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Abstract

A realisation of a graph in the plane as a bar-joint frame-
work is rigid if there are finitely many other realisations,
up to isometries, with the same edge lengths. Each of
these finitely many realisations can be seen as a solution
to a system of quadratic equations prescribing the dis-
tances between pairs of points. For generic realisations,
the size of the solution set depends only on the underly-
ing graph so long as we allow for complex solutions. We
provide a characterisation of the realisation number —
that is the cardinality of this complex solution set — of a
minimally rigid graph. Our characterisation uses trop-
ical geometry to express the realisation number as an
intersection of Bergman fans of the graphic matroid. As a
consequence, we derive a combinatorial upper bound on
the realisation number involving the Tutte polynomial.
Moreover, we provide computational evidence that our
upper bound is usually an improvement on the mixed
volume bound.

MSC 2020
52C25 (primary), 14T15, 14T90 (secondary)

© 2026 The Author(s). Journal of the London Mathematical Society is copyright © London Mathematical Society. This is an open access

article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

J. London Math. Soc. (2) 2026;113:€70438.
https://doi.org/10.1112/jlms.70438

wileyonlinelibrary.com/journal/jlms 10f42


https://orcid.org/0000-0003-2220-4576
mailto:sean.dewar@kuleuven.be
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jlms
https://doi.org/10.1112/jlms.70438

20f 42 | CLARKE ET AL.

1 | INTRODUCTION

A d-dimensional bar-joint framework (G, p) is an ordered pair consisting of a graph G and a map
p : V — R For brevity we will simply use framework if the dimension is implicit. The map p is
often referred to as a realisation of G. The framework (G, p) is rigid if all edge-length preserving
continuous deformations of the vertices are isometries of R%. The study of rigidity is classical,
dating back to work of Cauchy [15] and Euler [24] on convex polytopes.

Determining if a framework is rigid is computationally challenging [1] and hence most recent
works have focussed on the generic case. In the generic case, determining if a framework is rigid
reduces to a purely graph-theoretic property that can be characterised by the rank of a matrix
associated to the graph [7]. Even for non-generic frameworks, the predictions from the generic
analysis have been applied to a myriad of real-world practical applications including computer-
aided geometric design [38], stability of mechanical structures [18] and modelling for crystals and
other materials [34, 47].

It is a well known fact [7] that either almost all d-dimensional frameworks of a given graph are
rigid, or almost all are not rigid; if the former holds, we say that the graph G is d-rigid. Further-
more, G is minimally d-rigid if it is d-rigid and G — e is not for any edge e of G. An example of a
2-rigid graph is the unique graph obtained from the complete graph on four vertices by deleting
an edge. This will be denoted by K, see Figure 1. It is folklore that minimally 1-rigid graphs are
exactly trees, and an elegant combinatorial description of minimally 2-rigid graphs was provided
by Pollaczek-Geiringer [44].

Another natural question is as follows. Given a graph G and a generic realisation (G, p) in R¢,
how many other realisations (G, q) in R? have the same edge lengths? If the graph is d-rigid,
then up to isometric transformations this number is finite and called the d-realisation number.
Determining the d-realisation number has applications in conformation change in proteins [39,
40] and other biological structures [21, 23], as well as control of autonomous systems of robots
[49]. It may also be useful in sensor network localisation [4] where global uniqueness is desired
but often unrealistic.

Theoretically, the d-realisation number can be obtained by symbolic computation techniques
such as Grobner basis-based algorithms. However these are computationally intractable in prac-
tice. Asymptotic upper bounds were computed as complex bounds of the determinantal variety of
the Euclidean distance matrix by Borcea and Streinu [12]. In the case when d = 2, mixed volume
techniques have also been used [46]. Jackson and Owen [33] established the 2-realisation number,
or bounds on it, for several families of graphs including planar graphs and graphs whose rigidity
matroid is connected.

An improvement on symbolic Grébner basis computations are probabilistic numerical algo-
rithms that randomly sample from the space of frameworks. However, despite the speed gain,
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FIGURE 1 K isaminimally 2-rigid graph with 2-realisation number 2.
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they are still quite slow and provide only a lower bound to the realisation number. Currently,
the best algorithm known appears in [14] and has an implementation at [13]. The algorithm uses
tropical geometry and a recursive deletion-contraction construction on an auxiliary combinato-
rial object called a bigraph. Due to the recursive nature of the algorithm, the time complexity is
still exponential.

‘We will approach the realisation number problem using tropical geometry, a combinatorial
analogue of algebraic geometry. Its early successes were within enumerative algebraic geometry,
where it was utilised as a combinatorial method for computing invariants such as Gromov-
Witten invariants [42] or (re-)proving formulas such as the Caporaso-Harris formula [26]. More
recently, it has played a vital role in the development of intersection theory for matroids, in
which the Bergman fan of a matroid can be viewed as a tropical variety. These innovations
were key to solving a number of outstanding conjectures on log-concavity within matroid
theory [2].

Tropical geometry has already found applications in rigidity theory. As previously mentioned,
the realisation number algorithm of [14] uses tropical geometry working over the field of Puiseux
series. Bernstein and Krone [10] analysed the tropical Cayley-Menger variety to give a new proof
of Pollaczek-Geiringer’s characterisation of minimally 2-rigid graphs. Ideas from tropical geom-
etry, via valuation theory, have also been used to understand when 2-rigid graphs have flexible
realisations [28]. In the other direction, rigidity has recently found applications in tropical geom-
etry. In particular, infinitesimal rigidity and the Maxwell-Cremona correspondence were used to
understand extremal decompositions for tropical varieties [8].

Our approach. Given a minimally d-rigid graph G, we study the generic number of solutions,
or the generic root count, of the edge-length and vertex-pinning polynomials for G described in
Definition 3.1. We show that the generic root count is equal to the d-realisation number of G and
then modify these equations to use edge-length variables as in Definition 3.4. In the case when
d = 2, we perform a sequence of modifications to the polynomials in the edge-length variables to
prove our main result, Theorem 3.9, which shows that the 2-realisation number of a minimally 2-
rigid graph is a tropical intersection product of: a Bergman fan Trop(M,;), its negative — Trop(M;),
and a hyperplane, where Mg is the graphic matroid of G.

We use the description of the 2-realisation number as a tropical intersection product to give a
combinatorial characterisation in Theorem 4.6, which allows us to give bounds in terms of matroid
invariants. The non-broken circuit bases (nbc-bases) of a matroid M; are a special subset of bases,
see Definition 5.1, whose size is equal to the evaluation of the Tutte polynomial T (1,0). See
Corollary 5.11 for some alternative combinatorial descriptions for this value. We show that the
number of nbc-bases is equal to the tropical intersection product of the negative Bergman fan
— Trop(M;) of G, the Bergman fan of the uniform matroid Trop(U,,, ,,,—k+1) and a tropical hyper-
plane Trop(y, — 1). Observe that this tropical intersection product is obtained by replacing one
copy of the graphic matroid in the tropical intersection product in Theorem 3.9 with the uni-
form matroid U, ,,_j1- Intuitively, the Bergman fan of the uniform matroid is bigger than the
graphic matroid M, hence this replacement cannot increase the tropical intersection product,
that is, the number nbc-bases gives an upper bound on the 2-realisation number. In Section 6.1,
we observe that for minimally rigid graphs with at most 10 vertices, the number of nbc-bases
provides a significantly more accurate upper bound than the mixed volume bound.

Statement of main result. Our main theorem describes the 2-realisation number of a graph
G, here denoted by c,(G), by a tropical intersection product involving the Bergman fan Trop(M)
and its ‘flip” — Trop(M). Here we use X - Y - Z to represent the tropical intersection product of
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tropical varieties X, Y, Z (see Definition 2.20), and Trop(f) to represent the tropical hypersurface
of the polynomial f.

Main theorem (Theorem 3.9). Let G = ([n], E) be a minimally 2-rigid graph with n > 3 vertices
and an edge e € E. Then the following equality holds:

2(G) = 3(= Trop(My)) - Trop(Mg) - Trop(y, — 1.

The final term of the tropical intersection in Theorem 3.9 may be interpreted as ‘pinning’ a sin-
gle edge into place. This is a common approach for computing 2-realisation numbers as it removes
all isometries except the single reflection which fixes in place the pinned edge.

While we regard Bergman fans Trop(M) as fans in Euclidean space R" for the sake of consis-
tency with general tropical varieties, it is not uncommon to regard them as fans Trop(M) in the
tropical torus R"/(1, ..., 1) - R; see for example [41, Section 4.2]. Using said notation, the statement
in Theorem 3.9 can be simplified to

x(G) = 3(~Trop(Mg)) - Trop(My),

where ‘-’ instead denotes the number of points counted with multiplicity in the stable intersection
inR"/(1,...,1) - R.

1.1 | Outline

In Section 2, we give the necessary preliminaries from rigidity theory and tropical geometry,
including about realisation numbers, generic root counts and matroid theory. Section 3 builds
up to the key result, Theorem 3.9, that expresses the 2-realisation number of a minimally 2-rigid
graph as a tropical intersection product. In Section 4, we use Theorem 3.9 to deduce a number of
results on the 2-realisation number. The first main result is Theorem 4.6, a combinatorial char-
acterisation in terms of chains of flats of the graphic matroid of G. The second main result is
Theorem 5.3, an upper bound on ¢,(G) in terms of the number of nbc-bases of M;, or equiva-
lently, as an evaluation of the Tutte polynomial of G. We end with Corollary 5.14, a combinatorial
lower bound on ¢,(G) in terms of special bases of M,;.

2 | PRELIMINARIES

In this section, we cover the preliminaries for rigidity theory, algebraic geometry and tropical
geometry needed throughout the paper. First, we remark on the notion of ‘genericity’ used in
this paper.

Given an algebraic set S over a field K, we say that a property P of the points in S holds for almost
all points of S or generic points of S, if P holds for all points in some non-empty Zariski open subset
of S. For K = R or K = C specifically, the definition of ‘generic’ used here is a strictly weaker
notion than what is usually used in most rigidity theory literature. There, a point (x;);c[,,; € C" is
‘generic’ if x,, ..., x,, are algebraically independent over Q.
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2.1 | Rigidity preliminaries

For any positive integer n, we denote the first n positive integers by [n] : = {1, ..., n}, and we denote
the set of all 2-tuples of distinct elements in [n] by ([g]). Throughout the entire paper, G will be

a simple undirected graph with vertex set [n] and edge set E(G) C ([Z]). We denote by K,, the
complete graph on [n].

It is a well-established fact in algebraic geometry that understanding the real solutions of a set
of equations is difficult, while understanding the complex solutions is (although admittedly still
difficult) easier. With this in mind, we instead wish to ‘complexify’ our concept of rigidity. To do
so, we define the (complex) rigidity map to be the multivariable map

d
. 1
fea: €™ = CFOL (b)) et = 2 <Z(pi,k —Dpjx)’
kE[d] k=1

ijeE

We define any point p € C"¢ to be a realisation of G, with p; = ( Dik)ke[d) Fepresenting the posi-
tion of vertex i. If there is a need to distinguish between whether a realisation lies in R or in C"",
we will explicitly state that it is either a real realisation or a complex realisation of G, respectively.

Given O(d, C) is the group of d x d complex-valued matrices M where M'M = MM" = I, we
define two realisations p,q € C"? to be congruent (denoted by p ~ q) if and only if there exists
A € 0(d,C) and x € C% so that p; = Ag; + x for all i € [n]. If the set of vertices of (G, p) affinely
span C%, we have the following equivalent statement: Two realisations p, q are congruent if and
onlyif fx 4(p) = fk, 4(q) (see [27, Section 10] for more details).

We can now give an alternative characterisation of generic rigidity using our complexified
system of constraint equations (i.e. the map f ;) using the following result.

Proposition 2.1 (see, for example, [20, Proposition 3.5]). For a graph G with n > d + 1, the
following are equivalent:

(1) Gisd-rigid;
(2) for almost all realisations p, the set féld(fG’d(p))/ ~ is finite;
(3) for almost all points A in the Zariski closure offG’d(C”'d), the set fgld(/'l)/ ~ is finite.

Equivalently to the definition given in the introduction, we can say that a d-rigid graph G is
minimally d-rigid if the Jacobian of f ; at a generic point of €™ is surjective. This condition
can be characterised using our complexified set-up with the following equivalence which follows
from [20, Lemma 3.1].

Proposition 2.2. For a graph G with n > d + 1, the following are equivalent:
(1) G is minimally d-rigid;

(2) Gisd-rigid and f 4 is dominant, that is, the Zariski closure of f g 4(C™?) is CEOL.

To define a classical necessary condition for d-rigidity, we require the following terminology.
For natural numbers k and ¢, a graph G = (V, E) is (k, £)-sparse if every subgraph (V’, E") with
|V'| > k has |E’| < k|V'| — £. Further it is (k, £)-tight if |E| = k|V| — ¢ and it is (k, £)-sparse.
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FIGURE 2 On the left and the right are two realisations of the same graph in the plane with different edge
lengths. Both sets of edge lengths can be chosen generically. On the left the realisation allows the equivalent
realisation in the middle, on the right such a realisation is not possible by the triangle inequality, illustrating that
the real realisation number depends on the specific choice of generic realisation.

