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Summary

This thesis includes six papers that investigate three different areas: chemical reaction
network theory, Descartes’ rule of signs, and real tropicalization. A common thread
among them is the significant role played by the signed support of multivariate poly-
nomials.

Paper I and II focus on chemical reaction networks. In Paper I, we describe a general
algorithm for verifying connectivity of the parameter region of multistationarity of a
reaction network and apply it to several biologically relevant networks. In Paper II,
our focus is on two families of phosphorylation networks, called n-site phosphorylation
networks. We provide a proof showing that their parameter region of multistationarity
is connected for every n € Nxo.

In Paper III and IV, we present combinatorial conditions on the signed support that
provide upper bounds on the number of connected components of the set in the positive
real orthant where the polynomial takes negative values. We frame this problem as a
generalization of Descartes’ rule of signs to multivariate polynomials. The methods
developed in Paper III and IV are crucial for the arguments used in Paper I and II.

In Paper V, we investigate the real tropicalization of semi-algebraic sets and show
its relation to the signed support of the polynomials defining these sets. In Paper VI, we
study the signed A-discriminant and show that it has a simple structure if the signed
support satisfies some combinatorial conditions. In such cases, Viro’s patchworking
becomes applicable for determining all isotopy types of hypersurfaces in the positive
real orthant with a prescribed signed support for their defining polynomials.
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Dansk resumeé

Denne afthandling omfatter seks artikler inden for tre forskellige forskningsfelter: kemisk
reaktionsnetvaerksteori, Descartes’ fortegnsregel og reel tropikalisering. En feellesnaev-
ner er den afggrende betydning, som den stgtte med angivet fortegn af polynomier i
flere variable spiller.

Artikel I og IT omhandler kemiske reaktionsnetveerker. I artikel I beskrives en al-
goritme til verificering af hvorvidt parameterregionen for multistationaritet af et reak-
tionsnetveerk er sammenhaengende, hvilken anvendes pa flere relevante netvaerker inden
for biologi. I artikel II er vores fokus rettet mod to familier af fosforyleringsnetveerk
kaldet n-steder fosforylerings netveerk. Vi fremlaegger et bevis for sammenhaengen af
parameterregionen for multistationaritet for hvert n € Nso.

I artiklerne III og IV praesenterer vi kombinatoriske betingelser for den stgtte med
angivet fortegn, som giver et gvre estimat for antallet af sammenhaengskomponenter af
delmaengden af den positive reelle ortant, hvor polynomiet antager negative vaerdier.
Vi fortolker dette som en generalisering af Descartes’ fortegnsregel til multivariate po-
lynomier. Metoderne fra artikel IIT og IV er afggrende for argumenterne i artikel I og II.

I artikel V undersgger vi den reelle tropikalisering af semi-algebraiske maengder
og satter den i relation til den stgtte med angivet fortegn af de polynomier, som
definerer meengden. I artikel VI studerer vi den fortegn A-diskriminant og beviser, at
den har en simpel struktur under visse kombinatoriske betingelser til den stotte med
angivet fortegn. I sadanne tilfaelde kan Viro’s patchworking anvendes til at bestemme
alle isotopityper af hyperflader i den positive reelle ortant med foreskrevet stgtte med
angivet fortegn for de definerende polynomier.
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Introduction

This thesis focuses on the fascinating field of real algebraic geometry, where the in-
terplay between algebra, geometry, and topology uncovers insights into the structure
of real solutions of polynomial equations and inequalities. In this work, we investigate
how the set of exponent vectors of a polynomial together with the signs of the coef-
ficients, called the signed support, influences properties of semi-algebraic sets defined
by the polynomial. Specifically, we study generalizations of Descartes’ rule of signs to
multivariate polynomials and real tropicalization of semi-algebraic sets. The motivation
to investigate these questions arose from analyzing mathematical models of chemical
reaction networks.

1.1 From reaction networks to real algebraic geometry

The mathematical foundations of chemical reaction network theory go back to works
of Feinberg, Horn, and Jackson in the 1970’s [41, 43, 61]. To illustrate the concept of a
reaction network, consider the phosphorylation process of a substrate S. This biological
mechanism is represented by the reaction network

So+ E = ES; = S, +E. (1.1)
K2

Each arrow is a reaction and the letters E, Sg, S1, ESy correspond to biological species.
In the first reaction, labeled by ki, the unphosphorylated substrate Sy binds with a
kinase E to form an intermediate species ESy. This intermediate species ESy can then
dissociate in two different ways: either producing a phosphorylated substrate S; or
reverting back to the unphosphorylated form Sy without attaching a phosphate group.
This mechanism is known as the Michaelis-Menten mechanism in the literature [32].

To model the evolution of the concentration of the species of a given reaction net-
work over time, several mathematical models can be used, including both stochastic
and deterministic ones [93]. Chemical reaction network theory aims to investigate these
models and comprehend their local and global dynamical behaviors. In this thesis, we
focus on deterministic models using an Ordinary Differential Equation (ODE) system.

1



2 Chapter 1. Introduction

A first step often taken in the examination of qualitative properties of the dynamical
system involves exploring its steady states, that is, finding solutions of the ODE system
such that the concentration of each species is constant. From a biological perspective,
the existence of at least two stable steady states has been linked to cellular decision-
making, switching, and the memory of cells [75, 87].

Under the assumption of mass-action kinetics, the functions in the ODE system
become parametrized polynomial functions, offering opportunities for the application
of methods from computer algebra and real algebraic geometry [38, 44]. In particular,
the question of multistationarity, that is, the existence of multiple steady states, boils
down to whether a parametrized polynomial equation system has at least two solutions
for some choice of the parameters. Since these solutions represent concentrations of
species, one is only interested in positive real solutions. The number of such solutions
might depend on the values of the parameters and there might be open regions in
the parameter space giving rise to equation systems with different number of positive
real solutions. Finding these regions and determining the number of positive solutions
within each region is a challenging problem in real algebraic geometry.

Several methods have been developed to decide whether a reaction network exhibits
multistationarity. Classical results providing sufficient conditions to preclude multista-
tionarity include the Deficiency Zero and Deficiency One Theorem [42]. Over the past
two decades, researchers have devoted significant attention to the so-called Injectivity
Criterion, an alternative condition used to rule out multistationarity [5, 6, 33, 34, 49,
50, 67, 83, 84, 88]. We discuss this important criterion in more detail in Section 2.2.

Beyond precluding multistationarity, there are methods to verify whether a reaction
network is multistationary for some choice of the parameters. One common approach
involves identifying a subnetwork with at least two steady states and then “lifting”
these steady states to the original network [35, 51, 68]. Additionally, methods based
on polyhedral geometric conditions can also be used to find parameters for which the
reaction network is multistationary [12, 16, 56, 57]. For a comprehensive overview of
methods for determining multistationarity, we refer to the survey article [69].

The above-mentioned methods offer a way to determine whether the parameter re-
gion of multistationarity is non-empty, but they do not provide additional information
about the shape or size of this region. Theoretically, a semi-algebraic description of
the multistationarity region can be found using existing algorithms such as Cylindri-
cal Algebraic Decomposition and Real Quantifier Elimination (see [29] for a survey).
However, due to the high complexity of these algorithms, their applicability is limited
to handling reaction networks of moderate size [24]. Numerical methods [48, 60] might
provide information about certain parts of the parameter space for somewhat larger
networks, yet these methods also have their limitations.

Instead of providing a complete description of the parameter region of multista-
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tionarity, it might be interesting to explore some of its properties, such as its shape.
Probably the first article in this direction was [85], where the authors investigated the
connectivity of such a parameter region for a specific phosphorylation network using
homotopy continuation and topological data analysis techniques. In the same article,
it was suggested that lack of connectivity may indicate that different biological mech-
anisms underlie multistationarity.

A projection of the parameter region of multistationarity onto a subset of the pa-
rameters was proven to be connected in [45] for the 2-site phosphorylation network

So+E 2ES) =8, + E == ES, 2 S, + E

K2 K8

N . (1.2)
SQ—i_FﬁFSQ —)Sl—f-FﬁFSl ——>So—|—F

Each phosphorylation and dephosphorylation step in (1.2) follows the same mechanism
as described in (1.1). By increasing the number of phosphorylation sites, one obtains
a family of reaction networks known as n-site phosphorylation networks, indexed by
n € N. This family of reaction networks has been extensively studied, with particular
focus on questions about the number of positive steady states [47, 52, 57, 59, 109].
Extending the connectivity result for the 2-site phosphorylation network, in [46] it was
proven that the projected parameter region of multistationarity is connected for the
n-site phosphorylation network for every n. The question, whether the same is true for
the whole parameter region of multistationarity, became the catalyst for my research
journey.

Our first breakthrough came a few months later after we started investigating this
question. Based on the results in [31], we gave sufficient conditions on the critical
polynomial of a reaction network (see Section 2.3) that imply connectivity of the pa-
rameter region of multistationarity. To verify one of the conditions, we needed to show
that the set of points in the positive real orthant, where the critical polynomial takes
negative values, is connected. For the 2-site phosphorylation network (1.2), the critical
polynomial was large with 15 variables and 400 monomials. Therefore, computing the
number of connected components of the preimage of the negative real line using the
existing semi-algebraic algorithms was out of reach. We found ourselves in search of a
computable sufficient condition that could guarantee the connectivity of the preimage
of the negative real line under a polynomial function —a puzzle that set the stage for
this thesis.

1.2 Real algebraic geometry

The field of algebraic geometry is devoted to studying properties of solution sets of
polynomial equalities, called algebraic varieties. In cases where one is interested in so-
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lutions in an algebraically closed field, such as the field of complex numbers, there
are several classical results providing information about these solution sets. However,
in many applications, including chemical reaction networks, robotics or computer vi-
sion, only the real solutions, or even only the positive real solutions, are of interest.
The structure of the real and complex algebraic varieties might differ significantly, for
example, the polynomial 22°%* — 1 has 2024 complex solutions by the Fundamental
Theorem of Algebra, but only two of the solutions are real, x = 1 and z = —1. In real
algebraic geometry, the focus lies on these real solutions.

In 1637, Descartes published his famous result, Descartes’ rule of signs, that provides
an upper bound on the number of positive real solutions of a univariate real polynomial
in terms of the number of sign changes in the coefficient sequence of the polynomial.
The above example, 22?* — 1, has only one sign change in its coefficient sequence,
so the bound given by Descartes’ rule of signs is one. It is known that Descartes’
bound is sharp, that is, for any given sign sequence, there exists a compatible choice of
coefficients such that the polynomial has as many positive real solutions as the number
of sign changes [58]. Moreover, the number of positive real solutions has the same parity
as the number of sign changes [54], and Descartes’ rule of signs is valid for polynomials
with real exponents [36, 110].

One possible way to generalize Descartes’ rule of signs to multivariate polynomials
is to bound the number of positive real solutions of an equation system involving n
polynomial equations in n variables, also called a square system. In 1991, Khovanskii
gave such a bound in terms of n and the number of monomials appearing in the
polynomials [71]. Khovanskii’s bound has been improved in [17, 19] and for specific
equation systems in [4, 9, 13, 72, 76].

