [n] \ {q}. Then by
Lemma 6.17 we have that Z} = Z? \ Qo. Thus,

po(Y) = po(Uicnp\ () Z1)
= po(Vien\iq (27 \ Qo))

= po ((Victn 129 \ Qo) + po(Q0) (po(Qo) = 0)
> po(Uienp(qrZ;) + Po(0) (submodularity)
=2-2n. (Lemma 6.12 for pg)
Since po(Y) < p1(Y), we conclude py(Y) = 2 — 2n. |

Let usnow derive the final contradiction for (CI). AsQy C Z }Z C (VUW)\Y, by submodularity
we get
Po(Z1 U Z3U Qo) + po(Y) = po(Y U Qo) + po(Z1 U Zy) .

Then, by Lemma 6.19, and using Z; U Z; U Qg = Z) U Z)), we further have

Po(Y U Qo) — po(Y) < po(Z3 U Z; U Qo) — po(Z U Zy)
= po(Z{ U Z9) = po(Z1 U Z3) = 1.

From Lemma 6.20, po(Y U Qp) < 1 - 2n. On the other hand, po(Y U Q) = pO(Uie[n]\{q}Zil UQop) =
po(Uic[n)\(Z7) = 2 — 2n. A contradiction.

6.7 The case (Cll)

In the remaining case (CII), we have E = Ey = E* but M; # M. In Section 6.5, we have
already showed some strong properties for this case: Qp = 0 (Lemma 6.13), 8; = By U {X*}
(Lemma 6.14), and Z? = Z} for alli € [n] (Lemma 6.17). In light of this, we can simplify the
notation to Z; = Z? = Zl.l. Recall also that the sets Z; are disjoint by Lemma 6.15.

Let D; = cl[T'g(Z;)]; see Figure 9. By Lemma 6.11, there are no edges with one end point
in Z; and the other in D; whenever i # j.

Let us additionally modify the bipartite graph in the representations: we may assume that
E = Ey = E* is a complete bipartite graph between Zx and Dy for any k € [n]. For this, we need
to check that after adding such new edges between Z; and Dy, (G, M, ¢, W) still represents a
function in %, and is equally good on the selection criteria (S1), (S2), and (S3). Since we add these
new edges to be tight, the criteria (S2) and (S3) remain the same. To show that we still represent
a function in %, and that $; does not increase, we use that p1(Z; U Z;) = -1 by Lemma 6.11
for any X = P; U P; € H, and this will hold after adding new edges between the Z; and Dy sets.
Similarly, po(Z1 U Z;) = —1 will be maintained, and thus we still have h(X*) < 0, even though
the value of h(X™*) might increase.
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Pa..XXXXX Pb..XXXXXX Pcooxx Pd..XXXXXXXX

Za Zb Zc Zd

Figure 9. Case (Cll): Schematic example of matroid 8; with its Rado-minor representation (G, M, W).
Here, the neighbourhood is taken in the edge set £, and the closure in the matroid M. The black dots
represent set V and the white dots represent W. Similarly, a Rado-minor representation holds for 8,
once we replace M (and closure) by M.

Introducing these new edges allows us to describe the representations of 8y, and $; in
purely set-theoretic and matroidal terms. The following definition captures this representation.

DEFINITION 6.21. For aset X € (}), we say thata set S C U, |S| = |W| + 4 conforms X if

ISND;| =|XNP;|+|Zi| —2foralli € [n].

The requirements on our matroids M and M can be stated as follows:
— Forany X € (}), there exists a basis S in M conforming X if and only if X € 8.
— Forany X € (Z), there exists a basis S in M; conforming X if and only if X € 8.

The next lemma concludes the proof of Theorem 1.3, by showing that W = () is a minimal
representation. Thus, the existence of an R-minor representation would imply the existence of
an R-induced representation, which we have already shown cannot exist.

Recall from Lemma 6.12 (applied to both po and p1) that po(Ul,Z;) = p1 (UL, Z;) =4 - 2n
and and po(Uie[n\(j1Zi) = P1(Yiem)\(j3Zi) = 2 — 2n for every j € [n].

LEMMA 6.22. [n a minimal representation we must have W = ().

PROOF. For a contradiction, assume W # 0; pick i € [n] such that |Z;| > 2. Now, every basis
in M (and thus in M;) must intersect D; in at least |[W N Z;| = |Zi| — 2 > 0 elements. Here,
we use that M = M as in Section 6.5: thus, every basis in M must have a matching to a set
WUX, X € ByU{X*} = B;. Since |Z;| > 2, every basis in M; has a non-empty intersection with
D;, implying that D; € clp [U \ D;]; let us pick u € D; \ cly, [U \ D;]. We claim that a smaller
representation can be obtained by contracting u in the matroid M and deleting an arbitrary
node from W N Z;.

To see this, it suffices to prove that for every X € B, there exists a basis S in M; conforming
X withu € S, and there exists a basis S* in M conforming X* with u € S§*. Then, the requirements
listed above remain true in the smaller instance. Note that we do not require that §* has the
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largest possible 7-weight; as long as we can guarantee the existence of a basis in M but not in
M that conforms X*, we get a function in 7, that is the same on (S1), but better on (S2) (with
possibly different negative value h(X™)).

Consider any X € By and a basis S in M; conforming X. We are doneifu € S. Ifu ¢ S,
then let C C S U {u} be the fundamental circuit of u with respect to S. Then, (C \ u) N D; # 0:
otherwise, C \ u C U \ D; would yield u € clp [U \ D;], a contradiction to the choice of u. Hence,
we can exchange u with an element of S N D; and thereby obtain another basis S’ conforming X
withu € §'.

The same argument applies for the basis S* in M conforming X*, noting that cly([U \ D;] C
cly, [U \ Dy]. |

7. Valuated generalized matroids

In this section, we build on Theorem 1.3 to refute the matroid based valuation conjecture. To
do this, we extend the class of R-minor valuated matroids to R*-minor valuated generalized
matroids, and show this contains matroid based valuations as a subclass. Furthermore, we
extend our main counterexample to a monotone valuated generalized matroid that is not
Ri-minor and therefore not a matroid based valuation, refuting the MBV conjecture.

Recall from (1a) and (1b) the properties of valuated generalized matroids. In Appendix C,
we demonstrate a construction which allows one to consider valuated generalized matroids as
special cases of valuated matroids on a larger ground set. On the other hand, we already saw
valuated matroids as a special class of valuated generalized matroids.

An important class are the trivially valuated generalized matroids, those taking only
values 0 and —oco. This includes the characteristic functions of the family of independent sets of
a matroid. Indeed, if g(0) > —oo for a valuated generalized matroid, then dom(g) is the family
of independent sets of a matroid [44, Corollary 1.4].