FIGURE 3 A minimally 2-rigid graph G with c,(G,) = 45. As the number of real equivalent realisations to a
generic realisation in R? is always even (a corollary of a classical result of Hendrickson [31]), the upper bound on
this number given by c,(G) is not tight.

Lemma 2.3 [48, Lemma 11.1.3]. Let G be a d-rigid graph with |V| > d. Then G contains a spanning
subgraph which is (d, (d;rl))—tight. If G is minimally d-rigid, then G is (d, (d;rl))-tight.
Pollaczek-Geiringer [44] characterised minimally 2-rigid graphs as precisely the (2,3)-tight
graphs (sometimes called Laman graphs in the literature). Her result was independently
rediscovered by Laman [37] and, as a result, is often referred to as Laman’s theorem.

Theorem 2.4 (Pollaczek-Geiringer [44]). A graph with at least two vertices is minimally 2-rigid if
and only if it is (2,3)-tight.

2.2 | Realisation numbers
The following result describes more explicitly what exactly ‘finite’ means in Proposition 2.1.

Proposition 2.5 (see, for example, [20, Proposition 3.5]). Let G be a d-rigid graph with at least
d + 1 vertices. Then there exists a positive integer c;(G) so that for any generic realisation p, the set

f 5111( f6.a(p))/ ~ contains exactly c,(G) points.

We now define the value c;(G) given in Proposition 2.5 to be the d-realisation number of a
d-rigid graph G.

In practice, we are actually more interested in understanding the cardinality of the set
f EL (f.a(p))/ ~ when we restrict to real realisations. It is easy to see that this value is no longer
a generic value however — see Figure 2 — which makes it more challenging to investigate com-
pared to c4(G). Fortunately, we can always use the d-realisation number of the graph to bound the
number of equivalent real realisations (modulo congruences) for a generic framework in R%. Note
though that this upper bound is not always tight: The graph pictured in Figure 3 (first observed
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by Jackson and Owen [33]) gives such an example.

Working with the quotient space f E’ld( fc.a(p))/ ~ is difficult, since many of the tropical tech-
niques showcased later in the paper are suitable for counting generic fibres of polynomial maps,
not their quotients. Instead of directly quotienting out the congruences, we can instead restrict
our domain to achieve essentially the same effect. The standard method for doing this in rigid-
ity theory is to ‘pin’ vertices to various points to stop any congruent motions; for example, if
d = 3, we would fix our realisations to have the first vertex fixed at the point (0,0,0), the second
vertex restricted to the x-axis {(x,0,0) : x € C}, and the third vertex restricted to the xy-plane
{(x,¥,0) : x,y € C}. In fact, this exact method is described in [20, Lemma 3.3] with this pinning
system. As zero coordinates behave strangely under tropicalisation (due in part to valuations tak-
ing an infinite value at such points), we have slightly edited this method to allow for a more general
pinning system.

Lemma 2.6. Let G be a d-rigid graph withn > d + 1. Letb, ...,b; € R bea basis, let (cy, ..., ¢ ) :=
[by - by],...,1) € R where [b; --- by] € R is the matrix with rows by, ..., by, and define Y C
CIE©)l 10 be the Zariski closure of the image of f 4 and

X:={pec"|p b =cforicldandl €[d+1-il}.

Then the restricted rigidity map f 4 |§ : X — Y is dominant and 2%c,(G) is the generic cardinality
of fibres of f 4|, that is,

2dcd(G) = #(f(_;}d(/l) nX)for/l € Y generic.

Proof. Note that a realisation p € C¢ lies in X if and only if its first d vertices p;, ..., py lie in a
flag of affine spaces in C¢, namely:

* py € [by byl ey,s o eq) = {1, ..., D},
* py€[by - by_y17 ey, cq-0),

* p3 €[by byl ey, Cqm0),

* and so forth.

In [20, Lemma 3.3] the statement is proved for one particular choice of flag (given in [20, eq. 1]).
Using the Gram-Schmidt process on by, ..., by, we can construct an isometry of R4 (which is a
map x — Ax + b for some A € O(d,R) c O(d,C) and b € R? c C%) that maps said flag to ours.
Since any such map is an isometry of the bilinear space of C¢ equipped with the dot product, it
follows that the cardinalities of the fibres remain the same. O

When G is minimally d-rigid, we may combine Proposition 2.2 and Lemma 2.6 to replace the
algebraic set Y with the linear space C/#(©)!, This greatly simplifies the computational techniques
that are required.

2.3 | Matroidal preliminaries

We briefly recall the necessary preliminaries on matroids; for further details, see [43].
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Let M = (E,r) be a matroid on ground set E with rank function r : 2F Zyy. Aset X CE is
independent if r(X) = |X|, and dependent otherwise. The bases of M are the maximal independent
sets and the circuits of M are the minimal dependent sets. A flat F C E of M is an inclusion-
maximal subset of E of a fixed rank, that is, r(F U {e}) = r(F) + 1 for alle € E — F. Flats can also
be defined as the closed sets of M under the closure operator

cl: 28 528, cA)={ecE|r(Aue)=r(A)}.
The main family of matroids we will be concerned with will be those arising from graphs.

Example 2.7 (Graphic matroids). Let G = (V, E) be a graph. Its graphic matroid M, is the matroid
on the ground set E where the rank r(F) of F C E is the size of a spanning forest of G[F], the
subgraph of G with edge set F and vertex set {v € V(G) | 3 vw € F}. The flats of M,; correspond
to vertex-disjoint unions of the vertex-induced subgraphs of G. The circuits of M are the cycles
of G. If G is connected, the bases of M; are the spanning trees of G.

A loop is an element of a matroid contained in no basis. The flats of a loopless matroid (i.e.
containing no loop) form a lattice ordered by inclusion with @ as the minimal flat and E as the
maximal flat. A chain of flats F = (Fy, ..., F) is a chain in this lattice, thatis, F; C F j foralli < j.
We call a chain proper if it does not include @ or E, as any proper chain can always be extended to
include these elements. We call a proper chain maximal if for any flat F” such that F; C F’ C F;,,
we have either F/ = F; or F' = F;,. It follows that maximal chains have exactly r(M) — 1 parts
with r(F;) = i. Given two chains of flats F = (Fy, ..., F,) and H = (H,, ..., H;), we say F refines H
if every H; appears in . We denote the set of proper chains of flats of a matroid M by A(M)."

‘We can encode the matroid M via a polyhedral fan whose geometry reflects the combinatorics of
M. To each proper chain of flats F = (F, ..., F,) € A(M), we associate a polyhedral cone o C R”.
Write y, € RE for the characteristic vector of e € E, and for each S C E define yg 1= Y, X, €
RE. We write cone(xy, ..., X,,) for the set of sums Y\ a;x; with a; > 0 for each i € [n], and define

op = cone(xp,, -, Xp) + R Xg. 1)

As{xp ..., Xp,, Xg} are linearly independent, it follows that o is a simplicial cone of dimension
s + 1. It is also straightforward to check that 0, C o if and only if F refines H. The Bergman fan
Trop(M) associated to the loopless matroid M is the union of the cones o for all proper chains
of flats F € A(M).* The previous properties of o5 imply it is a pure simplicial polyhedral fan of
dimension r(E). The definition of Bergman fan above is obtained by unpacking [5, Theorem 1].
For further properties of this fan, see [5, 25].

Example 2.8. The uniform matroid U, ; is the matroid on ground set [n] whose bases are all
subsets of [n] of cardinality s. The flats of U, ; are [n] and all sets of cardinality less than s, hence

T This is sometimes also known as the order complex of M, specifically the order complex of the lattice of flats minus ¢ and
E.

In other literature, the Bergman fan is defined as a fan with the same support but equipped with the coarser matroid
fan structure; see [5]. Our default fan structure on the Bergman fan, with cones o as above, is sometimes called the fine
structure or fine subdivision.
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the maximal chains of flats are of the form

Fy o i} G (), u(2)} & -+ G {u(D), .., u(s — D},

where y € Sym(n) is a permutation. As such, the Bergman fan Trop(U,, ) is the union of the
maximal cones o, for all u € Sym(n), where

Tr(w) = CONC(X (1) Xip(1) (@} - » Xip(1),..pu(s—1)P) + R - X[n]

=W ER" | wya) 2 Wyp) >+ 2 Wyso1) = Wys) = - = Wy} - @)

2.4 | Tropical preliminaries

We will briefly recall the notions of tropical varieties, stable intersections, and how generic root
counts can be expressed as tropical intersection numbers. Our notation closely follows [41], except
that our tropical varieties will be weighted polyhedral complexes — polyhedral complexes with
positive integer multiplicities attached to the maximal cells. If we wish to solely consider the set
of points in the tropical variety with no additional polyhedral structure, we will refer to the support
of the tropical variety. For the sake of simplicity, we will focus on the classes of tropical varieties
that are of immediate interest to us, namely tropical hypersurfaces and tropical linear spaces. For
a more rigorous treatment of general tropical varieties, see [41].

Throughout, we let K be an algebraically closed field with valuation map val : K — R U {o0}.
We say the valuation is trivial if it only takes values 0 and oo, and non-trivial otherwise.

Example 2.9. Let C{t} denote the field of Puiseux series

o .k
C{{t}}={2cktn neN,ker,ckeC}

k=k,

1( i tk) ko
va Cpln = —.

k n
k=k,

The field C{¢} is algebraically closed and val is a non-trivial valuation map. Note that C is a sub-
field of C{t} on which the valuation is trivial. Throughout the paper we exclusively work with the
cases when K = C or K = C{t}.

with valuation

We write K[x*] :=K [xli, ..., x| for the ring of Laurent polynomials in n variables and coeffi-
cients in K. Recall that the zero locus of a Laurent polynomial is contained in the algebraic torus
KX)".

We next define tropical hypersurfaces.

Definition 2.10. Let f =)' _.c,x® € K[x*] be a Laurent polynomial with finite support S C
Z". For each subset s C S, we define a closed polyhedron
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s1 = conv((0,1),(1,1))

3 w-(0,1)=1+w-(1,1)
USI(f) B {w ERZ Sw'(oro)‘rw'(lvo) }

w-(0,0) =w-(1,0) =w- (0,1) }

05y (f) = Jw € R?
s2 = conv((0,0), (1,0),(0,1)) <L { © <l4+w-(1,1)

FIGURE 4 N(f)and Trop(f) for the Laurent polynomial f given in Example 2.11.

o,(f) = {w eR"| migl(val(ca) + o - w) is attained at exactly 8 for each 8 € s} CR".
ae
The (unweighted) tropical hypersurface Trop(f) is the polyhedral complex

Trop(f) = {o.(f)|sCSwith s > 1, 0,()#8}.

We can obtain an elegant polyhedral description of Trop(f) via subdivisions of the Newton
polytope. Recall that the Newton polytope of f is Newt(f) :=conv(a € Z" | « € S) C R". The
Newton subdivision N'(f) of Newt(f) is the regular subdivision on S induced by val(c,); see [41,
Definition 2.3.8] for a formal definition of regular subdivision. Informally, N'(f) is constructed
by lifting the points of S to the heights {val(c,)},cs in R"*!, taking the convex hull and then
projecting the subcomplex of faces that can be seen when viewed from below back to R". Each
cell in N'(f) is uniquely determined by the elements of S it contains, and so we write 7,(f) for the
cell satisfying 7 ,(f) N S = s.

In [41, Proposition 3.1.6], it is stated that Trop(f) is dual to M'(f) in the following way. There
is a one-to-one correspondence between the cells o(f) and the positive dimensional cells 7,(f)
of N'(f). Moreover, this correspondence is inclusion reversing, and satisfies dim(o(f)) = n —
dim(z,(f)). As dim(r,(f)) = 0 if and only if |s| = 1, it follows that Trop(f) is a pure polyhedral
complex of dimension n — 1 — that is, every maximal cell has the same dimension (which in our
caseisn — 1).

We can use this correspondence between Trop(f) and N'(f) to add one further piece of infor-
mation to Trop(f), namely multiplicities to the maximal cells. If o (f) is (n — 1)-dimensional,
the cell 7,(f) € N'(f) is 1-dimensional. Here we define £(s) := |t,(f) N Z"| — 1 to be the lattice
length of 7,(f). Since every O-dimensional cell of N'(f) is contained in Z", we have #(s) > 1. We
define the (weighted) tropical hypersurface to be Trop(f) with multiplicity £(s) attached to max-
imal cell o (f). From here on, we shall always assume our tropical hypersurfaces are weighted
unless stated otherwise.

Example 2.11. Figure 4 shows the Newton subdivision N'(f) and the tropical hypersurface
Trop(f) when f :=1+x+y+t-xy € C§{t}[x*, y*]. The figure highlights two cells in N'(f)
and their corresponding polyhedra Trop(f). Note how minimal cells (of cardinality greater than
one) in N'(f) correspond to maximal cells of Trop(f). Each of the maximal cells of Trop(f) has
multiplicity one.