Based on Viro’s patchworking for complete intersections, proven by Sturmfels in
1996 [101], Ttenberg and Roy formulated their famous conjecture regarding the max-
imum number of (positive) real solutions of a system of n multivariate polynomial
equations in n variables [65]. Their conjecture was based on the combinatorial proper-
ties of the set of exponent vectors and the signs of the coefficients of the polynomials.
They showed that their bound is a lower bound of a possible upper bound, that is,
for any prescribed set of exponent vectors and signs of the coefficients, there exist n
polynomials for which the number of their common (positive) real solutions matches
the combinatorial bound. The first non-trivial example supporting the conjecture was
proposed by Sturmfels and proven by Lagarias and Richardson in 1997 [74]. Almost at
the same time, Li and Wang gave a counterexample to the Itenberg-Roy conjecture [77].

There are a few special cases when a Descartes-type bound is known for the number
of positive real solutions of a square system. The Injectivity Criterion [83], mentioned
in Section 1.1, provides a condition when the number of positive real solutions is at
most one. For systems involving n variables, n polynomials and a total number of
n + 2 monomials, a sharp upper bound on the number of positive solutions was given
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in [10, 11]. This bound is in terms of the number of sign changes of a certain sequence
of numbers associated with the polynomial system.

An alternative approach to generalizing Descartes’ rule of signs to the multivariate
setting is to consider a polynomial in n variables and to bound topological invariants of
the hypersurface defined by the positive real zero set of the polynomial. Upper bounds
for the sum of the Betti-numbers were given in [18, 71|, while bounds on the number
of connected components of the hypersurface in [14, 15, 53, 76, 89]. Like Khovanskii’s
bound for square systems, these bounds rely on the number of variables and monomials
in the polynomial.

For our applications, as discussed at the end of Section 1.1, we wished to have
a similar bound. However, instead of bounding the number of connected components
of a hypersurface, we aimed to bound the number of connected components of the
complement of the hypersurface where the defining polynomial takes negative values.
In particular, we were interested in the case where this upper bound is one. Our findings
in that direction have been published in Paper III and Paper IV. We refer to Section 1.4
for a brief summary and Chapter 3 for a detailed discussion of the results.

It is worth mentioning that results regarding Descartes’ rule of signs for the hy-
persurface case might have implications for square systems. For example, one of the
techniques used in Paper III enables to derive novel bounds on the number of positive
real solutions of polynomial equation systems with specific signed support. This, again,
can be viewed as a generalization of Descartes’ rule of signs. We provide these bounds
in Section 3.4.

1.3 Tropical geometry

During the past two years, as I presented our results from Paper III at conferences
and workshops, I often received comments that our results have a “tropical flavor”.
Inspired by these remarks, I started to explore the connection between our work and
real tropical geometry.

One of the primary goals of tropical geometry is to establish a connection be-
tween algebraic and polyhedral geometry, enabling to transform an algebraic variety
into a polyhedral object, called tropical variety, that mimics essential properties of its
algebraic counterpart. This approach has been successful for varieties defined over al-
gebraically closed fields with non-trivial valuation, such as the field of complex Puiseux
series [64, 78].

Tropicalization of varieties over the field of real numbers traces back to Viro’s
patchworking [105]. For a fixed signed support, Viro described a method to construct a
polyhedral complex, known as the Viro diagram, which has the same isotopy type as the
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positive real zero set of some polynomial matching the signed support (see Section 4.3).
In Paper VI, we showed that under conditions on the signed support similar to those
in Paper III, Viro diagrams can be used to find all possible isotopy types, that is, for
all polynomials matching the signed support, the positive real hypersurface is isotopic
to one Viro diagram. It is important to note that this statement is not true in general,
for a counterexample, we refer to Example VI.2.11.

The tropicalization of semi-algebraic sets goes back to the work by Alessandrini [1].
In his paper, Alessandrini investigated the logarithmic limit of semi-algebraic sets de-
fined in the positive orthant RZ, and showed that it coincides with the real trop-
icalization. We will recall this fundamental result in Theorem 4.7. Only in certain
special cases it is known how to compute the real tropicalization of semi-algebraic sets
2, 20, 25, 102, 104]. However, there exist polyhedral complexes that serve as approxi-
mations of these, either by containing the real tropicalization or being contained within
it [20, 66, 104]. Such approximations are easier to compute and under certain additional
assumptions they coincide with the real tropicalization. The proof techniques used in
Paper 111 and Paper 1V, allowed us to derive a novel approximation of real tropical-
ization and to identify cases when these two objects coincide. This is the content of
Paper V.

1.4 Contribution to the state of the art

The contributions presented in this thesis can be divided into three main parts, focusing
on the parameter region of multistationarity of a reaction network, on generalizing
Descartes’ rule of signs to multivariate polynomials, and on tropicalization of semi-
algebraic sets. The signed support played a central role in each of these three topics.

Paper I contains an algorithm that checks a sufficient condition for the connectivity
of the parameter region of multistationarity. The algorithm is based on Theorem 2.14
that relates the preimage of the negative real line under the critical polynomial to the
parameter region of multistationarity. We applied the method to several biologically
relevant networks, including the n-site phosphorylation network for n = 2,3 (cf. (1.2)),
and showed that their parameter region of multistationarity is connected. The case of
n > 3 required a deeper investigation and new techniques. In Paper II, we showed that
the critical polynomial for the n-site phosphorylation network can be written recur-
sively. We used this recursive formula to show inductively that the parameter region of
multistationarity is connected for the n-site phosphorylation network for every n € Nxo.

Paper III and IV provide conditions on the signed support of a multivariate poly-
nomial such that the set of points in the positive orthant RZ, where the polynomial
takes negative values has at most one or two connected components. We phrased these
results as generalization of Descartes’ rule of signs to hypersurfaces. Furthermore, in
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Paper IV it is shown that the problem of finding the number of such connected compo-
nents can be reduced to the same problem for a polynomial in fewer monomials if all
the exponent vectors with negative coefficients are contained in a face of the Newton
polytope. A similar reduction is possible if the Newton polytope has two parallel faces
containing all the exponent vectors. As an addition to the results in Paper III and IV,
in Section 3.4 we describe conditions on the signed support of n polynomials in n vari-
ables such that these polynomials have at most 2 or infinitely many common positive
real solutions. These statements can be seen as (partial) generalization of Descartes’
rule of signs to square systems.

Paper V contains results about the real tropicalization of semi-algebraic subsets
of RZ,. We give a self-contained proof for the result that the negative normal cone (see
Section 4.2 for a precise definition) approximates the real tropicalization. This proof is
also valid for polynomials with real exponents. Furthermore, Paper V describes a cone
that provides a better approximation of the real tropicalization, and that might be
computable by means of existing algorithms. Moreover, in Paper V we discuss certain
scenarios when these approximations coincide with the real tropicalization. Paper VI
investigates the signed A-discriminant of a signed support. The connection to tropical
geometry comes from the observation that if the signed A-discriminant has a “simple
structure”, then the isotopy types of the positive real hypersurfaces defined by polyno-
mials matching the signed support can be described by a polyhedral object, the Viro
diagram. In Paper VI, we provide conditions on the signed support that ensure that
the signed A-discriminant has such a “simple structure”.

1.5 Structure of the thesis

This thesis is based on six articles, which are collected after the four introductory chap-
ters. The purpose of these chapters is to motivate and highlight the main contributions
of the papers. Each paper has its own bibliography. The references used in Chapter 1-4
can be found in the bibliography after Chapter 4.

Chapter 2 starts by giving the necessary background on chemical reaction networks.
We define the parameter region of multistationarity and discuss how the Jacobi deter-
minant of a certain function can be used to gain information about this parameter
region. The last part of Chapter 2 summarizes the results of Paper I and Paper II. In
Chapter 3, we turn our investigation to Descartes’ rule of signs. We recall this classical
theorem for univariate polynomials and discuss possible generalizations to the multi-
variate setting. In Section 3.3, we discuss partial generalizations to the hypersurface
case, based on the results in Paper III and Paper IV. In Section 3.4, we investigate a
generalization of Descartes’ rule of signs to square systems, these results have not been
included in any publication. Section 4.1 and 4.2 contain a brief introduction to tropi-



8 Chapter 1. Introduction

cal geometry along with an overview of recent results on real tropicalization including
findings discussed in Paper V. Section 4.3 is based on Paper VI, where we introduce
the signed A-discriminant and discuss its relation to Viro’s patchworking.

Last but not least we fix some notation we will use throughout the thesis. The
cardinality of a finite set S will be denoted by |S|. For the index set {1,...,n} we
write [n] for short, and for I C [n] we write I¢ for the complement of I in [n]. For two
vectors v, w € R", v - w denotes their Euclidean scalar product and v * w denotes their
coordinate-wise product. The transpose of a matrix M € R™ ™ is denoted by M . For a
differentiable function f: R™ — R™, we write J;(z) for the Jacobian matrix at = € R",
which is the matrix of size m x n whose (7, j)-th entry equals the partial derivative
Ofi(x)

#j. In the special case m = 1, we denote the Jacobian matrix J;(z) by V f(z).



Chemical reaction networks

The goal of this chapter is to provide more information and context for the statements
discussed in Section 1.1. Specifically, we recall a formal definition of a reaction network
and describe the ODE system that models the change in the concentration of the
species in the network over time. We define the parameter region of multistationarity
and discuss several methods for gaining information about it. Furthermore, we give an
overview of the results of Paper I and Paper II.

2.1 Basic definitions

A (chemical) reaction network (S, R) is a collection of reactions R = {Ry, ..., R.} be-
tween species in a set S = {Xy,...,X,}. Each reaction is given by a linear combination
of the species, that is, each reaction has the form

Rj: iai’jxi — imei, ] = 1,...,7’,
=1 =1

where a; j, b; ; are non-negative integers, called stoichiometric coefficients. The species
on the left-hand (resp. right-hand) side of a reaction with non-zero stoichiometric coeffi-
cient are called reactants (resp. products) of the reaction. The reactant matriz A € 7"*"
keeps track of the reactant species. Specifically, its (7, j)-th entry is given by the stoichio-
metric coefficients a;;, ¢ =1,...,n, 7 =1,...,r. The stoichiometric matric N € Z™"
encodes the net production of the reactions. The (4, j)-th entry of N equals b; ; — a; ,
1=1,...,n,73=1,...,7.

Under the assumption of mass-action kinetics, introduced by Guldberg and Waage
in 1864 [107, 108], the reaction rate function equals

. a a .
ve(1) = diag(k)z? = (k' -t Ky )T
Here, z; denotes the concentration of the species X; and k = (k1,...,k,)" € RL, is

a vector of parameters called reaction rate constants. The ODE system modeling the

9
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evolution of the concetration of the species over time has the form:
i=fola),  wERY, (2.1)

where f,(z) := Nvk(z).

The positive and the non-negative orthants RZ;, R%, are forward invariant with

respect to the ODE system (2.1) [99, 106]. In other words, if the initial condition
is contained in these orthants, the entire trajectory remains contained in them. This
property is particularly important, since the trajectories encode concentration of species
that should not be negative numbers.

Moreover, the trajectories of (2.1) are contained in certain affine subspaces. To
see this, consider the stoichiometrixz subspace S defined as the column space of the
matrix N. Let s denote the rank of N and choose a full-rank matrix W € R%*" whose
rows form a basis of the left kernel of N. Note that by definition, we have d = n — s
and ker(W) = im(N). Since w - & = w - (Nvg(x)) = 0 for every vector w in the left
kernel of N, it follows immediately that the trajectories of (2.1) with initial condition
x(0) € RZ, are contained in the affine subspace z(0)+.S. A stoichiometric compatibility
class is a set of the form

Pe:={z € RL | Wa = ¢} = (2(0) + 5) NR,,

for ¢ = Wx(0). This vector is called the vector of total concentrations, and it is usually
treated as a parameter. The defining equations of P, are called conservation laws, and
the matrix W is called a conservation matriz.