Given a valuated generalized matroid g on V, we define its k-th layer £ (g) to be the
restriction of g to (Z) It is immediate from the definition that £ (g) is a valuated matroid.
We defined several constructions for valuated matroids in Section 2. It turns out that these
operations extend essentially layer-wise to valuated generalized matroids.

DEFINITION 7.1. Let f: 2V — R U {~oo} be a valuated generalized matroid and Y c V some
subset of V. The operations deletion (restriction), contraction, dualization, truncation, principal
extension are defined by the respective operations on the layers from Definition 2.1.

Note that direct sum and valuated matroid union do not extend layerwise to valuated
generalized matroids. Intuitively, this is because the k-th layer of the union must take infor-
mation from multiple layers of the constituent valuated generalized matroids, all i-th and j-th



45 | 67 TheoretiCS On complete classes of valuated matroids

layers such that k =i + j. The analogue of direct sum and valuated matroid union for valuated
generalized matroids is the following operation.

DEFINITION 7.2. Let f,g: 2V — R U {—oo}. The merge of f and g is the function f * g: 2V —
R U {—0} defined as

(f &) (X) =max{f(Y)+g(X\Y) | Y C X}, VXCV.
We now extend induction by network to valuated generalized matroids.

DEFINITION 7.3. Let N = (T, A) be a directed network with a weight function ¢ € R4. Let
V,U C T be two non-empty subsets of nodes of N. Let g be a valuated generalized matroid on
U. Then the induction of g by N is the function ®(N, g,¢): 2V — R U {~oo} such that

&5 (®(N, g,¢)) = d(N, £(g),0),

where ®(N, g,¢)(0) = g(0).

In the special case that the directed network is bipartite with the edges directed from V to U,
we can also consider this as an undirected weighted bipartite graph and call the corresponding
operation induction by bipartite graphs.

Note that the formula defining ®(N, g, ¢)(X) remains identical to the one in Definition 2.8,

namely,

acP 3v(¢)) =XA 3U(p) =Y

®(N, g,¢)(X) = max { Z c(a)+g(Y)

node-disjoint paths £ in N : }

Analogous to Theorem 2.9 this is just a special case of transformation by networks.

THEOREM 7.4 ([39, Theorem 9.27]). Let N, g, c as in Definition 7.3. Then if ®(N, g, c) # —oo the
induced function is a valuated generalized matroid.

With this operation, we get an analogue of Theorem 2.12.

THEOREM 7.5. The class of valuated generalized matroids is closed under the operations deletion,
contraction, dualization, truncation, principal extension, merge.

PROOF. Deletion, dualization and merge are covered by [39, Theorem 6.15]; the latter is integer
infimal convolution restricted to the interval [0, 1], parts (8) and (5) respectively. Lemma B.1
implies layerwise closure under contraction and therefore globally closed contraction. Re-
mark 2.10 shows principal extension are special cases of induction by networks, which valuated
generalized matroids are closed under via Theorem 7.4. Finally, Lemma B.2 implies layerwise
closure under truncation and therefore globally closed under truncation. u



46 | 67 TheoretiCS E. Husi¢, G. Loho, B. Smith, L. Végh

V/

Figure 10. The graph G = (V,V' UV”; E) realising the weighted matroid rank function from Example 7.6.
Edges of weight w, are solid while edges of weight zero are dashed.

As with induction of valuated matroids, we shall often be most interested in the induction
of trivially valuated generalized matroids. A trivially valuated generalized matroid g can
be identified with its underlying domain 7, where g(I) = 0if I € 7 and —oo otherwise. As
stated previously, if @ € 7 then 7 forms the set of independent sets of a matroid; however this
does not have to be the case, 7 only has to satisfy the independent set exchange axiom (the
unvaluated equivalent of (1a)). We call such an J a generalized matroid. As working with 7
directly will be convenient in some situations, we extend the notation of Definition 7.3 to define
®(N,7,c) :=d(N,g,c0).

The following example demonstrates how weighted rank functions arise by this operation.

EXAMPLE 7.6. Let 7 be the independent sets of a matroid M on ground set V. A weighted
rank function r" : 2" — Ryo with weight w € R is

r”(X) = max {Z Wi

iel

IQX,IEI}

Note that if w is the vector of all ones, then r" is precisely the rank function of M.

We now show how the function r" arises via induction by network from a trivially valuated
generalized matroid. Let V’ and V” be copies of V and let 7 be the independent sets of the
matroid M = M &fry» on V'UV”. Furthermore, we define the bipartite graph G = (V,V'UV”; E)
where E consists of the edges (v,V’) and (v,Vv”) connected each node in V its copies in V' and
V”. We attach weights ¢ € RF where the edge (v, V) gets the weight w, and the edge (v, v”) gets
the weight 0. This bipartite graph is depicted in Figure 10.

Let I C X be the max weight independent set contained in X. The value of ®(G, 7, ¢)(X)
is obtained by connecting elements of I to I’ C V’ via edges of weight w;, and then connecting
elements of X \ I to their copy in V” by edges of weight zero. In this way r*¥ = ®(G, I, ¢) arises
from a trivially valuated generalized matroid by induction via a bipartite graph. L 2

It was shown in [8] that valuated generalized matroids are not covered by the cone of
matroid rank functions; note that not even all non-negative combinations of matroid rank
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functions are valuated generalized matroids. In particular, not every valuated generalized
matroid can be represented as a weighted matroid rank function [53, Theorem 4].

However, it was conjectured that allowing two operations, merge and endowment, would
suffice to construct all. Here, the endowment by T C V of a function f: 2V — R U {—o0} is the
function A7(f): 2"\ — R U {—o0} with Ar(f)(X) = f(XUT) — f(T) forall X C V \ T. Note that
endowment is equivalent to the contraction of f by T, along with a normalization to ensure
f(0) =o.

With this, the class of matroid based valuations are those functions arising from the class
of weighted matroid rank functions by arbitrary application of merge and endowment.

CONJECTURE 7.7 (MBV conjecture [46]). The class of matroid based valuations is equal to
the class of monotone valuated generalized matroids taking value zero on the empty set and not
attaining the value —co.

We study a subclass of valuated generalized matroids which is an extension of the class of
R-minor valuated matroids. This allows us to use the results from Section 6.

DEFINITION 7.8. The class of R*induced functions are valuated generalized matroids arising
from trivially valuated generalized matroids via induction by bipartite graph.

The class of R%-minor functions are valuated generalized matroids arising from contractions
of R%-induced functions.