We are now in a position to define tropical varieties.



A TROPICAL APPROACH TO RIGIDITY: COUNTING REALISATIONS OF FRAMEWORKS | 11 of 42

Definition 2.12. Let ] CK[x*] =K [xi,...,xﬁ] be a Laurent polynomial ideal. The tropical
variety Trop(I) is the weighted polyhedral complex in R"

Trop(I) = (] Trop(f).

fel

The recipe for its multiplicities is given in [41, Definition 3.4.3].

Remark 2.13. A priori, Definition 2.12 requires taking an infinite intersection. However, one can
always construct Trop(I) as a finite intersection of tropical hypersurfaces [41, Theorem 2.6.6]. The
tropical variety Trop(I) has a number of equivalent descriptions [41, Fundamental Theorem 3.2.3].
When [ is prime, Trop(I) has additional structural properties: It is pure, balanced and connected
in codimension one [41, Structure Theorem 3.3.5]. For us, it is often important that our polyhe-
dral complexes are balanced (Definition 2.17) as this guarantees that intersection numbers are
translation invariant; see Lemma 2.21.

Outside of our special cases of interest, it is sufficient for us to know that one can place mul-
tiplicities on the maximal cells. In the case that I = (f) is a principal ideal, its tropical variety
Trop({f)) is precisely the tropical hypersurface Trop(f). Moreover, its multiplicities agree with
those obtained from taking the lattice lengths of the 1-dimensional cells in the Newton subdivision
N

The other class of tropical varieties of interest to us are tropical linear spaces. For a linear ideal
ICK [xI—L, ..., x| (i.e. I is generated by linear polynomials), we associate a matroid M(I) to I on
ground set [n] in the following way. We say a subset S C [n] is dependent in M(I) if there exists
some linear polynomial £ = Y}, ¢;x; € I such that S is exactly the set Supp(¢) := {i € [n] | ¢; #
0} [41, Lemma 4.1.4]. The minimal dependent sets C(I) are the circuits of M(I), and for each C €
C(I) there is a unique linear polynomial up to scaling £ such that Supp(¢) = C. Moreover, this
set of linear polynomials completely determines Trop(I).

Lemma 2.14 (see [41, Lemma 4.3.16]). Let I C K[x*] be a linear ideal. Write £ = Y,
the linear polynomial corresponding to C € C(I). Then

iec CciX; for
Trop(I) = ﬂ Trop(¢c),
Ccec()

where each maximal cone has multiplicity one. In particular, w € Trop(I) ifand only if min;c-(w; +
val(Z¢;)) is attained at least twice for all C € C(I).

When I C K[x*] is a linear ideal, we say that Trop(I) is a (realisable) tropical linear space.

Example 2.15. Consider the linear ideal
I:= <x1 + X3+ X4, X+%x;+ 1+ t)x4> C C{t}[x*],
Its collection of support-minimal linear polynomials is

C134 = X1+ X3+ X4 L3 =X+ X3+ (L +1)x,,
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FIGURE 5 Trop(I) for I in Example 2.15. We exploit the fact that Trop(I) is invariant under translation by
R-(1,1,1,1) to produce pictures in R3.

hence Trop(I) is the intersection of tropical hypersurfaces Trop(¢.) for C € C(I) = ([:]).
This implies that M(I) is the rank-2 uniform matroid with 4 elements. See Figure 5 for an

illustration.

We will be particularly interested in the case where I C K[x*] is generated over a subfield
K’ C K on which the valuation is trivial, for example, C C C{t}. In this case, val(Z;) € {0, oo}
for all C € C(I), and hence the tropical linear space Trop(I) is completely determined from the
underlying matroid M(I). The following lemma demonstrates that, in this case, the tropical linear
space is precisely a Bergman fan up to a refinement of the fan structure, that is, every cone of the
tropical linear space is a union of cones of the Bergman fan.

Lemma 2.16. Suppose I C K[x*] is a linear ideal generated over a subfield K’ C K on which the
valuation val : K* — R is trivial. Then Trop(I) is equal to the Bergman fan Trop(M(I)) up to a
refinement of the fan structure.

Proof. By [41, Proposition 4.4.4], the complexes Trop(I) and Trop(M(I)) have the same support.
By [5, Proposition 1], it follows that Trop(M(I)) is a refinement of Trop(I). O

As the fan structure of Trop(M(I)) is a refinement of the fan structure of Trop(I), its max-
imal cones inherit multiplicity one from the maximal cones of Trop(I). Moreover, it remains
balanced by [41, Lemma 3.6.2]. As such, we will freely swap between Trop(I) and Trop(M(I))
for computations.”

Next we introduce the notions of balanced complexes and stable intersection. Whenever we
intersect tropical varieties, we will generally mean stable intersections.

Definition 2.17. Given a polyhedron 7 C R", we define the lattice N, := Z" n Span( — u) for
some arbitrary element u € 5. If £ is a weighted polyhedral complex, denote by mults(c) the
multiplicity of a maximal cone o of Z.

T Ref. [41] defines a tropical variety to be the support of a balanced polyhedral complex precisely because the choice of fan
structure does not matter, it suffices to know there is one.
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Let ¥ be a d-dimensional weighted polyhedral complex in R” that is pure, in that every maximal
cell has the same dimension. Fix a (d — 1)-dimensional cell 7 and, for each d-dimensional cell o
such that o 2 7, let v, € Z" be a vector such that Z - v, + N, = N,. We say that X is balanced at
7if ) . multy(c)v, € N, and that X is a balanced polyhedral complex if it is balanced at every
(d- l)jdimensional cell.

Definition 2.18. Let X, %, be two balanced polyhedral complexes in R" where the multiplicity

of the maximal cell € %, is denoted multy, (7). Their stable intersection is the polyhedral complex
consisting of the polyhedra

EIAZZ = {01”0’2

0, € 21,0, €Z,, dim(o; +0,) = n}.

The multiplicity of the top-dimensional o; N o, € Z; A Z, is given by

multy .5 (07N 0y) := 2 multy (7;) multy (7)[Z" : N, +N_ ],

71,72

where the sum is over all maximal cells 7; € X; witho, no, C 7;fori =1,2,andt; N (7, +€-v) #
@ for a fixed generic v € R" and € > O sufficiently small. The integer [Z" : N, + N_ ] denotes the
index of the sublattice N + N, € Z". Since the complexes are balanced, the multiplicity of the
stable intersection does not depend of the choice of v, hence it is well defined.

Remark 2.19. If 2,3, are balanced polyhedral complexes, then the stable intersection X; A X,
is either empty or a balanced polyhedral complex of codimension codim(Z,) + codim(Z,) [41,
Theorem 3.6.10]. Moreover, we can also characterise the stable intersection as the limit of the
generic perturbation

21A22=£E%210(22+£-v) 3)

for any generic v € R", where the multiplicity of a point is the sum of the multiplicities of all
points that tend to it [41, Proposition 3.6.12]. The stable intersection is associative [41, Remark
3.6.14], hence the stable intersection Z; A -+ A X is well defined for k > 2.

Definition 2.20. Let X, ..., X, be balanced polyhedral complexes in R" of complementary dimen-
sion, that is, codim(X;) + -+ + codim(Z;) = n. Their tropical intersection product is the number
of points in their stable intersection counted with multiplicity:

21 t et Zk = 2 multzl/\.../\zk(p) .
PEZ A+ AZg

We close the tropical preliminaries paper with the commonly known fact that the tropical
intersection number of balanced complexes is invariant under translation.

Lemma 2.21. Let X, ..., Z; be balanced polyhedral complexes in R" of complementary dimension
and let vy, ...,v, € R™ Then



14 of 42 CLARKE ET AL.

21‘...'Zk=(21+U1)'...'(2k+vk).

Proof. Without loss of generality, we may assume that k = 2 and that v, = (0, ...,0). Consider
the function m : [0,1] —» Z given by t — (X, + ¢ - v;) - Z,. By Remark 2.19, the tropical intersec-
tion product is invariant under perturbation, hence m is locally constant on [0,1]. Since [0,1] is
connected, it follows that m is constant. O

2.5 | Generic root count preliminaries

In Section 3, we will use the basics and notation of parameterised polynomial systems, and specifi-
cally root counts, as a bridge between the realisation number and the tropical intersection product
of some ideals.

Definition 2.22. Let
Clal[x*] :=Cla; | j € [m]] [x;—“1 |i € [n]]

be a parameterised (Laurent) polynomial ring with parameters a; and variables x;. Let f €
Cla][x*] be a parameterised polynomial, say f =} c,nc,x* with ¢, € Cla], and let I C
Cla][x*] be a parameterised polynomial ideal. We define their specialisation at a choice of

parameters P € C" to be

fpi= ) c(P)-x*€Clx*] and I, :=(hp|h€T)CClx*].

aczn

Moreover, the root count of I at P is defined to be the vector space dimension £;p :=

Definition 2.23. Let I C C[a][x*] be a parameterised polynomial ideal. Let C(a) :=C(qa; | j €
[m]) denote the rational function field in the parameters a;. The generic specialisation of I is the
ideal in C(a)[x*] generated by I, that is,

I = (h|h€I) C C@[x*].

The generic root count of I is £ () := dimg)(C(@)[X*]/I(q)) € Z5o U {0}
We say that I is generically a complete intersection if I, is a complete intersection, and that
I is generically zero-dimensional if I(,) is zero-dimensional (in which case £ ¢4y < ©0).

Remark 2.24. The name ‘root count’ for the vector space dimension ¢ p is derived from the fact
that it is the number of roots counted with a suitable algebraic multiplicity [19, section 4, Corollary
2.5]. The name ‘generic root count’ for the vector space dimension ¢ ¢, is justified by the fact
that there is an Zariski-open subset in the parameter space U C C! over which it is attained, that
is, 1 p =€ forallP € U.

Example 2.25. Consider the parameterised principal ideal

I :={(ay+ a;x + a,x?) C Clay, a;, a,][x*].
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Then £} 0,0 = 0, £11,00) = 0, £101,0) = 1 and the generic root count is £} ¢,y = 2, which is
attained whenever a, # 0.

LetI,,..., I, be ideals of C[a][x*]. We say that I, ..., I, are parametrically independent if there
exists a partition |_|l.r:1 A; = [m]and generator sets F; C Cla; : j € A;][x*]such that]; = (F;) for
eachi € [r].

Recall that the algebraic torus (C*)" is an algebraic group with group multiplication

(C)' X (C)" = (€, (GDiepn) Eiegn)) = i - tieqn)-

A parameterised polynomial ideal I of C[a][x*] is torus equivariant if there exists a torus group
action

Cc)'xc" - c", (t,P)>t P

suchthatV(l,,p) =t - V(Ip), thatis, the natural torus group action on V' (Ip) corresponds to a torus
group action on parameter space.

We now state our key tool for analysing parametric polynomial systems via tropical geometry.
Although this was first shown in [30], we give a simplified version that appeared in [32].

Proposition 2.26 [32, Proposition 1]. Let I, ..., I, be parameterised polynomial ideals of C[a][x™*]
such that Y, codimI; ¢,y = n. Further suppose that:

) I,,...,I,_; are torus equivariant;
(2) I,...,I, are parametrically independent.

Then, given I = I, + .-+ + I, the following equality holds for any generic P € C™:

Crea) = Trop(I p) - ... - Trop(I, p).

3 | REALISATION NUMBERS VIA TROPICAL INTERSECTION
THEORY

In this section, we express the realisation number ¢,(G) as a tropical intersection product. We
accomplish this in four steps:

(1) Weexpresscy(G) as (ascalar multiple of) the generic root count of an ideal I}, with coordinates
indexed by the vertices of the graph (Lemma 3.3).

(2) We prove that, generically, the variety defined by I, is isomorphic to the variety defined by
an ideal I with coordinates indexed by edges of the graph, and hence has the same generic
root count (Lemma 3.6).

(3) When d = 2, we make a change of variables and a reformulation to get a simpler ideal I}/ with
the same generic root count. This new ideal has half as many variables, and is generated only
by linear equations and a single univariate quadratic equation (Lemma 3.7 and Lemma 3.8).

(4) Finally, we show that the generic root count of I}’;", is the tropical intersection product we are
looking for (Theorem 3.9).



16 of 42 | CLARKE ET AL.

We begin by introducing an ideal I;, whose generic root count naturally expresses the
d-dimension realisation number c;(G) for any positive integer d.

Definition 3.1. Given a positive integer d, let G be minimally d-rigid with n > d + 1. Consider
the parameterised Laurent polynomial ring

Cla,bllx*] = Cla,; | ij € EG)i < j] by | Lk € [d]] [ 2] |i € [n),k € [d]]

with parameters a;;, by, and variables x; ;. Let I, C C[a, b][x*] be the ideal generated by

ij?