Example 2.1. To illustrate the above definitions, we consider the following reaction
network

X; Xy, Xo B Xy, 22X+ X, 53X, (2.2)

which served as the running example in Paper 1. Its reactant, stoichiometric and con-
servation matrices have the form

10 2 -1 1 1
A:(O 1 1)’ N:(1 -1 —1)’ W=,

and the corresponding ODE system and the conservation laws are

. 2
T1 = —K1T1 + Koo + K3T1T2, T1+ 2o = C,

jﬁg = R1T1 — R2X9 — /ig&?%wg.
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Figure 2.1: (a) Parameter region of multistationarity for the reaction network (2.2)
sliced by the hyperplane k3 = 1, k3 = 1. (b) Steady state varieties (purple curves) and
stoichiometric compatibility classes (green lines) for different choices of parameters
corresponding to the points marked by blue dots in (a).

For fixed reaction rate constants k = (k1,...,,)" € R, the set of non-negative
steady states of the ODE system (2.1)

Vi :={z € RY, | Nv,(z) =0}

is called the steady state variety. A pair of parameters (k,c) enables multistationarity
if the intersection V,, NP, NRY contains at least two points.

Definition 2.2. Let (S,R) be a reaction network. The parameter region of multista-
tionarity is defined as

Q= {(k,¢) € Ry x R? | (k, ¢) enables multistationarity }.

Example 2.3. The reaction network from (2.2) is small enough to apply Cylindrical Al-
gebraic Decomposition [26] to decompose the parameter space into semi-algebraic sets,
called cells, where the number of positive solutions of f,(x) = 0, Wx = ¢ is constant.
We used the Maple [79] function CellDecomposition from the package Parametric [98]
to compute such a cell decomposition. The code returned only one open cell with at
least two positive solutions. This cell is given by the inequalities

ko >0, K3 >0, Ky >8key, & <c<Ey, (23)
where &3, &4 denote the 3rd and 4th root of the polynomial

4. .2 2.2 2 2 2 3 2 2 3
dc*Roks — c“Riks — 20c” K1 Raks + 8¢ Kyks + 4k] + 12KTKe + 12K1K5 + 4K5.
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For fixed parameters ko = 1, k3 = 1, this cell is depicted in Figure 2.1(a). The parameter
pair ((14,1,1),8) lies in the cell given by the inequalities in (2.3). Figure 2.1(b) shows
the steady state variety V{141, and the stoichiometric compatibility class Pg. Their
intersection contains 3 points in R2, thus ((14,1,1,),8) enables multistationarity.

If ko = 1, then from the inequalities in (2.3) follows that for k; < 8 the parameter
pair ((k1,1, k3), ¢) does not enable multistationarity independently of the choices of k3
and c. Figure 2.1(b) illustrates that the steady state variety V(7:) has at most one
intersection point with P, for all ¢ € R.

The equation system f,(z) = 0, Wz = ¢, defining the points in V,, N P,, is overde-
termined, that is, it has more equations than variables. Following [31], we reduce it
to a system in n equations and n variables as follows. Assume that the conservation
matrix W is row reduced and let i; < --- < ¢4 be the indices of the first non-zero
coordinates of each row of W. We denote by Fj, .(x) the function obtained from f,(z)
by replacing the i;-th entry f.; () by the affine linear function w;-z—c;, j =1,...,d,
where w; denotes the j-th row of W. In [31], it was shown that

VNP, ={zeRY| Ficlz) =0}

Since the rows of the Jacobian matrix Jy_ (z) are given by the gradients V f, ;(z)
1 =1,...,n, it follows that

JFH,C(':E) = M,{(l’), (24)

where M, (x) denotes the matrix that is obtained from Jy, (z) by replacing the rows
i1,...,1q by the rows of W. The matrix M, (x) does not depend on the parameter c.

2.2 Jacobian critera for multistationarity

In this section, we recall several criteria that either preclude or verify multistationarity.
These criteria are based on the Jacobian matrix of certain functions associated with
the reaction network. First, consider the function

foiRZy =R, x fo(2) = N diag(k)z?

as introduced in (2.1). If f. is injective on the stoichiometric compatibility class P,
that is, f.(z) # f.(2') for z,2" € P, with  # 2/, then V,, N P. N RZ, contains at most
one point, and the pair (k, ¢) does not enable multistationarity. This simple observation
yields that the parameter region of multistationarity is empty if f, is injective on P,
for all Kk € RZ, and all ¢ € R? In [49, Theorem 5.6], injectivity of f, has been related
to injectivity of the Jacobian matrix Jy,_ ().
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Theorem 2.4. [/9, Theorem 5.6] Let (S,R) be a reaction network, and let S = im(N)
be its stoichiometric subspace. The following are equivalent:

(inj) f. is injective on P, for all k € R, and all c € R%.

(jac) Jy () is injective on S for all k € RL, and all x € RZ,.

Theorem 2.4 extends a previously known Injectivity Criterion for so-called CFSTR
networks [33], for which S = R™. Later, Theorem 2.4 has been generalized to power-law
kinetics [111], as well as to more general functions, similar to f,, but not necessarily
related to reaction networks [83].

In the following, we elaborate on the condition (jac) in Theorem 2.4. First, we show
that the set of such Jacobian matrices can be reparametrised. Let Aq,..., A, denote
the columns of the reactant matrix A. We will write * for the coordinate-wise product
of two vectors, and 1 = (%, e i)T Using this notation, for v,(z) = diag(x)z? we
have

Ju (z) = diag(r * 24) AT diag(2).

From the Chain Rule, it follows that
Jp.(x) = NJ, (z) = N diag(r * z") A" diag(2).
By setting v = x * 2% and h = %, we obtain the following lemma.

Lemma 2.5. /83, Lemma 2.7] Let (S, R) be a reaction network. Let N be the stoichio-
metric matriz and A be the reactant matrix, as introduced in Section 2.1. Then it holds
that

{J.(x) | K € Ry, x € R%} = { N diag(v)AT diag(h) | v € Ry, h € RZ}.

From Lemma 2.5, it follows immediately that condition (jac) in Theorem 2.4 is
equivalent to the condition

(lin) ker(N diag(v)A" diag(h)) NS = {0} for all (v,h) € RZ, x R”,.

Recall that the stoichiometric subspace S = im(/NN) equals the kernel of the conser-
vation matrix W. Therefore, y € R™ is contained in ker(N diag(v)A" diag(h)) N S if
and only if N diag(v)A" diag(h)y = 0 and Wy = 0. The rows of N might be linearly
dependent. Similar to the reduction described at the end of Section 2.1, we systemati-
cally remove these linear dependences. Following [49], we assume that W has the form

W = (Idd W), where Idy denotes the d x d identity matrix and W e R¥x(m=d) SQych
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a choice of W is always possible after reordering the species of the network. Let N’
denote the matrix obtained from N by deleting the first d rows. We define the matrix

Ty = W
vh =\ N’ diag(v) A" diag(h) ) -

Note that I, ;, equals the Jacobian M, () of the function Fy . (cf. (2.4)) for v = rx 24
and h = %

It holds that N diag(v)AT diag(h)y = 0, Wy = 0 if and only if (T, 5)y = 0. We refer

to [49, Corollary 4.8] for a proof of this fact. Since I, j, is a square matrix, ker(I', ) =
{0} if and only if det(I', ) # 0. Therefore, the condition (lin) is equivalent to

(det") det(I'y ) #0 for all (v,h) € R, x RZ,,.

For a matrix M of size k x m and two sets of indices I C [k], J C [m], we denote by
[M];,; the matrix obtained from M by selecting the entries in rows indexed by I, and
columns indexed by J. Using the Laplace expansion on complementary minors (see e.g.
[90, Theorem 2.4.1]), we rewrite det(I', ;) as

D (—1)Xi=an It ier det ([W] g 7¢) det ([N diag(v ) ] 7 (2.5)
IC[n] i€l
[I]=s

Now, we apply the Cauchy-Binet formula (see e.g. [90, Theorem 2.3]) to get for each
I Cnl, |I]=s:

det ([N diag(v)A"|.r) = > det([N']g.5) det([A]r,) [ vs- (2.6)
JCIr] jeJ
|J]=s

From (2.5) and (2.6), it follows that det(I', ) is a homogeneous polynomial in v and h.
Furthermore, the exponent vector of each of its monomials has only 0 or 1 entries. For
such a polynomial, it is simple to decide whether it has a root in the positive orthant.
Specifically, such a polynomial has a positive root if and only if it has both positive
and negative coefficients [83, Lemma 2.12].

Building upon the above discussions, Theorem 2.4 can be extended with the follow-
ing additional equivalent conditions.

Theorem 2.6. [49, 83] Let (S,R) be a reaction network with stoichiometric subspace
S = 1im(N). Assume that the conservation matric W has the form W = (Idd W)
The following are equivalent:

(inj) fx is injective on P, for all (k,c) € RT, x R%.
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(jac) Jy.(x) is injective on S for all (k,x) € RL; x RZ,.
(lin) ker(N diag(v)AT diag(h)) NS = {0} for all (v,h) € RZ, x RZ,.

(det) Viewed as a polynomial in v and h, det(I', ) is non-zero and all of its non-zero
coefficients have the same sign.

(det’) det(T',5) # 0 for all (v,h) € RL, x RZ,.
(det”) det(My(x)) # 0 for all (k,x) € R, x RZ,.

In [83], two additional conditions are described, which are equivalent to the con-
ditions in Theorem 2.6. One of these conditions relies on minors of size s x s of the
matrices N and A. The other condition is based on the signs of the vectors in ker(N)
intersected with a specific subset of the row span of A. Since we do not use these condi-
tions in this thesis and prefer to keep the explanation as simple as possible, we choose
to omit them.

By Theorem 2.6, the determinant of M, (z) can preclude multistationarity. In the
following, we discuss a theorem from [31] that uses det(M,(x)) both to verify and to
preclude multistationarity in a reaction network. This theorem is applicable for reaction
networks satisfying certain assumptions, which we will briefly recall.

A reaction network is conservative if each stoichiometric compatibility class is a
compact set. This is equivalent to the existence of a vector in the left kernel of N with
positive coordinates [8], which is easy to check using linear programming. A milder
condition is that for every stoichiometric compatibility class P,, there is a compact
set K. C P, such that all the trajectories of the ODE system (2.1) starting in P.
enter the compact set K. in finite time and do not leave again. A network with this
property is called dissipative. In general, it is hard to verify whether a reaction network
is dissipative, see the discussion in [31, p. 11-12]. For simplicity, we consider only
conservative networks in our applications.

A steady state x € V,, NP, is called a relevant boundary steady state if some of the

coordinates of = are zero and P. NRZ # 0.

Theorem 2.7. /31, Theorem 1] Assume that the reaction network is dissipative without

relevant boundary steady states and let s = tk(N). Then for each parameter pair (k,c) €
R”, x R it holds:

(A) If (—1)*det(My(x)) > 0 for all x € V, N P.NRY,, then (k,c) does not enable

multistationarity.

(B) If (—1)*det(M(x)) < O for some z € V, N P. NRY,, then (k,c) enables multi-
stationarity.
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Unlike Theorem 2.6, in Theorem 2.7, the determinant of M, (z) is evaluated only
at points in the incidence variety

V= {(:1:, k) € Ry xRy, |z € V,i}. (2.7)

In Section 2.3, we introduce a systematic way how to parametrize V using so-called con-
vex parameters. Here, at the end of this section, we discuss another type of parametriza-
tion of V. Such a parametrization is obtained by solving some of the equations f,(z) = 0
for a subset of the variables. To illustrate this, we consider the following example.