Throughout the proofs in this section, we use the same notation as introduced in Section 3.2.
Let f be an Ri-minor function on V; by definition, there exists an R¥-induced function f on
V U W such that f = f/W. By definition, there exists some bipartite graph G = (VU W, U;E)
with edge weights ¢ € R and generalized matroid 7 on U such that f = ®(G, 7, c); we say f
has an Rb-induced representation (G, 1, c). As f = ®(G, I, c)/W, we extend this notation to say
that f has an Rb-minor representation (G, I, c, W), where W is the set to be contracted.

LEMMA 7.9. The class of Rb-minor functions is closed under endowment.

PROOF. Given f as above, we show we can represent A7(f) as an R¥-minor function for some
0 # T C V. As f is a contraction of f by W, the endowment by T can be written as

A (f)=f(XUT) - f(T)=f(XUTUW) - f(TUW) = Aruw(f).

Let § = f(T UW)/|T UW]| and consider a new edge weight function c’(e) that takes the value
c(e) — § on all edges adjacent to T U W, and c(e) otherwise. Then the induction of 7 through
the graph G with altered weight function ¢’ is

(®(G,I,c))(2)=f(Z)-6-1Zn(TUW)|.
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Figure 11. The graph G’ constructed in the proof of Lemma 7.10, obtained by gluing G, and G, at their
common node set V.

Taking the contraction of ®(G, 7, ¢’) by T U W yields

(®(G,I,¢)/(TUW))(X) = f(XUTUW) = 8- |T UW| = Ar(f)(X). O
LEMMA 7.10. The class of RY-minor functions is closed under merge.

PROOF. Let fi, f;, be R -minor functions on a common ground set V with representation
(Gi, I, ci, W;) where G; = (VU W,;,U,E;) fori = 1,2 such that fi = fi/W and f, = fo/W.
In particular, we can choose the contracted sets to be disjoint i.e., W3 N W, = (). This last asser-
tion is particularly important as it allows merge and contraction to commute. By extending f;
and f5 to the ground set V.U W; U W5, taking the value —co where previously undefined, we see
that forany X C V,

(fi % f2)(X) = (fo/ W1 * fo/ W) (X)
=max { (Y UWy) + /(X \Y)UW,) | Y C X}
=max{fi(2) + LU(XUWL UW2) \Z) | Z S X UW; UW,}
= (fi* L) (X UW; UW,)
= ((f1* f2)/(Wh UW2))(X).

Therefore if we can represent (f; * f>) via induction by bipartite graph, contracting W; U W,
completes the proof.

Let G’ be a graph obtained by “gluing” G; and G, along their common ground set. Explicitly,
G’ = (VUW;UW,, Uy UUy; E1 U Ey) whose weight function ¢’ inherits the same weights from ¢,
and c,. The graph is given in Figure 11. We consider the trivially valuated generalized matroid
I’ =11 & I,. Then the value of ®(G’, 7/, ¢’)(Z) is the maximum over all matchings fromY c Z
to U; and matchings Z \ Y to Uy, ranging over subsets Y c Z, precisely realizing (f; * f5) as an
Ri-induced function. u
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Example 7.6 showed that weighted matroid rank functions are special cases of Ri-induced
functions. Combining this with Lemmas 7.9 and 7.10, we see that matroid based valuations are
a subclass of Rf-minor functions.

COROLLARY 7.11. Matroid based valuations form a subclass of Rb-minor functions with the
properties that they are monotone, real-valued and have value 0 on the empty set.

71 A valuated generalized matroid extending a robust matroid

Let h be an arbitrary function in the class ¥, in Definition 1.2 which takes only values in (-1, 0].
We define a function h%: 2V — R by

IX| for |X| < 3
h(X) = {4+ n(X) for|X|=4
4 for | X| > 5

Thus, h arises as a ‘perturbation’ of the rank function of the uniform matroid on V of rank 4.
LEMMA 7.12. The function hY is a valuated generalized matroid.

PROOF. We first show h¥ satisfies (1b), where |X| = |Y| = k. When k # 4, all sets of that
cardinality k have the same value and so K satisfies (1b). The case when k = 4 follows from
Lemma A.2 and all sets being shifted by the same value.

We next show hY satisfies (1a), where without loss of generality |[X| < |Y].

— If |X| > 5, then all sets involved in (1a) take the value 4, and therefore (1a) is trivially
satisfied.

— If |X| = 4, then h%(X) + hi(Y) < 8. If we can picki € Y \ X such thatY —i ¢ H, then
hi(X + 1) + h%(Y — i) = 8 and thus (1a) holds. If no such i exists, then |Y| = 5. Furthermore,
there cannot be two distinct elementsi,j € Y \ X, elseY —i,Y — j € H intersect in three
elements, which no two sets in H do. Therefore Y = X + i, and so (1a) holds with equality.

— If|Y| = 4, then h%(X) + h%(Y) < |X]| + 4. If we can picki € Y \ X such that X +i ¢ H, then
hi(X + 1) + h9(Y — i) = |X| + 4 and this case holds. By a similar argument as above, if no
such i exists then Y = X + i, and so (1a) holds with equality.

— If|Y] < 3, then all sets take the value of their cardinality, and therefore trivially satisfy (1a).

|

LEMMA 7.13. For n > 16, the function hY is not an R%minor function.

PROOF. Suppose hY is Rf-minor, therefore it has representation (G, 7, ¢, W) for some graph
G = (VUW,U;E). From this, we derive an R-minor representation for h.
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First note that
h(X) = & (hh) (X) - 4

= W (@(G, I, ¢) (XUW) —4
= (G, " (I),0) (X UW) - 4.

By introducing the altered weight function c’(e) = c(e) — 4/(|W]| + 4), we get

41X UW|

o(G, £ (1), ) (X uW) = @(G, £ (1), e) (X uW)) - WTTa

- h(X).

Therefore, h has the R-minor representation (G, pIWl+4 (I),c’,W), contradicting Theorem 1.3.
[

THEOREM 7.14. The class of Rb-minor functions is not equal to the class of valuated generalized
matroids. In particular, Conjecture 7.7 is false.

PROOF. The first claim follows immediately from Lemmas 7.12 and 7.13. For the second claim,
we observe that hY is a monotone and only takes finite values. However, by Corollary 7.11 it is
not a matroid based valuation, providing a counterexample to Conjecture 7.7. ]

8. Lorentzian polynomials

In this section, we recall basic concepts of Lorentzian polynomials and their connection to
valuated matroids, and more generally M-concave functions, via tropicalization. We strengthen
this connection by reframing operations on Lorentzian polynomials as natural operations on
valuated matroids. In particular, we show the multiplicative action of non-negative matrices
on Lorentzian polynomials translates to induction by networks for valuated matroids. As an
application of our main counterexample, we demonstrate the limitation of this operation. We
show this operation does not suffice to generate the space of Lorentzian polynomials over
Puiseux series from generating functions of matroids, and that other real closed fields require

arbitrarily large matroids.