M-

fi‘; =) (X — xj’k)2 —aq;; forij € E(G), and
k=1
(4)
d
g9 = D bylxi — 1) fori e [d]andl e [d+1—i].
k=1

We will refer to the fi‘; as the edge-length polynomials, and to the giVl as the vertex-pinning
polynomials.

The variables parameterise realisations of G, where x; ; should be considered as the k-th coor-
dinate of the realisation of vertex i. The edge-length polynomial f l‘; encodes the requirement

that edge ij has squared edge-length q;;. The vertex-pinning polynomial gi‘,’l encodes the require-
ment that vertex i is contained in the affine hyperplane H, :={x € C¢ | b;-x = b; - (1,..., 1)}.
The vertex-pinning polynomials are the equations defining X in Lemma 2.6, giving rise to a flag
of affine subspaces pinning the first d vertices of G in order to eliminate multiple congruent
realisations being counted.

Example 3.2. Let d = 2 and consider the minimally 2-rigid graph K, as shown in Figure 1. We
describe its corresponding ideal I VK;)" The edge-length polynomials f l‘; fix the (squared) lengths
of the edges ij € {12,13,14,23,34}. As[d+1—1]=[2] ={1,2}and [d+1—-2] =[2+1-2] =
{1}, we have three vertex-pinning polynomials

QYJ i=by (1 =D+ by (x5, —1) =by - x; —by - (1,1),
gKZ i=by (X1 =D+ byy(x, — 1) =by - x; — by - (1,1),
9{1 i=by (%1 =D+ by, =1 =by - x, = by - (1, 1),

where b; 1= (b; 1,b;,) and x; := (x;,x; ;). The first two equations pin the first vertex on the lines
H, and H,, respectively, which generically intersect uniquely at the point (1, 1) € C?: this elimi-
nates realisations that are equivalent up to translation. The third equation pins the second vertex
on the line H;: This eliminates realisations that are equivalent up to rotation.

If P is a generic choice of parameters, then Iy, p is the ideal of the fibre of a generic point under
the restricted rigidity map as defined in Lemma 2.6 and, by the same lemma, we should then have
a generic root count equal to 2%c;(G). To prove it, however, we need to make this precise. The
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main detail is that the genericity condition for the b;; in the definition of X is in real affine space,
while the genericity condition for the generic root count of I}, is in complex affine space. For this
let us recall some basic results on algebraic geometry:

(a) IfU C C" is a non-empty Zariski open subset of C", then U N R" is a non-empty Zariski open
subset of R" (see, for example, [20, Lemma 3.7]).

(b) Let U C C" X C™2 be a non-empty Zariski open subset of C"1*"2 and 7; : C"t X C"2 — C
the respective projections. Then, for any y, € 7,(U) C C'2, the projection of the preimage
(75 Y(yo) N U) C C" is a non-empty Zariski open subset of C"1. Indeed, if

U =CrA\V(f10xy), s [ (6 0)),

then

771(71'2_1()70) NU) =C \ V(f1(x,90), - » f1. (X, o))

Lemma 3.3. Given I;, C Cla, b][x*] as defined above, the generic root count ¢y, c(, ) is equal to
2dCd(G).

Proof. Let ), : Clal+Ibl — CIbl be the projection to the b-coordinates and define the sets:

. b b
Uy = {P el e cap) = fIv,P} C clal+iel,
U :=m(U,) ccll,
Ug := UnRP c Rl and

U’ = {(by,..,bg) € R =RI’l | det([b, -+ by]) # 0} C Rl

By Remark 2.24, U, is a non-empty Zariski open subset of C/%/*I?I, Hence U is a non-empty Zariski
open subset of C!?!, Together with (a), this implies that Uy, is a non-empty Zariski open subset of
RI?I. Therefore, as U’ is a non-empty Zariski open subset of R?!, the irreducibility of RI?! gives us
an intersection point 3 € U' nUp CU' N U.

Now, if we denote by 7, : Cl@I+bl — CIPl the projection to the a-coordinates, by (b) we have
that n'a(n';l(ﬁ ) N U,) is a non-empty Zariski open subset of C!%!. On the other hand, by Lemma 2.6
we have that

{recl 2% = #(f; (0 nx) |
is a non-empty Zariski open subset of C!%, where X is defined as in Lemma 2.6 with basis

by, ...,by € R given by 8 = (by, ..., b,) € R*? = RIPI, Thus, the irreducibility of C!4! gives us an
intersection point « in

7a(7, (p) N Up) n {2 € €191 20¢y(G) = #(f5L M nX ) |.

Then, taking P = (a, 8), we observe that:
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(1) P € Uy, and thus £; i p) = 1, ps
@) 2'¢,(6) = # (£, @nX).

Finally, note the equations f l‘; » = O cut out the fibre f! (@), and the equations g/, , = 0 cut out

the restricted domain X, so that ¢, p = #(f Eld(oc) N X). By the observations (1) and (2) above, we
have the desired equality. ]

We now introduce a new ideal I, whose coordinates are indexed by edges of the graph. As a
consequence of Lemma 2.3, we assume that the vertices are labelled such that 1i is an edge for all
2gigd.

Definition 3.4. Let G be minimally d-rigid for some d € Z.,. Consider the parameterised
Laurent polynomial ring

Cla,c][y*] := C[aij |ij € E(G),i < j|[e |1 €d—1],k € [d]]
[y.il lij e EG)i<jke [d]]

ij,k

with parameters a
generated by

ij»Cx and variables y;;,. Let Iy be the parameterised polynomial ideal

d
fl] .=Zylz_],k_al.] fOI‘l]EE(G),
k=1

d
g = Y cyyug  forie[d]\{l}andle[d+1~i], )
k=1

hey = Z Vstk for each directed cycle C of G and k € [d],
(s,t)eC

where a directed cycle is a directed path starting and ending at the same vertex with all other
vertices distinct, and we again define y; , 1= —y;, for s > t. We will refer to the f;; as the edge-
length polynomials, and g; ; as the vertex-pinning polynomials.

It is not hard to see these polynomials can be obtained from I, via a variable substitution.
Consider the variable y;; , as the quantity x;; — x;, the kth coordinate of the vector between
vertex i and j (although this is the edge from j to i geometrically, we think of the edge from
i to j). It is immediately apparent that the edge-length polynomials f;; are obtained from f Z by
performing this substitution. As the quantity x; , — x; ; is invariant under translation, we consider
vertex 1 pinned at the point (1, ...,1) € C% and hence Y11 represents the quantity 1 — x; ;. Up to
sign, the vertex-pinning polynomials g;; are obtained from gi"/l by performing this substitution.
The appearance of the h. ;. of polynomials is also not surprising: The sum of vectors making a
directed cycle should add up to zero in Euclidean space.

Example 3.5. Continuing Example 3.2, let us consider the minimally 2-rigid graph K as shown
in Figure 1 and describe its corresponding ideal I BK;): Under the substitution y;; . = x;, — x;,
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the edge-length polynomials f;; € I E(k;) are mapped to the edge-length polynomials f E S IV(K;),
and hence f;; fix the lengths of all edges in K. The ideal IV(K;) had three vertex-pinning

polynomials gIV 19 gIV 29 g;/ 1» While the ideal I; has only one vertex-pinning polynomial:

921 = €11Y12,1 T C12Y12,2-

Intuitively, this equation fixes a slope for the edge 12 € E(K] ). Recall that the polynomials
gK 1 gK , imply that x; ; = x; , = 1, and so we can assume that vertex 1 is already pinned at (1,1).
With this assumption, the substitution y,; , ~ 1 — x; sends the vertex-pinning polynomial g, ;
to the remaining vertex-pinning polynomial gZ L €I V(K;): It follows that g, ; pins vertex 2 to the
line through (1,1) with the fixed slope.

Finally, we observe the graph K; has three minimal cycles C; = {12,23,31}, C, = {13, 34,41}
and C; = {12, 23, 34,41}, hence we have the additional polynomials

he 1 = Y121 + Y231 — Y13, he = Y12 + Y232 — Vi3
he,1 = Y13 + Va1 — Via he,o = YVi32 + Va2 — Via2

heg1 = Y120+ Y231+ Va1 —Yiaa He2 = V122 + Y32+ V342 — Vian -

These are there to ensure that solutions actually come from a realisation of K" in C?2. Note in
particular that under the substitution y;;  + x;; — x; ;, each polynomial h¢  is mapped to the
zero polynomial.

We now formalise the relationship between I}, and I, showing their respective varieties are
isomorphic for an open subset of parameters. This implies that ;¢ (q¢) = 1, c(a,p)> Which we
know to be 2¢¢,(G) via Lemma 3.3. This lemma is inspired by [14, Lemma 2.16].

Lemma 3.6. Let I, be as defined in Definition 3.4. Then the generic root count £ ¢, ) is equal to
2dCd (G)

Proof. Assume the existence of some non-empty Zariski open subset U;, C Cl¢1*IPl and a map
p : Uy, — Clal*lel with a Zariski open image such that for all P € U, there is an isomorphism
C[x*]/Iy p = C[y*]/I 5p). By Remark 2.24, there is some open set U C Cl%I*I over which
the generic root count ¢, ¢(, ) is obtained. Hence U’ :=UnNUy is a Zariski open dense sub-
set which for all P € U’ we have C[x*]/Iy p = C[y*]/Ig ), and in particular £;_,p) = ¢, p.
Combined with Lemma 3.3, this proves the generic root count ;¢ is equal to 29¢,(G). The
remainder of the proof is constructing such an open set Uy, the map p, and the isomorphism
Clx*1/Ty p = Cly*1/Ig p(p)-
Define p : Uy, — Cl4*l¢l to be the projection

p(a, (Bys e Ba)) = (@, (Bys - Ba—1))

restricted to the Zariski open dense subset

Uy i={ (e, (B) € CPL | det((By -+ BaD) # 0 },
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where each §; 1= (8] )ke[q] IS @ vector in cdand[B; -+ Byl := (B KJield] ke|d] S the matrixin cdxd
with rows S, ..., 84. As p is a projection map, it is necessarily open. We clalm that C[x*]/Iy, p =
Cly*1/Ig ppy forall P € Uy,.

For this, let P = («, (8, .-, B4)) € Uy and consider the C-algebra homomorphisms

¢ Clx*] — CY*)/Ig o(p ¥ @ Cly*] — Clx*|/Iyp
— and — —
X 1+ Z Vstk Vijh F= Xik = Xjks
(S’t)e}/i—ﬂ

Wheref i=f+Iypandyg 1= g +Ig,p forany f € C[x*] and g € C[y*], and

Yie1 = {(S0,81), (51, 82), o5 (8,21, 8,) | {8, 8413 € E(G), 59 = i, 5, = 1}

is a fixed arbitrary directed path in G connecting vertex i to vertex 1. Note that ¢ is well defined
due to the polynomials h¢ . ,p) € I o(p)- To see this, if y;_,; and §;_,, are directed paths from i to
1, then D = y;_,; U J,_,; is a closed walk. As any closed walk can be decomposed into a union of
directed cycles {C}, ..., C,,}, we can write

Z Vst — Z Vsth = Z Vstk = Z Z Vsth = th k €Igppy s
(8,)€Yi_1 (s,0)€6;_1 (s,t)eD Jj=1(s, t)eC

showing ¢ is well defined. We need to prove that these maps define homomorphisms

@ CIx*1/Iyp — ClY* /Iy, % ¢ Cly*1/Ig ppy — CIXE1 /Iy p

which are inverse to each other.
First, note that x;, —1 € I, p, so that x;, =1 in C[x*]/I}, p, for all k € [d]. Indeed, as
det([8; - B4]) # 0, then each x; ; — 1 can be expressed as a linear combination of the gf p=

Tt Bl = 1) €Iy p for | € [d].
—v
Now, it is clear that P(f;; ,p)) = fing = 0and P(he i 5p)) = 0. Also,

d d
Y(Gi1pp)) = Z Bric(X1, — Xig) = — Z Bri(xi —1) =0.
k=1 k=1

Hence, (I op)) = 0 and so 1 is well defined. On the other hand, as we can choose y;_,, = {(i, 1)}
fori € [d] \ {1}, we have thatforalll € [d + 1 — i]

40(91”3) Zﬁzk Z y$tk = ZﬁlkYle = _gllga(P) =0,
k=1 (5 t)e}/l—>l

and hence 9i10(P) € 15 p(p)- Also, for any {ij} € E(G) with Yiej :=yi_,1u(—yj_>1), we
have
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§0(}i,k_zj,k)= Z Vstk — Z Vstk = 2 Vst.k

(8,0)€Yi-1 (s,)€7j1 (s,)€Yi-;
= —Yjik t Vjix + Z Ystk = Yijko ©)
(s,t)Eyi_,j

=0

from which we can deduce that ¢(f l‘; p) = 71' i o(p)- Hence, oIy p) = 0 and @ is well defined.