Example 2.8. We revisit the reaction network from (2.2). Its steady state variety is
given by the equations:

2 2
—K1T1 + KoZa + K3xiTa = 0, K1T1 — KoZg — K3x T2 = 0.

By solving the second equation for x5, we obtain the parametrization

v Rio — V? (xb R1, K2, HS) — (xla 532%3:H2 y K1, R2, "13)-
The network (2.2) is conservative, since (1, 1) is contained in the left kernel of N. It
is easy to check that the only non-negative steady state with zero coordinates is (0,0).
The stoichiometric compatibility class containing (0,0) does not intersect R2,. Thus,
the network (2.2) does not have relevant boundary steady states and Theorem 2.7
applies.

Evaluating det(M,(x)) at (x, k) = V(x1, K1, K2, K3), we get the rational function

K%I%+(2K2N37N11{3)$%+/€1I{2+K% 28
— : (2.8)
K3X]+K2

whose denominator is always positive. For the numerator of (2.8) to take negative
values, we need 2k9k3 — k1k3 < 0. Under this assumption, it is a so-called circuit poly-
nomial and by [46, Theorem 2.2] (which is a direct specialization of [63, Theorem 3.8])
it takes negative values if and only if

—2Kokg + K1K3 > \/2Kk31/2(K1K2 + K3),

0 < (—2kaks3 + K1k3)® — 4k3(Kikg + K3) = (K1 — SKo)K1K3.

which is equivalent to

From this follows that (2.8) is negative for some z; > 0 if and only if k1 > 8ks.
Now, we apply Theorem 2.7 to conclude that the projection of the parameter region of
multistationarity onto the parameters (k1, ko, £3) is given by the inequality k1 > 8ks.
Specifically, for k € R?, there exists ¢ € R such that (k,c) enables multistationarity if
and only if k; > 8ky. Note that this is the same region as we computed in Example 2.3
using Cylindrical Algebraic Decomposition.
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2.3 The critical polynomial

The aim of this section is to describe a convenient parametrization, called convez
parametrization, of the incidence variety V (cf. (2.7) ). Using this parametrization,
we evaluate det(M(x)) (cf. Theorem 2.7) at points (k,z) € V, and call the resulting
function the critical polynomial.

Convex parameters in the context of chemical reaction networks were introduced
by Clarke [28]. The idea behind such a parametrization is the observation that for
(k,) € R.y x R%, we have z € V, if and only if diag(x)z? € ker(N) N RZ,. The
set ker(N) NRY, is a closed convex pointed polyhedral cone, called the fluz cone. Let
EW ... E® e R" denote a choice of the extreme vectors of the flux cone, and write
them as columns of a matrix £ € R™*¢. Such a choice of extreme vectors is unique up
to multiplication by a positive scalar. Every element in ker(/N) N RL, can be written
as a non-negative linear combination of the extreme vectors. If E does not contain any
zero row, by Proposition 1.6.1 we have

¢
ker(N) NRZ, = {EA =Y NE® [ A€ R}
i=1
The assumption that E does not have any zero row, is equivalent to ker(N)NRZ # (.

If a reaction network satisfies this assumption, we call it consistent [3]. For consistent
networks, the map

TR xR =V, (B A) = (£, (EN) * hY)

is surjective, i.e. a parametrization (Corollary 1.6.2). From Lemma 2.5 with v = EX
follows Lemma 2.9, which is a slight refinement of [30, Proposition 2].

Lemma 2.9. For a consistent reaction network, it holds that

{J;.(2) | k €RLy, x € RYy, z € V. } = {Ndiag(EN) AT diag(h) | A € RS, h € RZ,}.

Now, we do the same modification on N diag(EA)AT diag(h) as we did on J;_(z)
at the end of Section 2.1. Assume that the conservation law matrix W is row reduced
and let i1 < --- < 74 be the indices of the first non-zero coordinates of the rows of W.
We denote by M (h,\) the matrix obtained from N diag(EX)AT diag(h) by replacing
the rows i1, ...,74 by the rows of W. The polynomial

q¢: Ry xR, =R, (b, A) = q(h, ) i= (=1)*det M (h, \), (2.9)

is called the critical polynomial. In Section 2.4, we will use the critical polynomial
to prove that the parameter region of multistationarity is path connected for certain
reaction networks.
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Example 2.10. We consider again the reaction network (2.2). A choice of the extreme
vectors of the flux cone ker(N) NR%, is given by the columns of the matrix

11
E=1(01
10

This can be computed for this small example by hand or by using the function rays in
SageMath [103] or the function with the same name in 0SCAR [37, 86]. With this choice
of F, the critical polynomial is given by

q(h, /\) = hl/\g — hl)\l + hg)\l + hg)\g. (210)

To find the critical polynomial, one has to compute the determinant of the matrix
M(h,\) with h and XA as symbolic variables. This task might be demanding if the
matrix has many rows or there are many symbolic variables. Theorem 2.13 below
might simplify such computations. In Paper II, we used this statement to provide a
recursive expression of the critical polynomial for the n-site phosphorylation network,
see Section 2.4 for more details. To state this result, first we recall the notion of a Gale
dual matrix.

Definition 2.11. Let K be a field and V € K**", U € K™ be two matrices. The
matrix U is called a Gale dual of V' if im(U) = ker(V') and ker(U) = {0}.

For I = {iy,...,is} C [n] with iy < -+ < igand I° = {j1,...,Ja}, J1 < -+ < Ja,
we denote by sgn(7;) € {—1, 1} the sign of the permutation that sends (1,...,n) to
(217"‘77’57]17" yJ d)

Lemma 2.12. (Corollary I1.2.6, see also [83, Lemma 2.10] [70, Theorem 12.16]) Let
D()\) € R(A\)™? be a Gale dual of N'diag(EXN)AT € R(N)**". There exists 6(\) €
R(A)\ {0} such that for all I C [n| with |I| = s it holds:

§(A) det ([D(N)]ze,q) = sgn(ry) det ([N’ diag(EX)A ]j5.r).- (2.11)

Theorem 2.13. (Theorem I11.2.7) Let D(\) € R(A\)™*¢ be a Gale dual of N’ diag(EX)A™.
The critical polynomial (2.9) can be written as

q(h, \) SN 5(N) det ([W]igre) det ([DA)]gea) [ 2

IC[n] icl
[I|=s

where §(A) € R(N\) as in (2.11).
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The idea behind the proof of Theorem 2.13 is to use Laplace expansion on comple-
mentary minors on M (h, A) as in (2.5), and replace the minors det ([N’ diag(EX)A™](5.1).
I C[n],|I| = s by minors of a Gale dual matrix via Lemma 2.12.

The advantage of Theorem 2.13 is that the coefficients of g(h,\) (viewed as a
polynomial in the h’s) are given by minors of size d x d. For the two families of reaction
networks studied in Paper II, we have d = 3 for all networks in the family, which
significantly simplifies the computation of the critical polynomial.

2.4 Connectivity of parameter region of multistationarity

The focus of Paper I and Paper II lies on showing that the parameter region of mul-
tistationarity is path connected for certain chemical reaction networks. Based on The-
orem 2.7, we developed a sufficient criterion implying connectivity of the parameter
region of multistationarity:.

Theorem 2.14. (Theorem 1.2.4) Consider a conservative consistent reaction network
without relevant boundary steady states. Assume that there exist species Xy, ..., Xy such
that each X; participates in exvactly 3 reactions of the form

Z am-XZ- L%;l Xj m Z biJXia J=1.. 'ak'

i=k+1 i=k+1

Let q be the critical polynomial of the reduced network obtained by removing the reac-
tions corresponding to kg; for j =1,... k. If

(P1) ¢ Y(R.g) is path connected, and
(P2) the Euclidean closure of ¢~ (R<g) equals ¢~ (R<p),

then the parameter region of multistationarity of both the reduced and the original
network is path connected.

Instead of a convex parametrization, Theorem 1.2.4 in Paper I is formulated in
terms of any parametrization of the incidence variety (2.7). In this section, for the sake
of simplicity, we focus only on the convex parametrization.

Since the critical polynomial ¢ is a polynomial, the set
qil(R<0) = {(hv )‘) € RZO X Rio ‘ Q(h, )‘> < O}

is a semi-algebraic set. Thus to verify condition (P1), one can apply semi-algebraic
algorithms, which work well for small reaction networks. This is illustrated in the next
example.
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Example 2.15. Consider the reaction network (2.2). Its critical polynomial was com-
puted in (2.10). The Maple [79] function SamplePoints from the package Regular-
Chains [27] provides a sample point from each connected component of the set g7 (R).
For the polynomial (2.10), the code returned only one sample point, thus ¢7'(R.) is
connected.

Our initial goal was to show connectivity of the parameter region of multistation-
arity of the n-site phosphorylation network

K6i+1 K6i+3 R6i+4 K6i+6 .
Si+E—ES;, — S;.1+E, Siqy1+F—=—FS;41 — Sis¢+F, i=0,...,n—1.
K6i+2 K6i+5

For n = 2 the network is displayed in (1.2), and its critical polynomial has 15 variables

and 400 monomials. For polynomials of that size, the semi-algebraic algorithms checking
(P1) become intractable. In Paper I, we used a sufficient condition from Paper III
implying (P1) and (P2), which is based on separating hyperplanes of the signed support
of the polynomial. Since this condition can be checked using linear programming, it
is applicable to larger polynomials. For example, the critical polynomial of the ERK
network (see Section 1.3.2) has 21 variables and 18472 monomials, yet a separating
hyperplane can be found in less than a minute using a computer. We will discuss this
method in more detail in Chapter 3. Using the separating hyperplane condition and
Theorem 2.14, we proved connectivity of the parameter region of multistationarity for
the n-site phosphorylation network with n = 2,3 and for several other biologically
relevant reaction networks, see Table I.1.

In Paper II, we focused on two infinite families of phosphorylation networks, the
n-site phosphorylation network discussed above and a slightly different family, called
n-site weakly irreversible phosphorylation network

K10i+1 K10i+3 K10i+4
Si + K—=—=Y2i11 —— Y20 ——S;;1 +K
K10i+2 K10i+5
K10i+6 K10i+8 K10i+9
Sit1 +F ——=Uj3;11 —— Ugjjo ——
R10i+7 K10i+10

S; + F,

For n = 2, the weakly irreversible phosphorylation network was investigated in [85],
where based on numerical computations, it was suggested that the parameter region
of multistationarity is connected. From the expression in Theorem 2.13, we derived a
recursive formula for the critical polynomials. Based on the results from Paper III and
Paper IV, we gave an inductive proof that these critical polynomials satisfy conditions
(P1) and (P2) from Theorem 2.14. This provides a proof for connectivity of the param-
eter region for multistationarity of the two families of n-site phosphorylation networks
for every n € N>o.

One should also note that the concepts discussed in Paper I are applicable not only
for verifying the connectivity of the parameter region of multistationarity but also for
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finding reaction networks whose parameter region of multistationarity has more than
one connected component. In Section 1.3.4, we showcased this idea by proving that for
the allosteric reciprocal enzyme regulation network

S + KL = SKL =% Sp + KL, S, +P SP %S+P,

(2.12)
K+ L == KL, P+L#PL

K8 K10

from [100] the parameter region of multistationarity has exactly two connected compo-
nents. The network (2.12) has 5 conservation laws, so the vector of total concentrations
cis of length 5. Using Theorem 2.7 and a parametrization of the incidence variety (2.7),
similar to the one used in Example 2.8, we showed that the pair (k,c) € R} x R® does
not enable multistationarity if kK3 = kg. Furthermore, we proved that both sets

{(k,c) eRIYy xR’ | kg > ke} and {(k,c) € R xR’ | k3 < K}

contain parameters that enable multistationarity. This observation implies that the
parameter region of multistationarity has at least two connected components.