8.1 Background

We recall the basic properties of M-concave functions; see [39] for further details. A function
f:Z" - RU{-o0} is M-concave if and only if
Vx,y € Z"and all i € supp™(x — y) :

FX)+f(y)< max {f(x-ei+e)+f(y+ei—ej},
jesupp~(x-y)

9

where supp*(z) = {i € [n]: z; > 0} and supp~(z) = {i € V: z; < 0} for z € Z", and ey is the ¢-th
unit vector. This extends (1b) from points in {0, 1}" to Z". An M-concave functionhas ).}, z; = d
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for some fixed d € Z for all z € dom(f); we call d the rank of f. Observe that an M-concave
function with dom(f) C {0,1}" is a valuated matroid.

A set B C Z" is M-convex if its characteristic function, taking value 0 on elements of B and
—oo otherwise, is an M-concave function.

Let K be an arbitrary ordered field. Furthermore, let A% be the set of lattice points {x €
Z%,: i, X; = d}. Given a multivariate polynomial p(w) = ZaeAg caW?® € K[wy,...,wy], its
support supp(p) is the set {a € A%: ¢, # 0}.

Several characterizations of Lorentzian polynomials were given in [12]; we follow their
exposition. Let MZ(K) denote the homogeneous polynomials over K of degree d on n vari-
ables with non-negative coefficients whose support is an M-convex set. The set of Lorentzian
polynomials over K of degree d on n variables is denoted by L4(K) and is defined recursively.

DEFINITION 8.1 ([12, Definition 3.18]). LY(K) = M%(K) and L1(K) = M}(K),
L%(K) = {p € M%(K): Hessian of p has at most one eigenvalue in Ks¢}.

Ford > 3
LK) = {p e M4(K): 8%p € L3(K) for all a € A972},

where 3% = 3‘1"1 .- 8" denotes the composition of a;-th partial derivative with respect to wj.

Brandén and Huh give several other characterizations of Lorentzian polynomials when
K =R, see [12, Definitions 2.1 & 2.6]. These definitions require taking limits, while the Hessian of
a polynomial can be defined independently of a limit process, hence we only need to require K
to be ordered.

We also note that while this definition holds for arbitrary ordered fields, many key results
concerning Lorentzian polynomials were only proved over the real numbers. We can extend
these results to the larger class of real closed fields via Tarski’s principle; this states that first-
order sentences of ordered fields hold over a real closed field K if and only if they hold over R.
We therefore will restrict to working with real closed fields from now, and construct explicit
fields from Section 8.2 onwards. For further model theoretic details, see [34, Section 3.3].

A polynomial is multi-affine if it has degree at most one in each variable. For a general
polynomial p, its multi-affine part MAP(p) is the polynomial obtained by taking only terms with
degree at most one in each variable. These polynomials are of particular interest to us as the
support of a multi-affine polynomial in M? forms the bases of a matroid, as (9) becomes the

basis exchange axiom. This will be a key connection to results from previous sections.

Lorentzian polynomials are closed under several basic operations, see [14, 12]

PROPOSITION 8.2. Let K be a real closed field, and let p € L{(K), q € Lg,(K) and A € KI5~
Then the following polynomials are also Lorentzian:
(i) the deletion p \ i € LE"1(K) obtained from p(u) by setting u; = 0,
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(ii) the contraction p/i := d;p € L& (K),
(iii) the multi-affine part MAP(p) € L¢(K),
(iv) the matrix action (A~ p)(w) := p(Aw) € Lﬁ(K) where w = (Wq,..., Wg).

PROOF. Deletion and contraction follow essentially from the definition of Lorentzian polyno-
mials. The multi-affine part and matrix action are shown in [12, Corollary 3.5, Theorem 2.10] for
K = R respectively. As both are first-order sentence, Tarski’s principle implies they hold over
arbitrary real closed fields. u

8.2 Tropicalization

In this section, we focus on Lorentzian polynomials over K = R{{t}}, the field of (generalized)
Puiseux series, see [35] for further details. The field R{{t}} consists of formal series of the form

c(t) = Zaktk, ax € R

keA
where A C R has no accumulation point and a well defined maximal element. The leading term
of a Puiseux series is the term with largest exponent. We say a Puiseux series is positive if its
leading term has a positive coefficient, and denote the semiring of positive Puiseux series (with
zero) by R{{t}}>0. We can extend this to make R{{t}} an ordered field by defining ¢ > d if and
only if ¢ — d is a positive Puiseux series. Crucially, R{{t}} is also real closed and therefore we
can invoke Tarski’s principle.

This ordered field is equipped with a non-archimedean valuation deg (an extension of the
degree map) which maps all non-zero elements to their leading exponent and zero to —co. The
valuation deg extends entry-wise to vectors and matrices. It is enough to think of Puiseux series
as polynomials in t with arbitrary exponents and coefficients in R.

OBSERVATION 8.3. For x, y € R{{t}}>o the map deg is a semiring homomorphism, this means
deg(x + y) = max(deg(x),deg(y)) and deg(x - y) = deg(x) + deg(y). Note that this does not
hold for general Puiseux series, as the sum of a positive and negative series may cause the leading
terms to cancel.

Recall that by definition, Lorentzian polynomials have non-negative coefficients. As deg
is a semiring homomorphism on these coefficients, this motivates the study of Lorentzian
polynomials under the degree map.

DEFINITION 8.4. For a polynomial p(w) = ZaeAg co(t)w* € R{{t}} [w] over Puiseux series, its
tropicalization is the function trop(p): A — R U {—co} with trop(p)(a) = deg(cx(t)).

THEOREM 8.5 ([12, Theorem 3.20]). For f: A% — R U {-c0}, the following are equivalent:
(i) the function f is M-concave,
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(ii) there is a Lorentzian polynomial p € R{{t}}[wy, ..., wy] with trop(p) = f.

REMARK 8.6. Lorentzian polynomials are usually associated with M-convex functions, which
are the negatives of M-concave functions. However, this is merely a matter of how we choose
the tropicalization as highest or lowest term, or actually its negative. It translates to the choice
of convention between max and min and one can easily switch between them via the relation

max(x, y) = min(—x, —y).

As a corollary of Theorem 8.5, if p is a multi-affine Lorentzian polynomial then trop(p) is
a valuated matroid. This relation is strengthened in the following propositions, where many of

the constructions in Section 2 and the constructions in Proposition 8.2 are shown to commute.

PROPOSITION 8.7. Let p be a multi-affine Lorentzian polynomial over R{{t}}.
() trop(p \ i) =trop(p) \ i,
(ii) trop(p/i) = trop(p)/i.