Finally, Equation 6 implies that go(y; i) = Yijx and (combined with x; ; = 1)

Pop(X; 1) = pop(Xy o + X — X ) =1+ D, Fak

(S,I)E}’i_>1

=1+ Z (X = Xep) = 1+ X0 = X140 = Xie
(8,)€Y i1 [l

In the case where d = 2, we can perform a change of variables that reduces the quadratic edge-
length polynomials f;; to bilinear equations f z,; This maps I to a simpler intermediate ideal

!
1.

Lemma 3.7. Let G be a minimally 2-rigid with n > 3 and let C[a, c][y*] be as in Definition 3.4. Let
Ig C Cla,c][y*] be the ideal generated by

f{j =Vijac Yije — i for{ij} € E(G)

912,1 =011Y121 €1 2Y1205 )
h,c,k = Z Vst k for each directed cycle C of G and k € [2].
(s,t)eC

Then the generic root count ¢ 17 Clac) IS equal to 4¢c,(G).

Proof. The f;; in System (5) can be transformed into the f i’j in System (7) by the following change
of variables

Yiji = Yiji+ 1 Yijos Yij2 P Yiji =t Vijo-
The polynomial g;, ; is mapped to 9{2 , up to a suitable change of the parameters c; ;. Moreover,
the image of the h ; polynomials generate the same ideal as the h’c . bolynomials. Consequently,

their generic root counts coincide. I

Next, the ideal I fE from Lemma 3.7 can be further simplified by reducing the number of variables
in the following reformulation.

Lemma 3.8. Let G be minimally 2-rigid with n > 3 and consider the modified parameterised
Laurent polynomial ring
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Clay 1 ij} € EG.i < j[er [k € [21] [y 1 G} € EG).i < ],

with parameters a;;, ¢, and variables y;;. Let I }’3’ be the parameterised polynomial ideal generated

ij?

by:
h/c/,l = 2 Vij for each directed cycle C of G,
@i.j)ec
h/c/,z ‘= 2 aijyl._j1 for each directed cycle C of G,
(i,pec

. 2
91”2 =C11Y1, T C1
Then KIZ’C(Q’C) = 4¢c5(G).

Proof. This follows straightforwardly from Lemma 3.7. The system is a simple reformulation of
System (7), replacing y;; , by q; jyzjlr The polynomials h’c . then become h’c’ .- The polynomial
g1, becomes ¢, 11, + ¢1 ,a1,y7, » which we can replace by g/, without changing the generic root
count. |

We now deduce the equivalent restatement of Theorem 3.9, in which we are able to express
the realisation number of a minimally 2-rigid graph G in terms of a tropical intersection product
involving the Bergman fan of the graphic matroid of G.

Theorem 3.9. The 2-realisation number of a minimally 2-rigid graph G with n > 3 vertices is
described by the tropical intersection product

2¢,(G) = (= Trop(M)) - Trop(M;) - Trop(y, — 1).
Proof. Consider the ideals from Lemma 3.8:
I, = (h}., | C C E(G)directed cycle), I, =(h(,|C C E(G) directed cycle), I5 = (g,).

We first describe their corresponding tropical varieties.

First consider I, p for generic P. By Lemma 2.16, Trop(l p) is equal to Trop(M(I; p)) where
M(I, p) is the matroid whose circuits are the supports of the minimal-support linear polynomials
inI, p. By construction, these are exactly the cycles of G, and hence M(I;) = M (see Example 2.7).

Next consider I, p for generic P and the monomial map ¢ that sends y;; - yi‘jl. Then ¢(I, p) isa
linear ideal, and so Trop(¢(I, p)) is equal to Trop(M;) by the same argument as Trop(I, p). In the
notation of [41], the tropicalisation of ¢ is the linear map Trop(¢) : R" — R" that sends v — —v.
As [41, Corollary 3.6] states Trop(¢(I, p)) = Trop(¢) Trop(I, ), we deduce that Trop(1, p) is equal
to — Trop(M;).

Finally, consider I; p for generic P. By Definition 2.10, we deduce that Trop(I; p) is the hyper-
plane defined by {y;, = 0}. Moreover, the Newton subdivision N'(g;) is the convex line segment
between 0 and 2 - x;,, hence the unique cell of Trop(I; p) has multiplicity two. We note here that,
sinceval(c ;) = val(c ,) = 1, the tropical hypersurfaces Trop( gl’/z) and Trop(y%2 — 1) are the same
weighted polyhedral complex.
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We next show that I,,1,,I; satisfy the properties of Proposition 2.26 so that we can
write the generic root count as a tropical intersection number. As codim(Trop(M;)) =
n—2 and tropicalisation preserves dimension (see, for example, [41, Theorem 3.3.5]), we
deduce that codim(l; ¢, ) =n—2 for i=1,2. Moreover, codim(l3¢¢ ) =1 and hence
2?:1 codim(l; ¢(4)) = 2n — 3, the dimension of the ambient space. For torus equivariance, we
write a choice of parameters as P = (P;;, Py ;,P;,) € C*~1 where P; j corresponds to a choice of
a;j, and Py ; to a choice of ¢, ;. It is straightforward to check that I, and I are torus equivariant
under the respective torus actions s, and *5:

1

%y (C)Y" 3 x5 e (t,P) - ((t;jPij)s P11, P12)

31 (PP x e S L P) - (P £ Py, o)

Finally, the ideals are clearly parametrically independent.
By Lemma 3.8 and Proposition 2.26, we have the following:

4¢y(G) = Trop(Iy p) - Trop(I, p) - Trop(I3 p) = Trop(M) - (= Trop(M)) - Trop(y, — 1)

for generic P € C*"~!. The statement then follows from the fact that Trop(y;, — 1) and Trop(y,, —
1) coincide set-theoretically, but the one cell of Trop(yf2 — 1) is of multiplicity 2, whereas the cell
of Trop(y;, — 1) has multiplicity 1. O

4 | REALISATION NUMBERS VIA MATROID INTERSECTION
THEORY

In this section, we derive a combinatorial characterisation of ¢,(G) via the tropical intersection
product in Theorem 3.9. This is given by enumerating so-called intersection trees between pairs of
flats satisfying certain conditions.

To define our combinatorial characterisation, we will utilise a number of techniques from [6]
for intersecting Bergman fans and their negatives, but adapted to our setup. We will begin by
recalling some results for general loopless matroids, then restrict to our specific case of graphic
matroids of minimally 2-rigid graphs when required.

4.1 | Intersecting arboreal pairs of loopless matroids

Let M be a loopless matroid on ground set E. Recall from (1) that the cones of the Bergman fan
Trop(M) areop := cone()(Fl, ,)(FS) + R - ypwhere F = (Fy, ..., F;) € A(M)is aproper chain of
flats of M. We can always extend the proper chain of flats 7 to a non-proper chain (F, Fy, ..., Fg, 1)
where F, := f#land F,_; := E. We define the reduced flats of F tobe the sets F; : = F; \ F,_; where
1 < i < s+ 1. Note that the reduced flats (Fl, ,Fs, FS+1) always give a set partition of E into r(M)
pieces: This observation will allow us to utilise the tools of [6].

Given the proper chain of flats ¥ = (Fy, ..., F) € A(M), we define the linear space

L(F):={y eR” |y, =y;Vi,j € F, 1<k <s+1}.
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1 1 1
4 P 4 5 2 4 2
6 5
3 3 3

1 2 34 1 25 34 1 25 346
F F F
H H H

4 3 12 4 35 12 4 35 126

FIGURE 6 A collection of graphs G and their corresponding intersection graphs I'z. ;, for the chains of flats
F,H € A(M) defined in (8).

Itis immediate that o C L(F), and that in fact L(F) is the linear span of o-. We will first consider
how these linear spaces L(F) intersect as a precursor to describing how the cones o intersect.

Let N be another loopless matroid on the same ground set E and let H = (H;,...,H;) € A(N) a
proper chain of flats of N. We define the intersection graph I'z. ;, to be the bipartite (multi)graph
with vertex set indexed by reduced flats and edge set indexed by elements of E:

V(FT’,H) = {ﬁl’ vee ,ﬁs, ~S+1} L {ﬁl’"' ’I’:It’ﬁt-i-l}’

E(Try) i={e(a) :==(F,H)|a€F,nH}.

As the reduced flats of 7 and H give partitions of E, there is a one-to-one correspondence between
E and the edges of I'z. ;,. We write e(a) for the edge of E(T' ;,) labelled by a.

We would like to exploit the combinatorics of I'z. 3, to determine how the affine spaces L(F) N
(a — L(H)) intersect for various a € RE. However, we first note that both of these linear spaces
contain the span of the all-ones vector yj. Hence, if z is contained in their intersection, then the
line z + R - yy is also contained. To cut out this redundancy, we will write L(F)| y.=0 for the linear
space L(F) with the additional affine constraint that y, = 0 for some fixed € € E. We will use the
same notation when considering cones and Bergman fans with an additional affine constraint.

Lemmad4.1[6, Lemma2.2]. Let M and N be loopless matroids with proper chains of flats F € A(M)
and H € A(N). Let I'y. 3, be their intersection graph. Then the following hold.

(1) IfT'p 3 has a cycle, then L(F)|, _o N (a — L(H)) = @ for generic a € RE.
(2) If Ty, is disconnected, then L(JL’)|y€:0 N (a — L(H)) is not a point for any a € RE.
(3) If Ty is a tree, then L(7—’)|y€:0 N (a — L(H)) is a point for any a € RE.

Example 4.2. We will primarily be interested in the intersection graphs arising from flags of flats
of graphic matroids. Figure 6 shows three different graphs G = (V, E) where |V| = 4 and their
intersection graphs I'. ;, for the chains of flats

F:oc(1) cl(1,2) G cl(1,2,3) € AM,),
®
H: cl(4) € cl(4,3) € cl(4,3,2) € AM,,).
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As each graph has a spanning tree of size 3, the resulting linear spaces L(F) and L(H) are both
3-dimensional in each example, but the dimension of their ambient space changes as the number
of edges of G changes.

In the first graph, where G = C, is the 4-cycle, the resulting intersection graph is disconnected.
By Lemma 4.1, the linear spaces L(F)| 3.=0 and (¢ — L(H)) do not intersect in a unique point for
any generic a. A dimension check shows that L(F) and L(H) are codimension one subspaces of
R*, hence L(F)| y.=o and (o — L(H)) generically intersect in a 1-dimensional subspace.

In the second graph, where G = K, the resulting intersection graph is a tree. By Lemma 4.1, the
linear spaces L(F)|,,__ and (o — L(H)) intersect in a unique point for any generic a. A dimension
check shows that L(F) and L(H) are codimension two subspaces of R>, hence L(F)| 7.=0 and (o —
L(H)) generically intersect in a 0-dimensional subspace.

In the third graph, where G = K,, the resulting intersection graph is spanning but contains
a cycle. By Lemma 4.1, the linear spaces L(F)| ye=0N (a — L(H)) have empty intersection for all
generic a. A dimension check shows that L(F) and L(H) are codimension three linear subspaces
of R®, hence L(F)| Ye=0 and (o — L(H)) generically do not intersect.

When I'z ;, is a tree, we call (F, H) € A(M) X A(N) an arboreal pair. In this case, we can go
further and use I'z ;; to read off the unique point of intersection of L(F)| ye=0 N (a = L(H)). As
yi =yjwheni, j € Fy forall y € L(F), we will label the coordinates by their partition part YF, for
ease, which we do analogously with each Zf, for z € L(H). Finally, we write F for the reduced
flat of 7 containing the distinguished element € € E.

Lemma 4.3 [6, Lemma 2.3]. Let (F, H) be an arboreal pair, T'y. 3, be their intersection graph and
o € RE. The unique vectors y € L(F) and z € L(H) such that y + z = a and y, = 0 are given by

— k+1 — £+1
Yp, =0g, — g, + -+ (1), and Zg, =y, — A, + o (D' "ay,, 9)

k
where e(a,)e(a,) ... e(ay) is the unique path from fi to F and e(by)e(b,) ...e(b,) is the unique path
from FIJ- to F forany i and j.

While Lemma 4.3 works for any vector a € RE, we will have better combinatorial tools if we
restrict to certain (generic) families of vectors. Identify E with the set {1, ..., m} where |E| = m. We
call « € RE rapidly increasing if ., > 3a; > 0 for all 1 < i < m — 1. It is easy to verify that if o
is rapidly increasing, then 2321 §ictj < Qjyy — 23:1 ¢ja; for all choices of signs §;, ¢; € {+1, —1}.
Observe that this naturally fixes a total order on the set E, and hence a total ordering on the edges
of any intersection graph I'z ;.

If 7, H are an arboreal pair, each pair of vertices in 'z ;, have a unique path between them that
altejnates between vertices of F and H. We write F;, — H j for the Bnigue (oriented) path from F;
to H;. We say that a patE is T’;maximal if its largest edge e(a) = (F;, H;) with respect to the total
order is traversed from F; to H jis and H-maximal otherwise.