To show that the number of connected components is exactly two, we used Theo-
rem [.2.4 that gives an upper bound on the number of connected components of the
multistationarity region in terms of the number of connected components of ¢~ (Rg).
Here ¢ denotes the critical polynomial associated with the reduced network obtained
from (2.12) by removing the reactions ky, k5. We showed that to find such an upper
bound it is enough to consider a restriction of ¢ to a certain face of its Newton polytope
(see Section 3.3 for further details). By applying Corollary 111.3.13, we concluded that
this restriction of ¢ and, consequently, the parameter region of multistationarity, has
at most two connected components. It is worth mentioning that the observation, which
allows one to restrict ¢ to a certain face of its Newton polytope in order to determine
an upper bound on the number of connected components of ¢7*(Rg), served as the
motivation for Paper IV, where this concept was generalized.

Surprisingly, the structure of network (2.12) appears similar to the networks in
Table 1.1, which have connected parameter region of multistationarity. Exploring other
biologically relevant networks with disconnected multistationarity region might help
to characterize structural properties of reaction networks that imply (dis)connectivity
of the parameter region of multistationarity. Understanding why one reaction network
has a connected multistationarity region while another does not, poses an interesting
question that warrants further investigation.
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Descartes’ rule of signs

The focus of this chapter is on the content of Paper III and Paper IV. In Section 3.1
and 3.2, we recall essential notions on signomials and convex geometry. In Section 3.3,
we review the results from Paper III and IV. Specifically, we discuss how properties of
the signed support of a polynomial can be used to provide bounds on the number of
connected components of the set of points in the positive orthant, where the polynomial
takes negative values. Additionally, in Section 3.4, we describe conditions on the signed
support of an equation system of n polynomials in n variables ensuring that its number
of positive real solutions is either infinite or at most two. The content of Section 3.4 is
not part of Paper III and IV and has not been included in any publication, but follows
directly from the argument used in Paper III.

3.1 Signomials

Consider a polynomial function with real exponents
iR, =R, 2+ f(z)= Z cuat, (3.1)
neo(f)

where o(f) C R" is a finite set, called the support of f. Following [39, 97|, in Paper III
and IV we used the term signomial for such functions to emphasize that the domain
of the function is restricted to the positive orthant and the exponent vectors p € o(f)
may have real entries.

We divide the support of f according to the signs of the coefficients into

or(f):={nea(f)lcu>0} and o (f):={neca(f)]|ec. <0}

We call the elements of o (f) and o_(f) positive and negative exponent vectors of f,
respectively. For a set S C R™ we define the restriction of f to S as

fis: Ry =R, x— fis(x) = Z c .
pea(f)NS

23
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The set of common positive real roots of a collection of signomials fi,..., fr: RZ; =+ R
will be denoted by
Vaolfi, -y fi) == {z € R | filz) = -+ = fu(x) = 0}.

Motivated by the problem discussed in Section 2.4, we were interested in showing
that the preimage of the negative real line under a signomial f,

T (Reo) = {z € R%, | f(2) <0}, (3.2)
is a connected set. We call the connected components of (3.2) negative connected com-

ponents of f, write By (f) for the set of negative connected components of f, and denote
the cardinality of By (f) by bo(f*(R<o)).

For a univariate signomial, using Descartes’ rule of signs it is possible to derive a
simple combinatorial condition, based on the signs of the coefficients, that ensures the
existence of at most one negative connected component.

Theorem 3.1. (Descartes’ rule of signs, see e.g. [36, 92, 110]) Let g(t) = Zle ¢t be

a non-zero univariate signomial such that vy < --- < vg. The number of positive real
roots of g is bounded above by the number of sign changes in the coefficient sequence

(C1y...,Cq)-
Corollary 3.2. Let g(t) = Z?Zl ¢t be a mon-zero univariate signomial whose coeffi-
cient sequence matches one of the following sign sequences

(4_..._}__..._)7 (_...__|_..._|_>’ (_‘_..._|__...__|_..._}_).

Then g has at most one negative connected component.

Thus, the univariate Descartes’ rule of signs not only provides a bound on the num-
ber of positive real roots, but it also gives bounds on the number of negative connected
components. This observation leads to the following generalization of Descartes’ rule
of signs to hypersurfaces.

Problem 3.3. (Problem I11.1.1) Let f: R, — R be a signomial with f(z) = 3 ) cut",
and o(f) € R™ a finite set. Find a (sharp) upper bound on the number of connected
components of f~H(R.q) based on the sign of the coefficients and the geometry of o(f).

Problem 3.3 is invariant under affine transformations of the support o(f). To make
this more precise, we recall Lemma II1.2.3.

Lemma 3.4. (Lemma I11.2.3) Let f: RZ, — R be a signomial. For an invertible matric
M € R™™ and v € R", consider the map

Fuypp: R, = R, Frpp(z) = ZL‘Uf(l‘M).

There exists a homeomorphism between the connected components of f~'(R.o) and
FA}}v’f (Reo). Furthermore,

04 (Frwyg) = Moy (f)+v  and  o_(Fueys) = Mo_(f) +v.
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3.2 Background on convex and polyhedral geometry

The partial solutions for Problem 3.3, as presented in Paper III and IV, rely on poly-
hedral geometric conditions of the signomial’s support. In Section 3.4, we will apply
some results from convex geometry to find upper bounds on the number of positive
real solutions of a polynomial equation system. Here, we provide a brief overview of the
necessary background on these topics. In this section, we closely follow the standard
books [70, 94, 112].

A set C C R™ is conver if for any x,y € C and A € [0, 1] we have Az +(1—\)y € C.
An affine combination of points zy,...,z, € R" is a linear combination Y " \;x;,

A1,y A € Rosuch that )" | A; = 1. The affine hull of a set C' is

i=1 =1

This is the smallest affine linear subspace of R™ that contains C. The dimension of a
convex set is the dimension of its affine hull. The Euclidean interior of C' C R™ will be
denoted by int(C) and the boundary of C by bd(C) = C \ int(C), where C' denotes the
closure of C' in the Euclidean topology of R™. The relative interior of a convex set C,
denoted as relint(C'), is the interior of C' interpreted as a subset of its affine hull.

An affine combination Y ;" | A\;x; is called a conver combination if additionally A\, >
0,...,A\m > 0. The convex hull of {x1,...,x,} CR" is defined as the set of all convex
combinations of z1,...,z,,, that is

m

Conv({z1,...,xm}) = {Z)\ZxZ | AL,y A € RZO,Z)\Z. = 1}.
i=1

i=1

Such a set is also called a polytope. The convex hull Conv({z1,...,z,,}) is a convex set.
In fact, it is the smallest convex set (with respect to inclusion) that contains 1, . .., z,.

A hyperplane H,, is a set given by an affine linear equality, that is,
Hyo ={z€R" | v 2 =a},
where v € R\ {0} and a € R. Each hyperplane defines two half-spaces
Hi,={zeR"|v -z >a}, Hyo={r€R" |v- -2 <a}.
We denote by ;7 and H, ;> the interior of these half-spaces respectively.

Theorem 3.5. [94, Corollary 2.1.1, Theorem 11.5]

(i) The intersection of a collection of closed half-spaces is conver.
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(ii) A closed convex set is the intersection of the closed half-spaces that contain it.

A set P C R" is a polyhedron if it is the intersection of finitely many half-spaces
H, H. . . Animportant theorem in polyhedral geometry states that a polytope

vi,a1? "t T Rug,ag”

is a bounded polyhedron.

Theorem 3.6. /112, Theorem 1.1] A subset P C R" is a polytope, i.e. the convex hull
of a finite set {x1,...,x,} C R™ if and only if P is a bounded polyhedron, i.e. P is
bounded and the intersection of half-spaces H. . ,...,H, . CR™

v1,a1? V,ap —

For a polyhedron P C R"” and v € R", we define the face with normal vector v as

P, = R™ -xr = ‘Y- .
v i={reR"|v-z max v y} (3.3)

The hyperplane H,, € R" with a = maxycpv -y is called a supporting hyperplane
of P C R". It satisfies P € H_, and PN H,, = P,. A face of dimension 0,1 and

dim(P) — 1 is called a vertex, edg7e and facet respectively. We denote the set of vertices
of a polytope P by Vert(P).

Proposition 3.7. [112, Proposition 2.2/

(1) Every polytope P C R" is the convex hull of its vertices, i.e. P = Conv(Vert(P)).

(ii) If P = Conv(C) for a finite set C C R"™, then Vert(P) C C.

For a signomial f, its Newton polytope is defined as the convex hull of its support

N(f) := Conv(a(f)).

From Proposition 3.7 it follows that vertices of N(f) correspond to monomials of f
with non-zero coefficients.

Another ubiquitous class of convex sets that play an important role in this thesis is
the class of convex cones. A subset C' C R" is a cone if it is closed under multiplication
by positive scalars. A cone C'is a convez cone if it is additionally a convex set.

Theorem 3.8. [9/, Corollary 2.5.1, Corollary 11.7.1]

(i) The intersection of a collection of closed linear half-spaces is a convex cone.

(i1) A non-empty closed convex cone C' C R™ is the intersection of the closed linear
half-spaces H,,, o with C CH,, .
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A convex polyhedral cone is a subset of R™ that can be written as the intersection
of a finite number of linear half-spaces H, o,...,H,, o S R". Similarly to polytopes,
convex polyhedral cones have also an equivalent representation. The conical hull of
{z1,..., 2} CR" is defined as

COHQ({JZl,. .. ,Im}) = {Zkzxz | /\1,. . -;)\m c RZO}‘
i=1

Theorem 3.9. [112, Theorem 1.3] A subset C' C R™ is a convex polyhedral cone, i.e. the
intersection of linear half-spaces H,, o, ..., H, o C R" if and only if C is the conical
hull of a finite set {xq,...,x,} C R".

We finish this section by recalling some special classes of convex cones associated
with convex sets. First, we discuss the recession cone of a convex set C' C R™. This
cone contains all vectors y € R™ such that, for every x € C, the half-line with direction
vector y and endpoint x is contained in C. Thus, the recession cone is given by

0FC:={yeR"|Vze CVYA>0: 2+ \y € C}.

The recession cone is a convex cone [94, Theorem 8.1]. This property of 07C' will play
a crucial role in the proof of Lemma 3.24. Furthermore, it is known that a non-empty
closed convex set C' is bounded if and only if 07C' = {0} [94, Theorem 8.4].

Next, we pay our attention to mormal cones of polytopes, which are defined as
follows. Let P C R™ be a polytope and F' C P one of its faces. The set
Np(F)={veR"|FCP,}. (3.4)

is a convex cone, called the normal cone of F'. The collection of the normal cones of
all faces of a polytope is a complete fan Np [112, Example 7.3], called the normal fan
of P. The (n — 1)-skeleton of Np contains all cones Np(F) with dimNp(F) <n — 1.