PROOF. Letp = ZaeAg co(t)w* be multi-affine, we can view o as a subset of [n].
For (i), note that a € supp(p \ i) if and only if i ¢ «, therefore

(trop(p\ i))(a) = | “E ) T
—00 lLe

precisely the value of (trop(p) \ i) ().
For (ii), note that B € supp(p/i) if and only if B Ui € supp(p), therefore

(trop(p/i))(B) = deg(cpui(t)) = (trop(p)/i)(B) .

PROPOSITION 8.8. Let p be a Lorentzian polynomial over R{{t}}. The tropicalization of its
multi-affine part trop(MAP(p)) is the restriction of trop(p) to {0, 1}".

PROOF. Note that the claim trivially holds if p is multi-affine. If p is not multi-affine, then its
multi-affine part MAP(p) has zero as the coefficient for any terms containing squares. Under
the degree map, we get

deg(cq(t)) o€ {0,1}"

trop(MAP(p))(a) = :
—00 a € {0,1}"
which is precisely trop(p) («) restricted to {0, 1}". u

We give a more general version of induction by bipartite graph than introduced in Defini-
tion 2.8 and Lemma B.3, allowing for M-concave functions and more general subgraphs than
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matchings. Note this is still a special case of transformation by networks derived from [39,
Theorem 9.27].

PROPOSITION 8.9. Let G = (V,U; E) be a bipartite graph with weight function ¢ € RE. Let g
be an M-concave function on Zgo of rank d. Then the transformation of g by G is the function
(G, g,¢): Z, = RU {—co} with

W(G, g, ¢)(x) = max {Z c(e) +£()

ecu

W subgraph of G with }
Sv(u) =xand Sy(u) =y

where 8y (u) and &y (u) are the degree vectors of u on'V and U. Furthermore, ¥(G, g, ¢)(x) is an
M-concave function.

For consistency of notation with Lorentzian polynomials, we will use the node sets V = [n]
and U = [k].

THEOREM 8.10. Let q € LY(R{{t}}) and let A € R{t}"5*. Let G = ([n], [K]; E) be the bipartite
graph with weight function deg(A) € RF that weights (i, j) by deg(a;;). Then trop(A ~q) is the
M-concave function W(G, trop(q), deg(A)) arising from trop(q) by transformation via G.

PROOF. Assume first that g consists of a single monomial d, - W?l Wgz .- -wy". Reordering yields
a1 (047}

k k
q(av) =do-| ) apv;| | panvi| =da- ) | ) | [aVh a0
j=1 j=1 pead | uelnix[k] ecu
5[n][.l=0(
Sk u=p )

where the coefficient of each v# is the sum of weights of subgraphs satisfying & (U = aand
Sxju = B. Therefore, the value trop(A~q)(B) for B € Az is

\

deg| dy - Z 1—[ a. | = max{deg(da) + Zdeg(ae) u € [n] x[Kk]: Spqu =a ASpqu = B}
pe[n]x[k] ey ecu

5[n][.l=0(

Sriu=p )

where we use that degree is a semiring homomorphism from Observation 8.3. The claim now

follows by ranging over all « € A% in the support of q. ]

If g is a valuated matroid, recall from Theorem 2.9 that ®(G, g, c) is also a valuated matroid.
In comparison, ¥(G, g, ¢) may be an arbitrary M-concave function. The difference is that the
former only allows us to take matchings in the induction process, while the latter allows us to
take arbitrary subgraphs. Restricting ¥(G, g, ¢) to its multi-affine part recovers the valuated
matroid ®(G, g, ¢).
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COROLLARY 8.11. Let q € LY(R{{t}}) be multi-affine and let A € R{t}"’s*. Furthermore, let
G = (V,U; E) be the bipartite graph with weight function deg(A) € RE.
Then ®(G, trop(q), deg(A)) = trop(MAP(A~q)).

8.3 Limitations of basic constructions

In this section, we let K be any real closed field unless explicitly stated.

For an M-convex set 8 C Z

1 o L
. | — .|
qs = E |W ,Where a | | ;. .

aeB i=1

its generating function is the Lorentzian polynomial

Of particular interest for us is when 8 C {0,1}" i.e., 8 forms the set of bases of a matroid.
Let G4 c L4(K) be the set of all generating functions corresponding to rank d matroids on
n elements. For each k € Zso, the set K''s¥ acts on G§ by A ~ q(w) = q(Av) € L{(K) where
A e K%K, q € GZ. We denote the orbit of this action by K's* ~ G ¢ LY{(K).

>0’

DEFINITION 8.12. We say a Lorentzian polynomial is matroid induced if it is contained in the
orbit K5* ~ G{ for some n > d.

Our main theorem of this section is that over the Puiseux series, the class of matroid
induced Lorentzian polynomials is a strict subclass of Lorentzian polynomials.

THEOREM 8.13. For k > 10, we have

| REBZF A~ G < LY R{D) .

n>d
PROOF. Containment is given by Proposition 8.2. For strict containment, we assume the
converse, that every Lorentzian polynomial is matroid induced. Let h € i be a valuated matroid
on the ground set [2k] defined in Definition 1.2 such that it takes only finite values. Let f: Agk —
R U {—} be an M-concave function such that f restricted to {0,1}?¥ is h. By Theorem 8.5,

there exists some p € Lgk(R{{t}}) such that trop(p) = f; furthermore trop(MAP(p)) = h by

nx2k

Proposition 8.7. By the assumption that p is matroid induced, there exists a matrix A € R{{t}}1}

and some q € G¢ such that p = A ~q. By Corollary 8.11 we have
h = trop(MAP(p)) = trop(MAP(A~q)) = ®(G, trop(q),deg(A)) .
contradicting Proposition 6.7 that h is not an R-induced valuated matroid. u

We would like to extend Theorem 8.13 to R and other real closed fields via Tarski’s principle.
However, the statement of the theorem is an infinite union of first-order statements and so
cannot be extended immediately. Instead, we show the weaker statement that for any finite
integer N, there exists some Lorentzian polynomial over R that cannot be induced by a matroid
on a ground set of sizen < N.
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PROPOSITION 8.14. Let K be areal closed field and k > 10. For each N € N, there exists some
Lorentzian polynomial p € L k(K) such that

p ¢ U(KHXZRNQH )

n>d

PROOF. The containment | ¥
that the sentence

K’;Sz" ~GY) CL k(K) is given by Proposition 8.2. We claim

n>d

N
peli(K) — pe| JEEF~G, (11)

nx>d
is a first-order sentence of ordered fields for arbitrary N € N. Theorem 8.13 shows this statement
is false over Puiseux series for large enough even k, and so by Tarski’s principle is false over
the reals as well.