Proposition 4.4. Let M, N be two loopless matroids on E such that r(M) + r(N) = |E| + 1 with
respective proper chains of flats

F=(F,,...F)€AM), H=(H,,.. H)eAN).
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Fix an edge € € E and choose a € R” to be generic and rapidly increasing. Then (o | ye=0) N(a—
oy, is non-empty if and only if

€Y [r 3 isatree,
(2) every path F; — F; is F-maximal forall1 <i < j <s+1and
(3) every path H;, — ﬁj is H-maximal forall1 <i< j<t+1

Moreover, if the intersection is non-empty, then it contains a single point, and F and H are maximal.

Proof. Observe that the intersection graph 'z ;, has s + ¢ + 2 vertices and |E| edges, where s + 1 <
r(M)andt +1 < r(N). Asr(M) + r(N) = |E| + 1, it follows that I'z. ;, has at most |E| + 1 vertices
with equality if and only if 7 and H are both maximal. If T’z ;, has less that |E| + 1 vertices, it
must contain a cycle and hence L(F)| y.=0N (a —L(H)) = @ by Lemma 4.1. If I'z. ;, has exactly
|E| + 1 vertices, it either contains a cycle or is a tree. By Lemma 4.1, the intersection L(F)| ye=0 N
(a — L(H)) is empty in the former case and a single point in the latter. This shows that I'. ;, must
be a tree, and thus 7 and H must be maximal, to give a non-empty intersection.

It remains to show that the unique points y € L(F)|y€=o and z€ L(H) such that y+z =«
are contained in oz |, _, and oy, respectively. This is equivalent to requiring YF, ~ VE, > 0 for all
1<i<j<s+1andzﬁi—zﬁj >0forall1gi<j<g<t+1. We nowshowthatyﬁi—yﬁj >0is
equivalent to the path F; — F ; being F-maximal. The proof that Zg, — 2, > 0 is equivalent to
H; — H; is H-maximal is identical.

‘We first show that Y, ~ Y, is equal to the alternating sum

VF, = VF; = Qay = g, + 0 = Qg s (10)

where e(a,), ..., e(ay) is the unique path F; — F; in T’y 5. To see this, let F be the reduced flat
containing ¢, let e(b,), ..., e(b,) be the path from F; to F and e(cy), ..., e(c,) be the path from ﬁj
to F. As I'r 3, contains no cycles, there exists some w € Z,, such that the last w edges in these
paths are equal, that is, e(b,_,s,) = e(c,_,s41) align for all 0 < w’ < w, and overlap nowhere
else. Moreover, these paths to F have the same parity, and so the last w terms in (9) have the same
signs. As such, we have from Lemma 4.3

VR, —VE, = (@ —ap, + ok ) = (@ =, + o)
=y, —ap, +xay, J—(a, —a,, +xa, )

= abl - abz o + abf—w + acn—w S + acz -
where e(b,), ...,e(b,_,,), e(c,_y), - » e(cy) is a path from ﬁi to Fj. AsT'y 5, atree, this is the unique
path and hence equal to e(a;), ..., e(ay).

As a is rapidly increasing, (10) is positive if and only if the largest at, has a positive sign, which
occurs if and only if the largest edge e(a;) is traversed from F to H. This is precisely the condition

of being F-maximal. O

When T’y ;, satisfies the three properties of Proposition 4.4, we call (F, H) € A(M) X A(N) an
intersecting arboreal pair of M and N (with respect to cr). We introduce this terminology as Propo-
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sition 4.4 shows intersecting arboreal pairs combinatorially characterise the cones in which the
fans Trop(M )|y5=0 and o — Trop(N) intersect.

Observe that intersecting arboreal pairs are heavily dependent on the choice of « and the order-
ing it induces on E. However, we will only be interested in the number of intersecting arboreal
pairs for any choice of rapidly increasing generic . The next lemma shows that this number does
not depend on the choice of a.

Proposition 4.5. Let M, N be loopless matroids on E such that r(M) + r(N) = |E| + 1, let « € RF
be generic and rapidly increasing, and let ¢ € E. The number of intersecting arboreal pairs of M and
N is equal to the tropical intersection product

(= Trop(N)) - Trop(M) - Trop(y, — 1).

In particular, the number of intersecting arboreal pairs of M and N is independent of the choice of
generic and rapidly increasing a € RE.

Proof. Let us recall the notation X| ye=0 ‘=X N {y | y. = 0} for any subset X C R¥. We note
that every cell of Trop(M) contains R - y as a lineality space, and hence Trop(M) meets trans-
versely with Trop(y. —1) ={y | y. = 0}. It follows from the definition of stable intersection
that

Trop(M) A Trop(y, — 1) = Trop(M) n{y | y. = 0} = Trop(M)], — -
Using this, we observe that for any generic a € RF
(= Trop(N)) - Trop(M) - Trop(y. — 1) = (= Trop(N)) - (Trop(M)], o) 1
= #((Trop(M)|y€=0) n(a— Trop(N))) .

The last equality follows by combining (3) with Lemma 2.21, where the tropical intersection prod-
uct is equal to the number of points (counted with multiplicity) in the intersection after any
generic perturbation, namely « € RF. Moreover, the multiplicity of any point in (Trop(M))| ye=0) N
(a — Trop(N)) is 1, as they are transversal intersections of cells from tropical linear spaces. Hence
we are just counting the number of points. As this holds for any generic «, we can choose « to be
rapidly increasing.

From the definition of the Bergman fan, the points in (Trop(M)] ye=0) N (a — Trop(N)) can be
enumerated by counting the intersection points of o N (o — o) where F € A(M), H € A(H) are
proper chains of flats of M and N, respectively. As such, we can apply Proposition 4.4 to deduce
that

#((Trop(M)l,, o) N ( = Trop(N))
=#{(F,H) € A(M) X A(N) | (F, H) intersecting arboreal pair}.

Coupling with (11) gives the result. O
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FIGURE 7 Graph G (left), and graphs Ty, ;, (middle) and I’y ;, (right) of the intersecting arboreal pairs
{F|,H,}and {F,, H,} in Example 4.7.

4.2 | Intersecting arboreal pairs for minimally 2-rigid graphs

We now apply this machinery to our setting of realisation numbers of minimally 2-rigid graphs.
Combining this with Theorem 3.9 gives the following combinatorial characterisation of the
realisation number as a fairly immediate corollary.

Theorem 4.6. Let G be a minimally 2-rigid graph and let M be its graphic matroid. Then the
realisation number c,(G) is equal to the number of distinct pairs of chains of flats of M that form
an intersecting arboreal pair, that is,

c,(G) = #{{F, H} e <A(I;/IG)> ‘ (F, H) intersecting arborealpair}.

Proof. Let (G = [n], E) be a minimally 2-rigid graph with edge e € E. Note that M; hasrankn — 1
on |E| = 2n — 3 elements, hence 2r(M;) = |E| + 1. As such, we can apply Proposition 4.5 in the
case where M = N = M, along with Theorem 3.9, to deduce that

1
c(G) = 5(— Trop(Mg)) - Trop(M) - Trop(y, — 1)
= %#{(7’, H) € A(Mg) X A(M) | (F, H) intersecting arboreal pair} .

The final observation is that (F, ) is an intersecting arboreal pair if and only if (H, F) is also,
as the conditions of Proposition 4.4 are symmetric when M = N. Moreover, it also follows from
Proposition 4.4 that we can never have (F, F) as an arboreal pair: The edges of I'z. - are precisely
|F;| copies of the edge (F;, F;) for each vertex F;, and so I'y. - is not a tree. As such, we can restrict

A(Mg) to (A(1\24@)) to avoid double counting. O

Example 4.7. Consider the graph G = K with edges [5] shown on the left of Figure 7.
We order the edges 1 >2 > 3 >4 > 5. The rank 1 flats are 1,2,3,4,5, and the rank 2 flats are
125,13,14,23,24,345. So, there are 14 = |A(M{;)| maximal chains of flats in M;. Consider the
two pairs of chains of flats given by

(Fl:1C13,H, :2C24} and {F,:1C14, H, :2C 23}

Their graphs, I'z, 3, and I'z 3, , are shown in the middle and right of Figure 7, respectively. Let
us consider the graph T'y. 5, , which has vertices F,, F,, F;, labelled with 1, 3, 245, and vertices
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H,, H,, H;, labelled with 2, 4, 135, respectively. Observe that the directed path F; — F, is given
by the sequence of edges: 1 = (F,, H;), 3 = (H;, F,). The maximal edge in this path, with respect
to our fixed ordering, is edge 1. This edge is directed from F, to H;, hence this path is 7-maximal.
Similarly, the maximal edge in each directed path F; — F; and F, — F, is directed from F; to
H ; for some i and j, so they are both 7-maximal. Moreover, each directed path H, — H,is H-
maximal. So, we have shown that {F;, H,} is an intersecting arboreal pair. Similarly, {F,, H,} is
another intersecting arboreal pair.

It turns out that these are the only two intersecting arboreal pairs, so by Theorem 4.6, the 2-
realisation number of G is 2.

5 | UPPER AND LOWER BOUNDS

We now utilise the combinatorial characterisation of the previous section (Theorem 4.6) to provide
both upper and lower bounds for c,(G).

5.1 | Anupper bound on c,(G)

While Theorem 4.6 gives a purely combinatorial condition for the realisation number, it is not
clear how to compute it beyond brute force. We give a candidate for bounding the realisation
number via a known matroid invariant that is more amenable to computation.

Definition 5.1. Let M be a matroid on ground set E with some fixed total order < on E. A broken
circuit of M is any set C := C \ min(i : i € C), where C is a circuit of M. A non-broken circuit
(nbc)-basis (with respect to <) is a basis B of M that contains no broken circuits.

It is a non-trivial fact that the number of nbc-bases does not depend on the total order (see, for
example, [11, Theorem 7.4.6]). We write nbc(M) for the number of nbc-bases of a matroid M with
respect to some total order.

One necessary condition for a basis B to be an nbc-basis B is that it must contain the mini-
mal element min(E) of E. Otherwise, if B does not contain min(E), then there must exist some
(fundamental) circuit C such that min(E) € C C B U min(E), contradicting the assumption that
B contains no broken circuits.

We may characterise nbc-bases in terms of maximal chains of flats. Let B = {by, ..., b; } be a basis
with b, > --- > b,.Foreachi € [k],1etF; = cl(b;, b,, ..., b;) C E beaflatand write F, = cl(ff) = 0.
With this it follows that rank F; =i for each i = 0,1, ..., k. We define the maximal chain of flats
associated to the basis B as

F(B): FyGF  GF, G~ GF=E.

A basis is now an nbc-basis if and only if its associated maximal chain of flats has a very specific
structure.

Lemma 5.2 [11, (7.30) (7.31)]. Let B be a basis of an ordered matroid M and F(B) its associated
maximal chain of flats. Then B is an nbc-basis if and only if b; = min(F;) for each i € {0, ... ,r(M)}.
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Our main theorem for this subsection will be the following upper bound on the realisation
number in terms of nbc-bases.

Theorem 5.3. Let G be a minimally 2-rigid graph and let M be its graphic matroid. Then
2¢,(G) < nbe(Mg).
A key lemma for deriving bounds will be the following:

Lemma 5.4. Let M,N be two loopless matroids on the totally ordered ground set E such that
r(M) + r(N) = |E| + 1. For each basis B of M, write B’ := E \ BUmin(E). If B and B’ are nbc-
bases of M and N, respectively, then (F(B), F(B')) € A(M) x A(N) is an intersecting arboreal
pair.

Proof. Without loss of generality, let 1 = min(E),i.e. B’ = E\ BU{1}. Write F := F(B)and H :=
F(B'). To be an intersecting arboreal pair, we must show that I'y.;, satisfies the conditions of
Proposition 4.4.

As 7 and H are maximal, I'z. ;, has r(M) + r(N) = |E| + 1 vertices and |E| edges; thus, if we
can show I'z ;, is connected then it is a tree. Suppose for the sake of a contradiction that 'z ;, is
not connected, and let A be a connected component not containing the edge e(1). Note that ' 5,
has no isolated vertices, hence A contains an edge. Recall that there is a natural bijection between
the edges E and the edges of the intersection graph I'z. ;, given by i = e(i). This bijection naturally
induces an ordering on the edges of I'z. ;, by e(i) < e(j) ifi < j.

Let e(a) = (F;, H;) be the smallest edge in A. Then, by definition, we have that a € F; n H .
Observe that any other elementa’ € F; U H j corresponds to an edge e(a’) thatisincident to either
F,orH j» hence it belongs to A. So, by the assumption of minimality, we have that e(a) < e(a’) and
so e(a) is the smallest element of both F; and H ;- As B and B’ are both nbc-bases, by Lemma 5.2,
we have that a € Bn B’. But a > 1, in particular a # 1, giving a contradiction. So we have shown
that Ty 5, is a tree.

We next show that every path F; — F; is F-maximal for all 1<i < j < r(M). We prove a
stronger property: the first edge in the path is always the largest.

First consider the case where j =r(M). For each a € E \ {1}, we orient each edge e(a) =
(Fy, H,) as follows:

F, —» H, if min(F},) > min(H,),
H, - F, if min(H,) > min(F)).