Example 3.10. The convex hull of the points (0, 0), (5,0), (0,5) is a triangle P, depicted
in Figure 3.1(a), with 3 vertices and 3 edges. Since dim(P) = 2, its edges and facets
coincide. The normal cone of P consists of 3 one-dimensional cones spanned by the
vectors (1,1),(—1,0),(0,—1), and 3 two-dimensional cones

Cone((1,1),(—=1,0)), Cone((—1,0),(0,—1)), Cone((—1,0),(1,1)).

These cones are shown in Figure 3.1(b).
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Cone(v, {v;) L

U2

Y
<

Cone(vy,v3)

Cone(vy, v3) |3
v

(b)
Figure 3.1: Convex hull of (0,0), (5,0), (0,5), and its normal cones.

3.3 Descartes’ rule of signs for hypersurfaces

In this section, we elaborate further on Problem 3.3 and present the main results of
Paper III and IV.

Definition 3.11. Let f: R%y — R, x = f(z) = >_ (s cu@" be a signomial. A hyper-

plane H,, C R™ is a separating hyperplane of o(f) if
o_(f) C ”H;a and o, (f) CH,,

If additionally o_(f) N H> # 0, then H, , is called a strict separating hyperplane.

,a

If H,, is a separating hyperplane of the support of a signomial f, then for each
fixed x € RZ, the univariate signomial

fou:Rsog =R, t— f(t'*x) = Z c it (3.5)
pneo(f)

has at most one sign change in its coefficient sequence. From the univariate Descartes’
rule of signs (Theorem 3.1), it follows that

foe(t) <0, forallt € [1,00) ifx € f(Ry),

we refer to Lemma I11.3.3 for more details on the proof of this fact. This observation
provides an explicit method for constructing paths that are contained within f=!(R.).

For a face of the Newton polytope N(f), € N(f), v € R™\ {0}, as defined in (3.3),
the hyperplane H, 4, a = max,cq(s) v -, satisfies o(f) € H, . Thus, if o_(f) S N(f).,
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then H,, is a non-strict separating hyperplane of o(f). On the contrary, if o_(f) # ()
and #,, is a non-strict separating hyperplane of o(f), then F' = #, , N N(f) is a face
of the Newton polytope and o_(f) C F. We refer to Figure 3.2(a) for an illustration
of non-strict and strict separating hyperplanes.

Theorem 3.12. (Theorem II1.3.6, Theorem IV.3.1) Let f: R, — R,z — f(z) =
Zuea(f) cur” be a signomial.

(1) If o(f) has a strict separating hyperplane, then f~'(Rq) is non-empty and con-
tractible. In particular

bo(f ' (Re)) = 1.

(i1) If o(f) has a non-strict separating hyperplane H, o such that F' = H,, N N(f) is
a face of N(f), then
bo(f ™ (R<o)) = bo(fi' (R<o))-

The proof of Theorem 3.12 is based on arguments that use that the induced signo-
mial (3.5) has at most one sign change in its coefficient sequence. If for some v € R"
there are at most two sign changes in the coefficient sequence of (3.5), the induced
signomial might still be used to derive bounds on the number of negative connected
components.

Definition 3.13. Let f: RYy = R, z — f(x) = > (5 cu” be a signomial. A pair of
parallel hyperplanes (H,q, Hop), @ > b such that

o (f) CH,  NHS and o (f) CR™\ (H, 2 NHY),
v,a v,b ) v,b

is called a pair of enclosing hyperplanes of o (f). A pair of enclosing hyperplanes is
strict, if

o (f)NHIL A0 and o (f)NH, A0,

Strict enclosing hyperplanes were used in Theorem I11.3.8 to show that a signomial
has at most two negative connected components. In Paper IV, the argument has been
generalized to non-strict separating hyperplanes. Before we recall this statement, we
introduce some notation. Given a pair of enclosing hyperplanes (H,q, Hop) of o4 (f),
we define

A= My, No-(f)Uoi(f),  B=HyNo-(f))Uo(f). (3.6)

and the bipartite graph with vertex and edge sets defined as

Bap = By (fla) UBy (fiB),

Eap = {(UV) | U € By (). V € By (f): UV £0). .
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Proposition 3.14. (Proposition 1V.2.6) Let f: R%y — R, x = 3 s
nomial, (Hyq, Hop) @ pair of enclosing hyperplanes of o (f), and let A,B C o(f) as
defined in (3.6). Then

bo (™' (Rep)) < C < by (f@l(Rw)) + bo (f[gl(R«))),

where C' denotes the number of connected components of the bipartite graph (Ba,p,€a.B)

from (3.7).

Example 3.15. Consider the signomial f = x3x3 — 523z +x 23 + 27 + 23 —bxy. A pair of
enclosing hyperplanes (H, 3, H,1) of o4 (f) with v = (1,0) is depicted in Figure 3.2(a).
The sets A, B as defined in (3.6) are given by

A= {(37 1)7 (270)7 (370)7 (173)7 (37 3)}7 B = {(07 1)7 (270)7 (37 O>> (173)7 (373)}'

The hyperplane H_, _; is a strict separating hyperplane of o( f|z), which implies that
f|1_91 (R.o) is connected by Theorem 3.12(i), see Figure 3.2(b). Using Theorem 3.12(ii),

we have that the number of connected components of f|1_41(R<0) is the same as the

c,x* be a sig-

number of negative connected components of 3 — bzizy + x3z3 = x3(1 — by + ).
Since the latter polynomial is essentially univariate, it is easy to deduce that it has one
negative connected component.

Thus, the bipartite graph B4 p has two vertices corresponding to f‘;ll (R.o) and
f|_B1 (R<g). An easy computation shows that (1,1) € f|1_41 (]R<0)ﬂf“_91 (R<p), which implies
that the graph B4 p has an edge between the two vertices. Using Proposition 3.14, we
conclude that f has one negative connected component.

Note that if (H,q, Hop) is a pair of strict enclosing hyperplanes of o(f), then H,,
and H_, _ are strict separating hyperplanes of o(fj4) and o(f|s) respectively. Thus,
both fi4 and f|p have one negative connected component by Theorem 3.12(i).

Corollary 3.16. (Theorem II11.3.8) Let f: RY, = R, x>
such that o (f) has a pair of strict enclosing hyperplanes. Then

bo(f7 (R<o)) < 2.

" . :
) Cu be a signomial

Theorem 3.12 has another important consequence, which allows us to reduce the
problem of finding the number of negative connected components to the same problem
but for polynomials in less monomials and variables.

Corollary 3.17. (Theorem IV.5.6) Let f: Ry — R, w37 o cuat be a signomial.
Assume that there exists v € R™ such that o(f) C N(f), UN(f)_, and

bo (fIE\Tl(f)u(R@)) = bo (fﬁ\ll(f),v (R<0)) =1L

If there exist negative exponent vectors 51 € N(f), and fs € N(f)_, such that Conv(p, 52)
is an edge of N(f), then bo(f_l(R<0)) =1.
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(a) (b)

Figure 3.2: (a) Signed support of f = z3x3 — 5a3wy + 11235 + 23 + 22 — By, positive

exponent vectors are depicted as red circles, negative exponent vectors as blue dots. The
pair (H,3,H,1) is a pair of enclosing hyperplanes of o, (f). The green quadrilateral
shows the Newton polytope of fl4a = 2ia3 — bafzy + 2123 + 23 + 27. The hyperplane
H_,,—1 is a strict separating hyperplane of the support of fip = ziz3+x123+a5+a7—5xy
(b) Preimage of the negative real line under f, fi4 and fip.

Corollary 3.17 played a crucial role in Paper II, since it allowed us to show in-
ductively that the critical polynomial (see Chapter 2) of the phosphorylation network
considered in Paper II has one negative connected component.

Using the induced signomial (3.5) and adopting a similar approach as in the proofs
of Theorem 3.12 and Proposition 3.14, one can show that the signomial has at most
one negative connected component in the following cases.

Theorem 3.18. (Theorem I11.5.4, Corollary 1V.2.13) Let f: RZ; — R, z — f(z) =
ZuEa(f) cuxt be a signomiall.

(1) If lo_(f)] <1, then f~Y(Rg) is either empty or a logarithmically convex set. In
particular

bo(f(Reo)) < 1.
(i7) If low(f)] <1 and Aim N(f) > 2, then
bo(f ' (R)) = 1.

Remark 3.19. The condition dim N(f) > 2 in Theorem 3.18(ii) is necessary. The uni-
variate signomial —a2 + 42 — 1 has one positive coefficient but two negative connected
components.
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Besides separating and enclosing hyperplanes of the signed support, one can ensure
that a signomial has one negative connected component if its signed support is sep-
arated by a simplex in a certain way. In the remaining of this section, we recall this
result.

A simplex P C R" is the convex hull of n+1 affinely independent points po, . . ., fin,
which are its vertices. The negative vertexr cone at the vertex py is defined as

P=% =y + Cone(uy — o, - - -, s — fhn)-

We denote by P~ the union of the negative vertex cones P~ ..., P=". We refer to
Figure 3.3 for an illustration of a simplex and its negative vertex cones. If the vertices
of the simplex are the standard basis vectors ey, ..., e, € R" and the zero vector, then
we call the simplex the standard n-simplex and write A,, := Conv({0, ey, ...,e,}).

Lemma 3.20. (Lemma II1.4.4) Let f: R%Z, — R be a signomial. If o_(f) C A, and

>0
o.(f) CA,, then f is a convez function.

Sublevel sets of a convex function are convex sets [94, Theorem 4.6]. Thus, if a
signomial f is a convex function, then f has one negative connected component, which
is a convex set. Using an affine transformation, one can transform every n-dimensional
simplex P into the standard n-simplex A, (see e.g. Lemma I11.4.5). By Lemma 3.4,
such an affine transformation induces a homeomorphism between the corresponding
negative connected components. This leads to the following result.

Theorem 3.21. (Theorem I11.4.6, Corollary IV.2.15) Let f: RZy = R, x +— >

be a signomial, and let P C R™ be an n-simplex.

peo(f) CuT"

(1) If o_(f) C P and o, (f) C P, then f~'(R.g) is either empty or contractible.

(ii) If o, (f) C P,o_(f) C P ,o_(f)Nint(P~) # 0 and n > 2, then f~(Rp) is

non-empty and connected.

Remark 3.22. In Theorem 3.21(ii) both conditions o_(f) Nint(P~) # @ and n > 2
are necessary for f~!1(R_() to be connected. If n = 1, then we consider the polynomial
f = —2? + 4z — 1 as in Remark 3.19. The simplex P = Conv(0.5,1.5) satisfies the
conditions in Theorem 3.21(ii) , but f~*(Ro) has two connected components. For the
necessity of o_(f) Nint(P~) # 0 , we refer to Example IV.2.16(b).

Example 3.23. Consider the signomial
f=alzo+ 2l + 2% — 3aial — 22323 + 1,

which has 4 positive and 2 negative exponent vectors, which are shown in Figure 3.3(a).
The simplex P := Conv((1,1),(5,1),(1,5)) separates o, (f) and o_(f) as required in
Theorem 3.21(i). Therefore, f~'(R.y) is a contractible set, see Figure 3.3(b).
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(b)

Figure 3.3: (a) Signed support of f = zixy + xf + 28 — 32223 — 22222 + 1. Positive
exponent vectors are marked by red circles, while the negative exponent vectors are
marked by blue dots. The simplex P = Conv((0,0), (5,1), (1,5)) and its negative vertex
cones, P—0 P=1 P~2 separate o, (f) and o_(f) as required in Theorem 3.21(i). (b)
Preimage of the negative real line under f.