We write p as shorthand for (pg : B € Az), where p is a degree d polynomial in k variables
and pg is the coefficient of w? in p. The sentence ¢(p) that verifies whether p is Lorentzian is
first-order by [12].

Fix some generating function qg for some rank d matroid 8 on n elements; recall its
coefficients c, are one if & € B and zero otherwise. We write K”Xk ~~ (p for its orbit in this
action. By a similar reordering as (10), the sentence 3 (p) that verifies whether p € K"Xk ~(p

¢§<p>=<3aij:ie[n],je[k]):A(pﬁ= > e [ al-]-).
P peln]x[k] — (Lj)eu
S[n]yza

Sk \u=p

is given by

In particular, it is a first-order sentence in the language of ordered fields. The sentence ¥, (f)
verifying whether p € K'$* ~ G¢ is given by taking the finite union of sentences 17’ (p) over all
rank d matroids on n elements; as this union is finite, it is also a first-order sentence. Finally,
we can take arbitrary finite unions of this sentence to reach the first-order sentence

N
b(p) — (v wn<p>) ,

n>d

proving the claim. u

While Proposition 8.14 gives restrictions on constructing Lorentzian polynomials over R
and other real closed fields, it remains an open question whether Theorem 8.13 holds over R or
not.

QUESTION 8.15. Is the class of matroid induced Lorentzian polynomials over R a strict

subclass of Lorentzian polynomials over R?

We note that R{{t}} is a non-archimedean field, and so its topological properties behave
quite differently to over the reals; see [36, 6.3 (iii)] for a discussion and an example. As Lorentzian
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polynomials over R have an equivalent definition in terms of topological closures [12, Defini-

tion 2.1], it is reasonable to believe that the spaces of Lorentzian polynomials over R and R{{t}}

could behave very differently.
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A. Allfunctions in 7, are valuated matroids

For convenience, we restate the definition of the family 7, and then show that each of the
functions in the family is a valuated matroid.

DEFINITION 1.2. (Restated) For n > 3, we define 7, as the following family of functions

([24”]) — R. LetV =[2n], P; = {2i — 1, 2i} for i € [n], and let

H={P;UP;|ij=0 mod 2} (H-def)

i.e. we take pairs such that at least one of i and j are even. Let X* = Py U P, = {1,2,3,4}. A
function h : (}) — R U {—oco} is in the family 7, if and only if the following hold:

— h(X)=0ifX € (}) \ H,

— h(X) <0ifX € H,and

— h(X7) is the unique largest nonzero value of the function.

The proof of the following lemma is an adaptation of [9, Lemma 8] that we include for

intuition.
LEMMA A.1. Let By = (Z) \ H and B; = dom(h). Then B, and B, are sparse paving matroids.

PROOF. We first show that B = (},) \ H forms the bases of a matroid. Suppose this is not the
case, then there exists BB’ € Byand e € B\ B'suchthatB—e+ f ¢ By forall f € B"\ B. We
observe that |B’\ B| > 1, else B = B—- e+ f € 8By. Hence, we let f, f’ be distinct elements of
B’ \ B and consider N =B —-e+ fand N’ = B— e + f’. As the basis exchange axiom does not
hold, we have N, N’ € H. However, we also have N N N’ = B — e has cardinality three, while
elements of H can intersect in at most two elements. This gives a contradiction and it follows
that B, form the bases of a matroid.

We next show the circuits of B, are of cardinality four or more. Let X be any set with
|X| = 3. If X intersects three distinct pairs P;, Pj, Px, then added any element x € V \ X gives
a basis X + x € By. If X intersects two distinct pairs P;, P;, as n > 3 there exists a pair Py that
X does not intersect. Hence for any element x € Py, the set X + x € B is a basis. As all sets of
cardinality three are independent, B is a paving matroid with H as the circuits of size four. As
sets in H can intersect in at most two elements, it is also sparse paving. As $; is obtained by
removing elements of H, it is also a sparse paving matroid. u

LEMMA A.2. Forevery n > 3, all functions in ¥, are valuated matroids.

PROOF. We need to show each h € ¥, satisfies (1b). We consider three cases:
— LetX,Y € Bpandi € X \ Y. By Lemma A.1, the basis exchange axiom holds within 8.
Therefore we can find j € Y —isuchthat X —i+ j,Y +i — j are both in B, taking the value
zero and satisfying (1b).
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— LetX € By,Y € H without loss of generality. If there exists j € Y\ X suchthat X —i+j € B,,
thenY +i — jis also in By and we satisfy (1b). If such a j does not exist, there cannot be
distinct jq, j, € Y\ X, else X —i + j;, X — i+ j, are both elements of A and have intersection
of cardinality 3, something elements of H cannot have. Therefore Y = X — i + j and so (1b)
is satisfied with equality.

— LetX,Y e Handi € X\Y. As elements of H can intersect in at most two elements, picking
any j € Y \ X to exchange yields two sets in 8, with value zero, satisfying (1b). u

REMARK A.3. We can extend the above construction of the valuated matroid h to any sparse
paving matroid 8, where H = (}) \ B is the set of circuits of rank 4. The proof of Lemma A.2
generalizes as it only uses the property that elements of H cannot intersect in three elements,
as stated in [48, Lemma 19].

B. Valuated matroid operations

We prove in this section that valuated matroids are closed under the operations introduced in
Section 2.

THEOREM 2.12. (Restated) The class of valuated matroids is closed under the operations
deletion, contraction, dualization, truncation, principal extension, direct sum, matroid union.

LEMMAB.1. f/Y = (f*\Y)*

PROOF. At first, observe that the independence of Y in dom( f) implies that it is contained in a
basis. Hence, V — Y has full rank in dom( f*) = dom( f)* and we can actually apply the deletion
operation.

LetX € (;_1;). Then, as the codomain of (f*\Y)isV -Y, we get (f*\Y)*(X) = (f*\Y)(V -
(Y U X)). Note that X and Y are disjoint by definition. Furthermore, fromV - (YUX) CV -Y
we obtain (f*\Y)(V-(YUX)) = f*(V - (Y UX)). Since the codomain of f* is V, this yields

F(V - (YUX)) = fF(XUY). 0

LEMMA B.2. f(V = f0/{p}, where 0 is the zero vector and p is the element added in the principal

extension.

PROOF. As pis not aloop of dom(f°) one can form this contraction and rk({p}) = 1. Now the
claim follows directly from the definition of contraction and truncation. ]

The valuated truncation is further studied in [41]. It is shown that this actually gives rise
to a valuation on all independent sets such that this forms a generalized valuated matroid.
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Figure 12. The inductive construction of graphs corresponding to principal extension from Lemma B.3.