We orient the edge e(1) = (F,(), H ) in the direction H, s = Fyp-

We now show that every vertex has an outgoing edge except F, . For all Fy with k # r(M), the
edge e(a) where a = min(F)) must be outgoing. If it is incoming, then we have a = min(F;) <
min(ﬁ;) < a, hence we have a = min(ﬁf). So by Lemma 5.2, we have a € B n B’. By the con-
struction of B’, it follows that a = 1. By the construction of the flag 7, we have 1 = min(B) €
F, rov)- S0 k = r(M), which is a contradiction. The same argument holds for the vertices Hy, except
in the case k = r(M) where the edge e(1) is outgoing. So we have shown that every vertex of I'r. ;,
except F,(M), has an outgoing edge.
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As 'z 5, is an oriented tree with a unique sink FF(M), the unique path F;, — ﬁr(M) must respect
this orientation. Moreover, the edges in a path are strictly decreasing by the orientation definition,
implying the first edge is the largest.

For the case where j # r(M), the path F; - F j is the symmetric difference of the paths F, -
F.anand F; — F ). By the above, the largest edge of each of these paths is their first edge and
they are outgoing. So their largest edges are e(a) and e(b), respectively, where

a = min(F;) > min(F;) = b.

So we have shown that the first edge of the path is the largest. This concludes the proof that ' 5,
is F-maximal. The proof that I'z. ;, is H-maximal is identical. O

The key step in this upper bound is the following result on the degree of — Trop(M;). This can
be deduced via the machinery in [2], but we give a self-contained proof that avoids technicalities.

Proposition 5.5. Let M be a loopless matroid of rank k on m elements. Then
(= Trop(M)) - Trop(U,,, yy—i+1) - Trop(y. — 1) = nbc(M), (12)

where U, ,,, i1 is the uniform matroid on m elements of rank m — k + 1, and € is an arbitrary
element of the ground set of M.

Proof. Let [m] be the ground set of M. Choose any generic and rapidly increasing vector a € R™
such thata; < .-+ < «,,,. By Proposition 4.5, the tropical intersection product in (12) is equal to the
number of intersecting arboreal pairs of U,,, ,,, i1, M. It suffices to show that there exists a 1-to-1
map between the nbc-bases of M and the intersecting arboreal pairs of U,, ,,, 1, M. We do so by
proving the following: The pair (F, H) is an intersecting arboreal pair of U,,, ,,_j.+1, M if and only
if H = F(B) for some nbc-basis B of M. Given a basis B of M, we write H = F(B) and F = F(B)
for the chains of flats defined by B and B’ := ([m] \ B) u {1}.

Assume that B is an nbc-basis of M and let H = 7(B) and F = F(B’) be the chains constructed
above. Since |B'| = m —k + 1,itisabasis of U,,, ,, ;. Suppose that B’ contains a broken circuit
C \ {min(C)} for some circuit C of U, ,,_j.+1. Since the circuits of U,,, ,,, _x, have size m — k + 2,
it follows that B’ = C \ min(C). Since 1 € B’, we must have 1 > min(C), which is a contradiction.
So B’ is an nbc-basis, and by Lemma 5.4, we have that (F, H) is an intersecting arboreal pair.

Now suppose that (7, H) is an intersecting arboreal pair. As the flats of U, ,,,_. 4 are all subsets
of [m] of size at most (m — k) of [m], as well as [m], we have

for some ay, ..., a,,_ € [m]. No two vertices of I'z ;, can be connected by two or more edges since
[y 3 isatree. As |F,,_i.1| = k and there are exactly k vertices on the H-part of the graph Tr 3
there is an edge between F',,_, ., and A, for each j € [k]. This implies |F,,,_,, N H;| = 1 for each
J € [k], and we write b; € H; for the unique element of F,,_;,, N H;. We define B = {b,, ..., by}
and B' = ([m]\ B)u {1} ={ay, ..., ap_y, 1}.

Next we show that H = F(B). Since r(H;_; Ub;) = r(H;) = r(H;_;) + 1 for each i € [k] and
H is maximal (and hence contains k + 1 flats), we have that B is a basis. For each j < Z, the
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vertices H;, H, are both adjacent to F,,,_,,. Hence, the unique path A; — H, consists of the two
edges {e(b i) e(b,)}. By H-maximality, we deduce that b j > b, and so by > -+ > by. Therefore,
H = F(B).

We now show that B is an nbc-basis. Choose any j € [k]. If a; € H j» then, by the argument in
the previous paragraph, the unij]ue path F; — F,,_;,ise(q;), e(b;). So, by F-maximality, we have
a; > b;.Since each element of H ;, except b, is given by a; for some i, we deduce thatb; = min(H )
for each j € [k]. Hence B is an nbc-basis by Lemma 5.2.

Finally, we show that 7 = F(B’). Since B contains 1 (as all nbc-bases must), the set B’ has
exactly m — k + 1 elements and 1 € F,,_,,,. By the above, the unique path F; — F,,_,,, begins
with the largest edge, namely e(a;). The unique path from F; — F; is the symmetric difference of
the paths from F; - F,,, ;. and F; » Fp,, ;1. If 1 <i < j < m —k, then, by F-maximality, we
have a; > a;, hence a; > -+ > a,,_; > 1.So F = F(B).

We have shown that if (F, H) is an intersecting arboreal pair, then there exists an nbc-basis B
such that H = F(B) and F = F(B’) where B’ = ([m] \ B) U {1}. This finishes the proof. O

We prove some results that bound the tropical intersection product. Given a weighted poly-
hedral complex X and a point w in its support, the star of £ at w is the weighted polyhedral
complex

star, () = U 0w, Op:=fv-w)|lveo,1=0},
WETEX

where the cone o, has multiplicity mults (o). Intuitively, star () is  viewed locally around w.

Lemma 5.6. Let %, %, be two balanced polyhedral complexes of complementary dimension in R"
and w € R" in the support of ,. Then

3, - Z, = star, (X)) - Z,.

Proof. Without loss of generality, we may assume that w = 0 = (0,...,0). For t > 0, let ¢ - X, be
the balanced polyhedral complex with polyhedra ¢ - o, where o € X, and ¢ - (...) denotes linear
scaling by ¢, and multiplicities mult, 5(¢ - o) = multy (o). Observe that locally the support of the
scaled complex ¢ - X, is given by a translation of the support of ;. More precisely, for each point
X contained in the support of ¢ - ¥, there exists an open set U C R" and a vector v € R" such that
x€UandUN(t-Z;) =v+UnZXZ (assets). So,by Lemma2.21, wehave(t - Z,) - Z, = X - Z, for
allt > 0.Note thatt - ¥, converges point-wise to stary(X;) as ¢ goes to oo and the stable intersection
points of (¢ - ;) A Z, vary continuously in t. We now consider what happens to these intersection
points as t increases.
Let

s, ;=min{|lul| |[u€o, o E€L-Z,, 0 &0}

denote the minimal distance between the point 0 and all polyhedra of ¢ - ¥, not containing 0, and
let B; denote the ball around O of radius s,. Then ¢ - £, and (¢ + t') - £, coincide inside B, for all
t" > 0, and thus x € (¢t - £, A Z,) N B, implies x € stary(Z;) A Z,. Moreover, B, converges to R"
as t goes to infinity. Then, as ¢ goes to infinity, any intersection point of (¢ - ;) A Z, either falls
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into B;, becoming an intersection point of stary(Z,) - Z,, or diverges to infinity. This shows the
claim. L

To prove Theorem 5.3, we need to make use of an alternative characterisation of tropical linear

[n]
spaces detailed in [45] and [41, section 4.4]. Given some p € (R U {oo})( ) andw € R", define

BM, ) 1= {B' e <[Z]> I Brél(il?]) (pB - i;; wi> attained at B’}. (13)

[n]
Wesay p € (RU {oo})( ) isa tropical Pliicker vector if the set system B(M p,w) forms the bases of
a matroid M, , for all w € R". We define its associated tropical linear space to be

L, = {weRrR" | M, loopless matroid }.

L, is a balanced polyhedral complex where each maximal cell has multiplicity one.

This aligns with our existing notion of a (realisable) tropical linear space: If I C K [xli, e X

is a k-dimensional linear ideal, there exists a unique tropical Pliicker vector p € (R U {oo})([z]) up
to addition of scalars such that Trop(I) = L,,. The converse is not true: There exist tropical linear
spaces L, that are not realisable as the tropicalisation of a linear ideal. For example, if M is a
non-realisable matroid then Lemma 2.16 implies there is no linear ideal I such that Trop(I) is the
Bergman fan of M.

In addition, we require the notion of a recession fan. Suppose that o = {x € R" | Ax < b}isa
polyhedron given by its half-space description for some matrix A € R®" and b € R?. Then the
recession cone of o is defined as rec(o) = {x € R" | Ax < 0}. More generally, if X is a polyhedral
complex, then rec(Z) is the union of all cones rec(o) taken over polyhedra c € X. The set rec(X) can
always be given the structure of a polyhedral fan. Moreover, if ¥’ is another polyhedral complex
with the same support as X, then the recession fans rec(Z) and rec(Z’) have the same support,
hence the recession fan is well defined on supports. This allows us to talk about the recession fan of
a tropical variety X, by which we mean the well-defined unique support of the recession fan given
by some choice a polyhedral complex structure on X. The multiplicities given by mult,..x)(0) =
Y rec(oh=o Multy (o) makes it a balanced fan.

Lemma 5.7. Let X be a pure balanced polyhedral complex in R" of dimension 1 < s < n — 1 and let

[n]
L, a tropical linear space with tropical Pliicker vector q € RG-S, Then s - L, = Z - Trop(U,

n,n—s)'

Proof. Asq € R(K]s) has only finite values, its recession fan is rec(L,) = Trop(U,, ,,_) by [41, The-
orem 4.4.5], and that Trop(U,, ,,_,) = rec(Trop(U,, ,_)) as Trop(U,, ,,_) is already a fan. Thus,
rec(Lq) = rec(Trop(U,, ,_s))- By [3, Theorem 5.7], if X and Y are polyhedral complexes with
codimension complementary to that of X, then rec(X) = rec(Y) implies that ¥ - X = X - Y. Thus,
Z-Ly=Z-Trop(U, ) O

Lemma 5.8. Let X be a pure balanced polyhedral complex in R" of dimension 1 < s < n—1, and
let M be a loopless matroid on ground set [n] with r(M) = n — s. Then

Z - Trop(M) < Z - Trop(U,, ,—s) -
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FIGURE 8 The 3-prism, with edges labelled for Example 5.10.

Proof. Throughout the proof, we denote by 0 = (0,0, ..., 0) the all-zeros vector of appropriate
length. We deform Trop(U,, ) to the tropical linear space L, described by the vector

g eRG™Y with gy =ry([n]) —ry(B) foreach B < " )

n—s

where r), denotes the rank function of the matroid M. It is a tropical Pliicker vector by [36,
Lemma 27], hence L, is a well-defined tropical linear space. By Lemma 5.7, we see that X - L, =
Z - Trop(U,, ,—s)- As qg > 0 with equality if and only if B a basis of M, we have M, o = M, which
is aloopless matroid, hence 0 € L. By [41, Corollary 4.4.8], the star stary(L,) is equal to Trop(M).
By Lemma 5.6, we have X - stary(L,) < Z - L,. Putting this together gives

Z - Trop(M) = X - starg(Ly) < X - Ly = X - Trop(U,, ) - O

Proof of Theorem 5.3. Fix an edge € € E. We first note that

(=Trop(Mg)) A Trop(y. — 1) = — Trop(Mg)ly_— :

the proof of this is identical to that given in the proof of Proposition 4.5. We now have that

Thm. 3.9
20,(G) = (= Trop(M¢)ly,_—o) - (Trop(M))
Lem. 5.8
< (=Trop(Mg)ly, o) - (Trop(Upy—3 0-1)
= (= Trop(Mg)) - Trop(Uy,_3 p—1) - Trop(y, — 1)

Frop. 52 nbe(Mg). O

Example 5.9. Consider the graph G in Example 4.7 and Figure 7 and order the edges 1 > 2 >
3 > 4 > 5. The broken circuits of G under this ordering are {12, 34, 123}. Enumerating through all
spanning trees yields that there are four nbc-bases {135, 145, 235, 245}. In this case, Theorem 5.3
states that c,(G) < 2. Infact, ¢,(G) = 2, and so the nbc-bound is equal to the 2-realisation number.

Example 5.10. The 3-prism is the graph G = (V, E) displayed in Figure 8. We order the edges
1> 2> .- > 9. The broken circuits of G are given by

12, 68, 147, 245, 357, 1257, 1345, 1467, 2347, 2458, 3567, 12567, 13458, 23467.