3.4 Descartes’ rule of signs for square systems

The goal of this section is to provide conditions on the signed support of signomials
fi,--., fn in n variables such that their set of common positive roots Vso(f1,.-., fn)
contains at most two or infinitely many points. Our strategy is to transform

Vao(fr, - fa) = Vao(f1) N Vao(f2r -5 /)

such that Vo(f1) becomes the boundary of a convex set and Vio(fa, ..., fn) is trans-
formed to an affine linear subspace of R". A similar strategy has been applied in [4, 13,
72, 76] to bound the number of points in Voo (f1,. .., fn). Assuming that o(fs),...,o(fn)
are contained in the vertex set of an n-simplex (up to affine translation) and o(f;) has
m exponent vectors, the current best bound in the case n = 2 is

Vao(fr, fo)] < 2m — 2,

if Voo(f1, f2) is finite [4, Theorem 1]. For general n, the authors in [76] proved the
bound n + n? + - -+ n™! on the number of isolated points in Vao(fi, ..., f,) under
the assumption that Vio(fa, ..., fn) is smooth.

To prove the new bounds in Theorem 3.26 and Theorem 3.28 below, we need the
following technical lemmata.
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Lemma 3.24. Let C C R" be a closed conver set and L C R™ be an affine linear
subspace. Then bd(C) N L is either infinite or contains at most two points.

Proof. Our strategy is to show that the existence of three pairwise distinct points
x1, 2,3 € bd(C) N L implies that bd(C) N L contains infinitely many points. Since
C' N L is convex, it contains Conv(xy, z9, x3). If relint(Conv(xy, z9,23)) € bd(C) N L,
then we are done, since the relative interior of a convex set containing more than one
point is infinite.

Thus, in the following, we assume relint(Conv(z1, z2,x3)) Nint(C) N L # 0. Let y
be a point in this intersection such that y # x; for i = 1,2,3. Let v; := x; — y denote
the vector pointing from y into x; for each i = 1,2, 3. Note that v; # 0, and

y+ A, =1 =Ny + Ax; € Aff(xy,29,23) C L forall A € R.

Furthermore, since y € Conv(xy, z9,x3), there exist puq, po, u3 > 0 with 2?21 i =1
and Zle w;x; = y. A simple computation shows that 21'3:1 iV = Z?:l wi(z;—y) =0.
Thus, the linear span of vy, v, v3 is an at most two-dimensional linear subspace of R".

We distinguish between two cases. First, we assume that there exists i € {1,2,3}
and A\g > 1 such that y + A\gv; € C. Since C' is convex and y € C, we have

y+ A= (1= )y + oy +Aovi) €0, forall 0 <A< A,

If for all 1 < A < A\g we have y+ Av; € bd(C'), then bd(C) N L is infinite. If there exists
1< < )\0 such that Y+ A\v; € ll'lt(C), then

zi = (1= )y + 3 (y + M) € Conv(y,y + \v;) € int(C),

which contradicts z; € bd(C).

Now, we focus on the second case and assume that for all i € {1,2,3} and all A > 1
y + A\v; ¢ C. In particular, vy, ve,v3 are not contained in the recession cone 07C. If
v; = A\vj for i # j and A > 1, then z; = y+v; = y+ Av; ¢ C, which is a contradiction.
If v; = Avj for i # j and 0 < A < 1, then %vi = vj, % > 1 and by the same argument as
above, we get a contradiction. From these, it follows that vy, v9, v3 do not lie on a line.
Thus, we can assume without loss of generality that Conv(vy,v3) and Conv(vy, v3) are
two-dimensional cones.

In the next step of the proof, we show that at least one of the cones Cone(vy,vs),
Cone(vg, v3), or Cone(vy, v3) does not intersect 07C' and this cone has dimension two. If
v1 and vg are linearly independent, then Cone(vq,v2) is also two dimensional. Assume
that there exist w; € Cone(vy,v3), ws € Cone(vy,vs), w3 € Cone(vy,ve) contained in
0" C'. Since vy, vq, U3, w1, we, w3 are contained in the linear span of vy, vy, v3, which is
a linear subspace of dimension at most two, there exist i,7,k € {1,2,3} such that
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vy, € Cone(w;, w;). Since the recession cone is a convex cone [94, Theorem 8.1], we have
vy, € Cone(w;, w;) € 07C, which is a contradiction.

If v; and vy are linearly dependent, that is vy = pwvy for p € R\ {0}. From the
above discussion it follows that u < 0. Assume that there exist wy € Cone(vq,v3), we €
Cone(vg, v3) contained in 07 C'". There exist Aj, A2, A3, A; > 0 such that wy = A\jv;+ 303
and wy = A9 + Ajvs. Since pu < 0, there exists ¢ > 0 with :\\—;,u + i—it = 0. A direct
computation shows

1 t o 1 A Aot _
ST T ra = T ()\—;,UUQ +os+ v + tvg) = vy

Thus, vz € Cone(wy,wy) C 07C, which is again a contradiction.

From the above arguments it follows that at least one of the cones Cone(vy,vs),
Cone(vq, v3), Cone(vy, v3) does not intersect 07C' and this cone has dimension two. We
assume without loss of generality this holds for Cone(vy,vs). For all v € Cone(vy, v)
and all A > 0 we have y+ v ¢ C. Since C is closed and y € int(C'), there exists A, > 0
such that y + A\,v € bd(C). Thus, in that case we also have that bd(C') N L contains
infinitely many points.

]

Lemma 3.25. Let C' C R" be an open convex set of dimension n and let f: C'— R be
a strictly convex function.

(a) If {x € C| f(x) <0} =0, then {x € C'| f(x) =0} contains at most one point.

(b) If {x € C | f(x) < 0} is a closed subset of R™ with respect to the Fuclidean
topology, then

bd ({z € C| f(z) <0}) ={z € C| f(z) = 0}.

Proof. We prove part (a) by contradiction. Assume that there exists z,y € C' with
x #yand f(z) = f(y) = 0. Since f is strictly convex it follows

f3z+3y) < 3f(2) +5f(y) =0,
which contradicts {x € C'| f(z) < 0} = 0.

To prove part (b), we distinguish two cases. If {z € C | f(z) < 0} = (), then
{r € C'| f(z) < 0} is either empty or contains at most one point by (a), and the
statement follows. If {z € C'| f(x) < 0} # 0, then by [94, Theorem 7.6] the interior of
{r e C| f(x) <0} equals {x € C'| f(x) < 0}. Since {z € C'| f(x) <0} is closed, we
have

bd({z € C[ f(z) <0}) ={z e C| f(z) <0} \{z e C| f(x) <0}
={reC| f(x) =0},

which concludes the proof. O]
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A signomial f is a binomial if o(f) contains exactly 2 exponent vectors. Binomial
equation systems are well studied. In the chemical reaction network literature for net-
works whose steady state variety is defined by binomial equations, there are easily
checkable conditions to decide upon multistationarity [83, 91, 96]. It is well known that
if f1,..., fn are binomials, then V5o(f1,..., f.) contains at most one point or infinitely
many (see e.g. [76, Theorem 4]). In Theorem 3.26, we replace one of the binomials by
a signomial with arbitrarily many exponent vectors, assuming that only one exponent
vector is negative. Under this assumption, we have the following bound.

Theorem 3.26. Let fi,..., f,: RY) — R be signomials such that fo,. .., f, are binomi-
als, dim N( f1) = n, and fy has exactly one negative exponent vector. Then Vso(f1, ..., fn)
18 either infinite or contains at most two points.

Proof. Let 8 denote the unique negative exponent vector of f; and define the signomial

g1(x) := 27 f1(x). Note that Vio(gy, fo-. ., fn) = Vao(f1, fo. -, [n) and 0_(g1) = {0}
Denote the elements of 0 (g1) by o, ..., o, and let Exp: R” — R and Log: RZ,

R™ be the coordinate-wise exponential and natural logarithm functions. C0n81der the
exponential sum

G(y) == g1(Exp(y) —00+Zcz v,

where cg, ..., ¢, denote the coefficients of ¢;.

In the proof of Theorem VI.4.11, we showed that the Hessian of G is positive definite
for all y € R™. We recall this computation for the sake of completeness. Consider the
matrix

A=(or ... ap) €R™™,

Since c;e®¥ is positive for ¢ = 1,...,m, its square root is a real number. The Hessian
of G at y is given by

(cie®¥)eya] = Adiag ((c;e®™);z1, m) AT

Ms

Hessg(y) =

Il
—

j

(A diag ((vVcie®¥)iz1,..m)) (fl diag ((\/cl-eai'y)i:17.._,m))T.

By assumption N(f;) has dimension n. The same is true for N(g;), since it is an affine
translate of N(f;). Since o0_(g;) = {0}, it follows that

— rk(A) = rk(Adiag (VGe™)icr._m)),

in particular the rows of A diag ((\/ cie“i‘y)i:h“,m) are linearly independent. From [62,
Theorem 7.2.10] it follows that Hessg(y) is positive definit. Using [23, Section 3.1.4],
we conclude that G is a strictly convex function.
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By [94, Theorem 4.6], the sublevel set
C:={y € R"| G(y) < 0} = Log (g, (R<o))

is a convex set. Since (G is a continuous function on R", the set C is a closed subset
of R™. From Lemma 3.25, it follows that

bd(C) = {y € R" | G(y) = 0} = Log(V>o(g1))-

In the second part of the proof, we show that the image of Voo(fa, ..., fn) under Log
is an affine linear subspace of R™. If there exists f;, © = 2, ..., n, such that its coefficients
have the same sign, then Vio(fa, ..., fn) = 0. In the following, we assume that this is
not the case, and denote by 7; (resp. f3;) the positive (resp. negative) exponent vector
of f; and c,,, cg, the corresponding coefficients of f; for each @ = 2, ..., n. The set

Log(Vao(fo, -, fa)) = { Log(z) | € RZ, and ¢,,2" = —cga” fori =2,...,n}
= {y € R" | log(cy,) + i -y = log(—cgs,) + B; - y for i = 2,...,n}

is an affine linear subspace. Therefore, using Lemma 3.24 we conclude that bd(C) N
Log(V~o(fa, .-, fn)) contains at most 2 or infinitely many points. Since Log is a bijec-
tion, the theorem follows. O

In Theorem 3.28 below, we present another condition on the signed support that
implies that a square system has either infinitely many or at most two positive solutions.
Before proving this result, we state another technical lemma.

Lemma 3.27. Let f: RZ, — R be a strictly convex signomial. If o_(f) C int(N(f)),
then f~1(R<y) is a closed convex subset of R™.

Proof. Since f is strictly convex, f~'(R.o) = () implies that f~'(R<g) is a point,
in particular a closed subset of R”, see Lemma 3.25. In the following, we assume
Y R.g) # 0. We prove the statement in two steps. First, we show that

S (R<p) = fﬁl(R<0)>0
where the closure is taken in the subspace topology of RZ, C R™, see [73, Defini-
tion 1.2.82]. Since f is continuous, the set f~1(R<) is closed in the subspace topology
of R”,. Thus to prove (3.8), it is enough to show that for every y € f~'(R<g) there
exists a sequence in f~'(R_y) converging to y. If y € f~'(R_,), then we take the con-
stant sequence given by y. If f(y) € f~'(R<o) \ f~'(R<), then f(y) = 0. Since f is a
convex function, by [94, Theorem 4.1] we have for any fixed x € f~*(R.() and for all
t € (0,1) that

, (3.8)

f(A=ty+tz) < (1—t)f(y) +tf(x) =tf(zx) <O.