LEMMA B.3. Let G = (V,U;E) be a bipartite graph with weight function ¢ € R and g be a

valuated matroid on U. Then ®(G, g,c) = ((...(g%)...) V) \ U, the iterated principal extension
ofgby{ci,...,cy} € (RU {—c0})Y, where c; is the function c restricted to the edges incident with
[ € V extended with value —co where it is not defined. Furthermore, these principal extensions

commute.

PROOF. The claim follows by induction. We start with the bipartite graph Gy = (U’,U; Ey)
where U’ is a copy of U, and E consists of edges (u/, u) between copies of elements. Furthermore
the weight function d takes the value zero on all elements of Ej.

We inductively define G; = (V;,U; E;) where V; =U’ U {1,...,i} by adding the nodei e V
to G;_1 with edges (i, u) for all u € U. Furthermore the weight function d; takes the value of d;_,
for all edges in E;_q, and the value c;, on the new edges (i, u). These graphs are displayed in
Figure 12. We claim that ®(G, g,d;) = (... (g%)...)“.

Note that for the base case, we have that ®(Gy, g,dy) = g, as all edges in Gy have weight
zZero.

For the general case, consider ®(Gj, g, d;) and let X be a d-subset of V; =U U {1,...,i}. If
i ¢ X, then ®(Gy, g,d;) = ®(Gi_1, g, d;_1) as the graphs G; and G;_, are the same outside of node
.IfX=iUY, then

®(Gi, g, d)(X) =max| > di(k,v)+g(Z) | (P) =X, 0u(P) =2
(k,v)eP

— max| c(i, u) + Z di(k,v) +g(Z' ) |8y (P) =Y, dy(P) =2’
(kv)eP’

= max (ciy + P(Gi-1,4,di)(Y Uu)) .
ueV;\Y

Note that for u ¢ U, we define ¢;;, = —oo, therefore this maximum will only be achieved for some
u € U unless no matching # exists. This is precisely the principal extension of ®(G;_1, g, di-1)
with respect to c¢;. By the inductive hypothesis, this implies ®(G;, g,d;) = (... (g%)...)“.
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W/

V=ViuV,

Figure 13. The graph G that induces the union f; v f>, as described before Lemma B.4.

The final observation is that G is obtained from the graph Gy by deleting the copy of U that
shares no edges with V. As they share no edges, deleting these nodes is equivalent to deletion
on the level of valuated matroids, therefore ®(G, g, ¢) = ®(Gy, g,dy) \ U.

Finally, we note that as elements of V share no edges, we can inductively build the graph
Gy by adding nodes in any order. On the level of valuated matroids, this implies the principal

extensions commute. [

Let V7 and V; be the respective (not necessarily disjoint) ground sets for the valuated
matroids f; and f; with ranks d; and d; and let V = V; U V,. We define a bipartite graph
G = (V,V1UV,; E) where one colour class is V and the other colour class is the disjoint union of
copies of V7 and V. The edge set E consists of edges (v, v) connecting a node to any of its copies,
all weighted zero by weight function c; in particular, a node of V has degree two if and only if it
represents an element in V3 N V,. This graph is displayed in Figure 13.

LEMMA B.4. The union f; V f, can be written as an induction ®(G, f; @ f5, c).

PROOF. Any matching M such that 9y (M) = X corresponds to a decomposition X = X;UX,
where X; C V;. Therefore
Vi Vs
D(G, 1 ® f2,0)(X) =max{ (fi ® fo)(X) | X1 € a;) X =X\X; € B[

which is precisely the definition of f; V f5. ]

PROOF OF THEOREM 2.12. Deletion, dualization and direct sum are all covered by [39,
Theorem 6.13], parts (6), (2) and (8) respectively. Lemma B.1 implies closure under contraction.
Lemma B.4 and Remark 2.10 show matroid union and principal extension are special cases of
induction by networks, which valuated matroids are closed under via Theorem 2.9. Finally,
Lemma B.2 implies closure under truncation. u

Finally, we show that induction by networks is a special case of induction by bipartite
graphs with contraction.
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Figure 14. An example of the construction from Lemma 2.11: a network N and the corresponding
bipartite graph G. A set of node-disjoint paths in N correspond to a matching in G, both displayed in
bold.

LEMMA 2.11. (Restated) Let N be a directed network with weight function d and g a valuated
matroid on U such that f = ®y(N, g,d) is again a valuated matroid. Then there is a bipartite
graph G = (VUW,U UW’; E) with weight function ¢ € RV"W and a valuated matroid hon U UW’
such that f = (®(G, h,c))/W.

PROOF. Let N = (T, A) be the weighted directed network such that the valuated matroid f on
the subset V of T is the induction of the valuated matroid g on the subset U of T through N. Let
W =T\ (VUU) and W’ a disjoint copy of W. We define the bipartite graph G = (VUW,UUW’; E)
with weight function ¢ € RF where for each arc (a, b) € A, we add the edge (a,b) if b € U or
(a,b’) if b € W to E with weight d(a, b). Furthermore, we add the zero weight edges (w, w’) for
all w € W with copy w’. An example of this construction is displayed in Figure 14.

Let X € Vand Y C U be subsets of equal cardinality. We observe that node disjoint paths
from X to Y in N are in bijection with matchings from X U W to Y U W’ in G, and furthermore
preserve weights. Let # be a set of node disjoint paths in N, the edges of G corresponding to
arcs of  form a matching of equal weight on a subset of the nodes from X U W to Y U W’. For
any nodes w € W that are not used in $, we add the corresponding zero weight edge (w, w’)
to the matching: this gives a perfect matching from X U W to Y U W’ of the same weight at .
Conversely, any perfect matching ¢ from X U W to Y U W’ gives rise to a set of node disjoint
paths by contracting the (w, w’) in G for all w € W. This precisely recovers the network N from
G, and the matching u becomes a set of node disjoint paths from X toY in N.

We let h be the valuated matroid g & fry- as defined in Example 2.7. Consider f(X) for
some X C V. As node disjoint paths from X in N are in bijection with matchings on X U W in G,
we can replace N with G in the definition of f:

f(X) = max {Z c(e) +g(Y)| matching uinG: dyuw(u) =X UW A dyuw () =Y U W’} :

ecu
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Furthermore, by definition of h we can replace g(Y) with h(Y U W’) in the above equation.
This implies that f(X) = ®(G, h, c)(X U W); furthermore this holds for arbitrary X and so
f=®(G,h,c)/W. u

C. From valuated generalized matroids to valuated matroids

By definition, valuated matroids are defined only on a layer of the ground set, but it is easy to
check that each valuated matroid is also a valuated generalized matroid if we set the function
value to —co outside of the layer. Another way to obtain a valuated generalized matroid from
a valuated matroid is by truncation (introduced in Section 2) and elongation. The interested

reader is referred to [41], in particular Theorem 3.2.