For instance, the edges 6, 8, 9 form a cycle. Since 9 is the minimum edge label, we have that 68 is
a broken circuit. The graphic matroid of G has 75 bases, of which 26 are nbc-bases:
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13469, 13489, 13569, 13589, 13679, 13789, 14569, 14589, 15679, 15789, 23469, 23489, 23569,
235809, 23679, 23789, 24679, 24789, 25679, 25789, 34569, 34589, 34679, 34789, 45679, 45789.

From Theorem 5.3, we can deduce that c,(G) < 13. The actual realisation number of G is ¢,(G) =
12, and so the number of nbc-bases gives a strict upper bound on the realisation number.

As a corollary of Theorem 5.3, we note that the number of nbc-bases of M; is closely connected
to a number of other graph and matroid invariants. We close this subsection by recalling them
and stating the bound on the realisation number in terms of them. For further details and proofs
of the following claims, we refer the reader to [22].

Let M be a matroid on ground set E and rank function r. The Tutte polynomial of M is defined
as

T(M;x,y) 1= Y (x = 1y E7W(@ -l
ACE

The Tutte polynomial is the universal matroid invariant for matroids under deletion and contrac-
tion. Moreover, we can obtain the number of nbc-bases as the evaluation of the Tutte polynomial
nbc(M) = T(M;1,0).

The characteristic polynomial of M is defined as

@) 1= Y EOAETD = (1 BTV 1 - 2,0).
ACE

In particular, by evaluating the characteristic polynomial at zero we deduce that nbc(M) =
(=)@ xm(0) = | x5 (0)] is the absolute value of the constant term of y,,(0).

The chromatic polynomial P(G, 1) of a graph G is the unique polynomial whose evaluation
at any integer k > 0 is the number of k-colourings of G. When G is connected, the chromatic
polynomial of G is related to the characteristic polynomial of M by P(G; 1) = 4 - x;,(4). As such,
nbc(M) is the absolute value of the coefficient of A in P(G; A).

Corollary 5.11. Let G be a minimally 2-rigid graph with graphic matroid M. Then 2¢,(G) is
bounded above by the following equivalent values:

(1) thevalue of the Tutte polynomial evaluation T(M; 1,0),
(2) the constant term (up to sign) of the characteristic polynomial XMy ),
(3) the coefficient of the linear term (up to sign) of the chromatic polynomial P(G; 1) of G.

There are additional characterisations of nbc-bases that one can derive in terms of acyclic ori-
entations of G with a unique source, or in terms of maximal G-parking functions of the graph. We
refer the interested reader to [9, Theorem 4.1] for these.

5.2 | Realisation bases

Jackson and Owen conjectured the following lower bound for the realisation number.
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Conjecture 5.12 [33]. Every minimally 2-rigid graph G with n vertices satisfies ¢,(G) > 2" 3.

As evidence towards this, they proved the conjecture for planar minimally 2-rigid graphs. More-
over, it has been verified for n < 12 in [14]. Despite this, in general we have no better lower bound
than ¢,(G) > 2 for an arbitrary minimally 2-rigid graph.

In this section, we utilise some of the theory developed in the previous section to give a lower
bound on the realisation number in terms of nbc-bases.

Definition 5.13. Let G = ([n], E) be a minimally 2-rigid graph and (M,;, <) its graphic matroid
with some fixed total order < on E. A realisation basis is an nbc-basis B of (M, <) such that
E \ B U min(E) is also an nbc-basis.

Realisation bases naturally come in pairs, as B is a realisation basis ifand only if E \ B U min(E)
also is. Unlike with nbc-bases, the number of realisation bases of the matroid (M, <) is highly
dependent on the total order <. As such, we shall always discuss the number of realisation bases
with respect to a specific order.

Corollary 5.14. Let G = ([n], E) be a minimally 2-rigid graph and (M, <) its graphic matroid with
some fixed total order < on E. Then

2¢,(G) > # of realisation bases of (M, <) .
Proof. Applying Lemma 5.4 in the case where M = N = M,; tells us that the pair
F(B), F((E\B)Umin(E))

form an intersecting arboreal pair for each realisation basis B of (M, <). It then follows from
Theorem 4.6 that c,(G) is lower-bounded by this count. O

Example 5.15. Consider the graph G = K from Example 5.9. Keeping the same ordering on
the edges, we see that all of the nbc-bases are also realisation bases. For example, the nbc-basis
B = 135 is paired with the nbc-basis B’ = [5] \ E U {5} = 245, implying they are both realisation
bases. As such, the lower bound from Corollary 5.14 is an equality for this choice of ordering. We
emphasise that other choices of ordering may not achieve this lower bound.

Example 5.16. Now let G be the 3-prism from Example 5.10. Keeping the same ordering on the
edges, we see that there are only 16 realisation bases:

13469, 13489, 13569, 13589, 14569, 14589, 15679, 15789,
23469, 23489, 23679, 23789, 24679, 24789, 25679, 25789.

For example, the nbc-basis B = 13679 is not a realisation basis as B’ = E \ B U {9} = 24589 is not
an nbc-basis: In this case, it is not even a basis. As such, the lower bound from Corollary 5.14 gives
¢,(G) > 8 for this choice of ordering. A computer check shows that among all total orderings of
the edges of the 3-prism, this ordering gives the largest possible number of realisation bases, and
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FIGURE 9 The complete bipartite graph K, ; with edges labelled for Example 5.17.

TABLE 1 Difference between upper bounds and realisation numbers in Section 6.1.

Mean SD Mean (scaled) SD (scaled)
Mixed volume bound 1147.63 1044.94 4.07 3.85
nbc-basis bound 337.91 159.75 1.21 0.59

so the number of realisation bases gives a strict lower bound on the 2-realisation number for every
ordering of the edges.

Example 5.17. We note that even for relatively small graphs, the lower bound from realisation
bases may not reach the conjectured lower bound of 2"~ from Conjecture 5.12. Consider the
complete bipartite graph K; ; with edge labels given in Figure 9. Its 2-realisation number is equal
to the conjectured lower bound of 8. Under the usual ordering 1 > --- > 9, there are 14 realisation
bases of K 3:

12579, 13569, 13689, 13789, 14579, 14569, 15789,
34689, 24789, 24579, 24569, 23689, 23789, 23469.

Corollary 5.14 gives a lower bound of ¢,(K3 ;) > 7. Moreover, a computer search shows us that no
other ordering of the edges gives rise to more than 14 realisation bases, hence the lower bound
offered by realisation bases does not attain the conjectured lower bound.

6 | CONCLUDING REMARKS

We end the paper with some comments and avenues for future development.

6.1 | Computations

We computed upper bounds for the 2-realisation number given by the mixed volume and by nbc-
bases for all minimally 2-rigid graphs on at most 10 vertices [17]. See Table 1. The exact realisation
numbers were computed in [13]. The mixed volume bounds were implemented using gfan [35]
and nbc-basis bounds were implemented using the Matroids package for Macaulay2 [16, 29]. In
total we have tested 117273 graphs. There are 100958 graphs (~ 86.1%) for which nbc-bases give a
strictly better upper bound than the mixed volume. There are 14876 graphs (~ 12.7%) for which
mixed volumes give a better upper bound than nbc-bases. For the remaining 1439 graphs (x 1.2%),
the number of nbc-bases matched the mixed volume bound.

Table 1 shows summary statistics and Figure 10 shows a histogram of how far the upper bounds
are from the realisation number. The scaled results show how far the bounds are as a multiple of
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Histograms for mixed-volume and NBC-basis bounds
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FIGURE 10 Histogram for the mixed volume bound and nbc-basis bound. The x-axis is the scaled
difference between the upper bound and realisation number.

TABLE 2 The mean of the nbc-basis bound divided by the mixed volume bound for all minimally 2-rigid
graph on n vertices.
n 5 6 7 8 9 10
nbc/mVol 0.944 0.921 0.844 0.838 0.703 0.612

the realisation number. For instance, suppose G is a minimally 2-rigid graph with ¢,(G) = 50 and
whose matroid has 250 nbc-bases, giving an nbc-basis bound of 125 = 250/2. Then the difference
between c¢,(G) and the nbc-basis bound is 75 and the scaled difference is (125 — 50)/50 = 1.5.

The results show that generally neither the nbc-basis or mixed volume bound is sharp. We
observe that for all graphs where the nbc-basis bound is sharp, the number of realisations is equal
to the conjectured lower bound of 2"~3. These include the graphs formed from a single edge by
a sequence of so-called 0-extensions. We have also computed the average ratio of the nbc-basis
bound to the mixed volume bound in Table 2, which appears to monotonically decrease in the
number of vertices of the graph. This suggests that as the number of vertices increases, our nbc-
basis bound is, on average, a much better bound than the mixed volume.

In terms of runtime, we observed that the optimised approaches in [13, 14] are considerably
faster than the mixed volume bound. The nbc-basis computation in [17] is not optimised but we
expect that an optimised version is faster than the full calculation of the realisation number. This
is because the computational complexity of counting nbc-basis is linear in the number of spanning
trees of the graph whereas the algorithm in [14] is recursive. We note that both algorithms have
exponential complexity in the number of vertices of the graph.

It is possible to use Grobner bases to compute realisation numbers. However, this computation
can take a very long time, even for relatively small examples. For instance, consider the minimally
2-rigid graph on {1, ..., 8} with edges

E(G) = {17,18, 23, 26, 28, 36, 37, 46, 47, 48, 56, 57, 58}.

Here we have ¢,(G) = 44. In Macaulay?2, it took 148 s to compute the realisation number using a
Grobner basis, 0.2 s to compute an upper bound of 125 using a mixed volume and 0.02 s to compute
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an upper bound of 83 by nbc-bases. We also note that it is possible to compute the realisation
number using Khovanskii bases (or SAGBI bases for quotient rings equipped with valuations),
however the computational tools needed to perform these computations currently do not exist in
the required generality.

6.2 | Bigraphs

A bigraph is a pair of multigraphs (G, H) that share an edge set &, in the sense that there exist
bijections ¢; : E(G) — £ and ¢ : E(H) — £. The concept of a bigraph was first introduced in
[14] in the design of their inductive algorithm for realisation numbers. Each bigraph (G, H) can
be assigned a value Lam(G, H) € Z, U {oo} called the Laman number of the pair (G, H). For the
bigraph (G, G) with edges paired up with their copies, they showed that Lam(G, G) = 2¢,(G) [14].
A small adaptation to [14, Lemma 2.16] shows that the Laman number of a bigraph (G, H) is
equal to the root count of the following ideal for generic (a,),c¢,¢; 1, €1, and any fixed € € £:

fe i=Ye1 Yer—a, foree &

e ‘= C11Ye1 tC12Ye s

heg = 2 Vst for each directed cycle C of G, (14)
(s,t)eC

hpy = 2 Vst for each directed cycle D of H.
(s,t)eD

This similarity to the ideal I J’E given in Lemma 3.7 can be exploited to describe a bigraph analogue
for the ideal I ’E’ given in Lemma 3.8. The natural bigraph analogue to Theorem 3.9 then follows
the same proof technique with the graph G used in the ideal I; replaced by H:

Theorem 6.1. Let (G, H) be a bigraph with shared edge set £. If Lam(G, H) is a positive integer, then
forany e € £ we have

Lam(G, H) = (— Trop(M)) - Trop(My;) - Trop(y, — 1).

Theorem 6.1 also can be combined with the 2-realisation number algorithm described in [14]:
this then gives an inductive contraction-deletion algorithm for determining the tropical intersec-
tion product (—Trop(M)) - Trop(N) - Trop(y, — 1) when M and N are both graphical matroids
on a common ground set. It is currently open if such an algorithm exists when M and N are
not graphical.

6.3 | Higher dimensions

Up to Lemma 3.6 we worked in arbitrary dimension. However, after that we had to restrict to 2-
dimensions. In particular, one of the main ‘tricks’ we implement is to switch the distance between
pairs being of the form x? + y? to xy using a linear transformation. This is no longer possible for
d = 3 (in fact, for d > 3) since the corresponding distance equation is of the form X% +y% + 22,
which is irreducible.
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We can tropicalise the equations in Lemma 3.6, but to the best of our knowledge the result-
ing tropical variety has no nice combinatorial characterisation. It would be interesting to find an
analogue of Theorem 3.9 in higher dimensions.

6.4 | Realisation numbers as matroid invariants

Recent innovations of intersection theory for matroids have lead to a number of success stories
quantifying known matroid invariants as tropical intersection products of Bergman fans and their
‘flips’. We have already seen and utilised the result of [2] where nbc(M) is equal to the tropical
intersection product of the flipped Bergman fan — Trop(M) with the Bergman fan of a uniform
matroid. Moreover, [6] deduced that the B-invariant (M) of a matroid can be computed as a
tropical intersection product of Bergman fans derived from M.

Our Theorem 3.9 has a similar flavour to these results, demonstrating that the 2-realisation
number of G can be quantified as the tropical intersection product of two fans from M. Moreover,
these previous developments provide evidence that the realisation number may have a combina-
torial formula in terms of known matroid invariants, and that using the intersection theory of
matroids is the method to obtain this. We hope that such theoretical developments may lead to
computational and algorithmic improvements for computing realisation numbers.
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