Here, we demonstrate how to go in the other direction, i.e., how to represent a valuated
generalized matroid as a valuated matroid. This construction also appears in [33, Lemma 8.5]
and [43, Proposition 3]. Then we show an explicit construction for the case of Ri-minor valuated

generalized matroids.

Let f : 2"1 — R U {—o0} be a valuated generalized matroid. Denote with n the size of V3
and let V; be a copy of V;. We define a function g5 : ('7"?) — R U {~o0} for X € ("'"%) as

gr(X) = f(XNV).

Then, it is a straightforward check via the valuated (generalized) matroid axioms that the
function g7 is a valuated matroid. Note that given such a function gy, we can recover f as
f(X)=gr(XUY)foranyY C V, of size n — |X|.

Starting with an R¥-induced or an Ri-minor valuated generalized matroid, a similar con-
struction gives rise to an R-minor valuated matroid. Let f : 21 — R U {—co} be an R-minor
valuated generalized matroid represented by (Gy, M1, ¢, W) where G, = (V; U W, Uy; E). For
n = |V1|, let V,, Uy be two disjoint sets, each with n elements, and disjoint from V; U W U U;. Let
M be the free matroid on U,. Consider the R-minor valuated matroid g defined by the bipartite
graph G = ( (V4 UV,) UW, Uy U Uy; E’), matroid M on U; U Uy, ¢’ € RE', and W; where

— M is obtained by truncating M; & Mo to the size |W| + n,
— E’ is obtained from E by adding all possible edges (i, j), fori € Vy, j € Uy U Uy,
— ¢’ extends c to E’ by weighting all edges in E’ \ Eq by zero.

Then, a maximal independent matching in G on X UW must come from a maximal independent
matching in G; with additional zero weight edges adjacent to all nodes in X N Vy, verifying that

g is the same valuated matroid as gr defined in the previous paragraph.



66 / 67 TheoretiCS E. Husi¢, G. Loho, B. Smith, L. Végh

D. The size of R-induced representations

We show that any R-induced valuated matroid has an R-induced representation where the
bipartite graph has size O(|V| - d), where d is its rank. A corollary is that not all valuated
matroids are R-induced.

LEMMAD.1. Let f : (g) — R U {-0o} be an R-induced valuated matroid with representation
G = (V,U;E), M = (U,r) and ¢ € RE. Then, there is an R-induced representation of f with
G = (V,U;E), M’ = (U,r") and ¢’ € R such that [T¢:(v)| < d for allv € V. In particular,
[E'[+ U] +|V] € O(|V] - a).

PROOF. Consider an arbitrary node v € V, and the set of its neighbours I'c(v) in U. Let us
define a weight function w over I'g(v) as w(u) = ¢y, for u € I'g(v). Let S be a maximum weight
basis in the matroid M restricted to I'¢(v) with respect to the weights w. As M has rank d it
follows that |S| :=s < d.

To prove the lemma, it suffices to show that for any set X € dom(f) with v € X, in any
maximum weight independent matching u* defining f(X) the edge incident to v can be switched
to have the other end point in S.

Let uX be an independent matching covering X where X € dom(f) and v € X. Denote
with u the node in U matched to v by yX .Ifu € §, there is nothing to show. So, assume u ¢ S. Let
T be the set of all other endpoints of uX in U. That is, the set of endpoints of u* in U is exactly
T U{u},whereu ¢ T and |T| = |X| — 1. We show that we can swap (v, u) by an edge (v, u’) for
u’ € S without decreasing the weight of the matching.

Denote the elements of the neighbourhood I's(v) by uy,..., us such that w(uy) > ---

\Y

w(us). Since S is a maximum weight basis, there is a k € [s] such that w(u1) = ¢y, = -+ =
w(Ux) = Cyy, = w(u) = ¢y and u € clf{uy,...,ux}] (by the greedy algorithm for finding a
maximum weight basis in a matroid).

If we can replace (v,u) by an edge (v, u;) for t € [k] in u%, we get a new independent
matching with weight at least as much as the weight of u*. On the other hand, suppose that
for any t € [k] the set u* U {(v,us)} \ {(v,u)} is not an independent matching. Then, it must
be the case that {uq,...,ux} C cl[T]. Since, u € cl[{uy,...,ux}] it follows that u € cl[T]. A
contradiction. It follows that we can always swap (v, u) € u* for an edge (v, u’) where v’ € S, to
obtain a matching with weight at least the weight of u*. The lemma follows. ]

Information-theoretic separation We use the above lemma to give an alternative proof that
not all valuated matroids are R-induced. Note that this is also proved in Proposition 6.7.

Let f : (Z) — R U {—oo} be an R-induced valuated matroid and consider its R-induced
representation (G, M, ¢) given by Lemma D.1; in particular, G = (V,U; E) where |E| < |V| -
rk(f) = 4|V|. Let C = {c¢;j : (i, j) € E} be the set of weights appearing on the edges; note that we
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trivially have |C| < 4|V|. For any set X € (Z), the value f(X) is either —oco or a sum of precisely
four numbers in C. This implies that the set of function values is contained in the Q-vector
space generated by C. In particular, the dimension of this vector space is bounded above by |C|.

We now exhibit a family of valuated matroids for which the Q-vector space generated by
its attained values has dimension greater than 4|V|. Recall from Definition 1.2 and Appendix A
the sparse paving matroid with bases (Z) \ H, where H is the set of pairs P; U P; where at least
one of i, j are even. We define a valuated matroid by

0 Xe()\H
h(X) = (1) , ax <0.
oax XeH

In particular, the values ax for X € H can be assigned freely. Consider such a function for which
the set A = {ax : X € H} is a set of linearly independent real numbers over Q. Therefore the
Q-vector space generated by values of h has dimension at least |A|. By definition of H, we have
1Al = (3) - (L"£2J); in particular, this grows quadratically as opposed to |C| which grows linearly.
For n > 23, we have that |A| > 4 - 2n = 4|V|. Hence, such a function h is not an R-induced
valuated matroid.

Finally we mention that with a similar proof, it is easy to show an analogous lemma for
Ri-induced valuated generalized matroids.

LEMMA D.2. Let f: 2V — RU {-c0} be an RP-induced valuated matroid with representation
G = (V,U;E), M = (U,r) and ¢ € RE. Then, there is an R%induced representation of f with
G’ = (V,U;E), M’ = (U,r") and ¢’ € RE such that |T¢/(v)| < min{n,r(M)} forallv € V. In
particular; |[E'| + |U’| + |V]| € O(|V|?).
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