38 Chapter 3. Descartes’ rule of signs

Thus, (1 —t)y+tz € f1(Ry). As t — 0, we have (1 — t)y + to — y, which implies
L >0
that y lies in f~1(R) .

In the second step, we show

FTRo) = [ (Ra), (3.9)

where on the right-hand side the closure is taken in the Euclidean topology of R™. Since
f~YR,g) is closed, it contains all limit points of f~'(R.y). In particular, it contains
all limit points that are contained in RZ,. Therefore, the left-hand side of (3.9) is
contained in the right-hand side. To see the other inclusion, assume that there exists
y € f7'(Rs) \ RZ,. For such a y it holds that y € RZ, \ RZ;. Thus there exists
k € [n] with y = 0. Since y € f~1(R.,) there exists a sequence {x,}, C f~1(R.)
with x,, — y. Since the logarithm function is continuous, it follows that log(x, ) —
log(yx) = —oo. From the assumption o_(f) C int(N(f)) and Corollary V.3.6, it follows
that Log(f'(R<p)) is a bounded set, which contradicts log(x,,x) — —ooc.

Combining (3.8) and (3.9), we conclude that f~'(R<o) is a closed subset of R".

From [94, Theorem 4.6], it follows that f~'(R<) is a convex set. O
Theorem 3.28. Let fi,..., fr: Ry — R be signomials. Assume that there exists an

n-stmplex P C R™ and vs, . ..,v, € R" such that

o(fi)C P ou(fi)CP, o(fi)n(PUPT)#0,
o_(f1) Cint(N(f1)), o(fi) € Vert(v; + P)  fori=2,...n.

Then Vao(f1, fo, ..., [n) is either infinite or contains at most two points.

Proof. First, we transform fy, ..., f, into more convenient signomials using affine trans-
formations as in Lemma 3.4. Multiplying the equation f; by 7% does not change
the number of positive solutions. Thus, we assume without loss of generality that
o(f;) € Vert(P) for ¢ = 2,...,n. From Lemma I11.4.5 it follows that there exists an
invertible matrix M € R™*™ and v € R™ such that

Mo (fi)+vCA,, Mo (fi)+vCA,, (Mo(fi)+v)N(A,UA))#0, (3.10)
Mo(f;) +v C Vert(A,), i=2,...,n. (3.11)

Consider the signomials
g R =R, zw—a2'fi(z™), i=1,...,n

Note that the number of points in Vio(f1,..., fn) is the same as in Vio(g1,.-.,9n)-
From o(g;) C Vert(A,,), i = 2,...,n, it follows that the functions gs, ..., g, are affine
linear and hence V5 (ga, - - ., gn) is the intersection of an affine linear subspace with RZ,,.
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V>0(g V>0(§)

R

Vo(f)

Vao(f)

(a) (b)

Figure 3.4: Illustration of Example 3.29 (a) Positive zero sets of f = xzy + $~§ +

6 2,3 2.2 _ .5 5 " _
x16 — 395113:26— 2x51:c2 I{— 1 anld 29 = xllxgl— xlx% +1xlx2 (b) Positive zero sets of f =

rf + ot xy +ate,t —3xtad —2xtad vttt g=11 — 10+ 1

Since Mo_(f1) +v=0_(g1) and Mo, (f1) +v =04(g1) (cf. Lemma 3.4), from (3.10)
follows that g; is a strictly convex function by [80, Theorem 7]. This implies that
g7 (Rep) is a closed convex set by Lemma 3.27. From Lemma 3.25, it follows that
bd(g; ' (R<g)) = Vao(g1). Now, the theorem follows from Lemma 3.24. O

Example 3.29. We revisit the polynomial
f=alzy +ad+ 28— 3222 — 22225 + 1

from Example 3.23. Its positive and negative exponent vectors are separated by the
simplex P = Conv((1,1),(5,1),1,5)), cf. Figure 3.3(a). Consider the polynomial

5 5
g = X{Tg — T1Ty + T1T2.

Since o(g) C P, from Theorem 3.28 follows that V5o (f) N V5o(g) is infinite or contains
at most two points. The sets Voo(f), Voo(g) are shown in Figure 3.4(a).

In the following, we illustrate the idea of the proof of Theorem 3.28. The affine map
R? — R? z ~ 1z — (4, 1) transforms P into the standard 2-simplex. The signomials
f, g are transformed into

- 6 -1 6 5 =1 12 11 -1 -1

f=xt +x* ad +atzt —3xitad —2xtaey +x,t 2t

7

$1—$2—|—1.
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The function § is affine linear and f: R?, — R is a convex function by Lemma 3.20.
Thus, V50(g) is an affine linear subspace and Vso(f) is the boundary of a convex set,

see Figure 3.4(b). From Lemma 3.24 follows that V5o(f) N Vxo(g) is either infinite or
it contains at most 2 points.

In Section 3.3, we observed that the existence of a separating hyperplane, a pair
of enclosing hyperplanes, or a separating simplex of the signed support implies that
the preimage of the negative real line has at most one or two connected components.
Theorem 3.26 and Theorem 3.28 demonstrate that, under similar conditions on the
signed support of signomials in a square system, the number of positive solutions is
at most two. Could other polyhedral conditions on the signed support provide upper
bounds on the number of positive solutions? Is it possible to use separating hyperplanes
to establish such bounds? In Papers I and II, we observed that even very restrictive
assumptions on the signed support can lead to interesting applications. My future plan
is to pursue this path, and to investigate the connection between the signed support and
upper bounds on the number of positive real solutions of square systems. Such results
would be highly valuable in applications where bounding the number of positive real
solutions is crucial, such as addressing questions of multistationarity in the study of
chemical reaction networks.



Real tropicalization

This chapter offers an overview of the content of Paper V and Paper VI. To relate these
two papers to previous results in tropical geometry, in Section 4.1, we discuss how to
tropicalize algebraic varieties over the field of complex Puiseux series. In Section 4.2,
our focus shifts to tropicalization of semi-algebraic sets over the field of real Puiseux
series and discuss why the notion of real tropicalization is analogous to tropicalization
of complex algebraic varieties. Afterward, we present the main results of Paper V.
In Section 4.3, we elaborate on when it is possible to capture the isotopy type of a
hypersurface with a polyhedral object, called the Viro diagram. For that, we study the
signed reduced A-discriminant, which is the main object of Paper VI.

4.1 Tropical geometry

The main theorems of tropical geometry concern algebraic varieties over algebraically
closed fields with non-trivial valuations. For simplicity, in this thesis, we only consider
the field of Puiseux series with complex coefficients. The field of complexr Puiseux series
C = C{t}} contains formal power series of the form

> k
c(t)=> atN, forky€Z N€eN, c, €C, e #0. (4.1)
k=ko

The valuation map val: C* — R is given by val(c(t)) = % [78, Example 2.1.3]. Here,
we use the notation C* = C \ {0}. We denote the coordinate-wise valuation map by

val: (C*)" = R", xw val(z):= (val(z1),...,val(z,)). (4.2)
For a Laurent polynomial f =37 _ o c,(t)a" € Clzy, ..., xE], we write
Ve(f) ={z e ()" | f(x) =0} (4.3)
for the set of its zeros in (C*)", and define its tropicalization
Trop(Ve(f)) = { — val(z) | = € Ve(f)}, (4.4)

41
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where the closure is with respect to the Euclidean topology in R™. The tropicalization
Trop(Ve(f)) is a finite union of polyhedral sets. To see this, first we introduce the
tropical hypersurface defined by f as the set

trop(f) :== {w e R" | ma&:)(— val(c,(t)) + w - p) is achieved at least twice}, (4.5)
pneo

which is a finite union of polyhedral sets [78, Proposition 3.1.6]. In this thesis, we use
the maximum to define tropical hypersurfaces as in [64]. This convention has the ad-
vantage that the logarithmic limit of a complex hypersurface equals its tropicalization
(cf. Theorem 4.3). Some authors prefer using the minimum to define tropical hyper-
surfaces [78]. In such cases, the logarithmic limit is the reflection of the tropicalization
through the origin.

In (4.4), we introduced the tropicalization of the hypersurface defined by a Laurent
polynomial f, and in (4.5) the tropical hypersurface defined by f. The following theorem
states that the two objects coincide.

Theorem 4.1. (Kapranov’s Theorem [40, Theorem 2.1.1] see also [18, Theorem 3.1.3])
Let f € Clas,. .., xF] be a Laurent polynomial. Then

Trop(Ve(f)) = trop(f)-

Theorem 4.1 can be generalized to varieties of higher codimension as follows. Let
I CCla,. .. be an ideal and denote V(1) its vanishing locus in (C*)™

Ve(I) :={z e (C)"|Vfel: f(z)=0}.

) TL]

Similarly as in (4.4), the tropicalization of V(1) is defined as

Trop(Ve(I)) == { — val(z) | x € Ve(I)}. (4.6)

By the Fundamental Theorem of Tropical Algebraic Geometry, the tropicalization
Trop(Ve(I)) is the intersection of the tropical hypersurfaces defined by the polyno-
mials in the ideal .

Theorem 4.2. (Fundamental Theorem of Tropical Algebraic Geometry [78, Theorem 3.2.3])
For an ideal I C Clx},. .., xF], we have

ren

Trop(Ve(1 ﬂ trop(f

fel

By [78, Theorem 2.6.6], every ideal I C C[zi, ..., 2] has a finite tropical basis, that
is, there exist finitely many polynomials ¢y, ..., g, € I such that

Trop(Ve(1 ﬂtrop gi)-
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There exist algorithms based on Grébner basis methods for computing the tropicaliza-
tion of V¢ (I), performing such computations in practice is highly challenging [21, 81].

In the rest of this section, we focus on hypersurfaces, where the coefficients of the
defining polynomial are complex numbers. The field of complex Puiseux series C is
a field extension of C. Every complex number z € C can be viewed as a constant
Puiseux series zt°. In particular, if z # 0, then val(z) = 0. For a Laurent polynomial
f€C[as, ..., xF], we write

Ve(f) = {x € (C)" | f(x) =0},

For each ¢t > 0, denote log,: R-y — R the logarithm map with base ¢ and let |z| be the
usual Archimedean absolute value of a complex number z € C. Consider the map

Log,: (C*)" = R", =z (logt(‘$1|)7 e 7logt(\xn\)). (4.7)
The logarithmic limit of a set S C (C*)" is defined as
L(S) = 1tlim Log,(S), (4.8)
—00

see [1, Section 2] for a precise definition of the limit for a family of subsets of R™.

Theorem 4.3. Let [ = > s cut € Clof,. ..,z be a Laurent polynomial. The
following sets coincide:

(1) the logarithmic limit L(Ve(f)),
(i) the tropicalization Trop(Ve(f)),
(7ii) the tropical hypersurface trop(f),
(iv) the (n — 1)-skeleton of the outer normal fan of the Newton polytope of f.

Proof. In [82, Corollary 6.4], it has been shown that the logarithmic limit £(Vc(f))
and the tropicalization Trop(Ve(f)) coincide. The sets in (ii) and (iii) are equal by
Kapranov’s theorem (Theorem 4.1). Since val(c,) = 0 for all u € o(f), it follows
directly from the definition (cf. (4.5)) that trop(f) is the (n — 1)-skeleton of the outer

normal fan of N(f) (cf. Section 3.2). O
Example 4.4. To illustrate Theorem 4.3, we consider the polynomial
f =102 4 1025 — 332222 + 102,25 — 1, (4.9)

which will serve as a running example in the upcoming sections. The Newton polytope
of f and the 1-skeleton of its outer normal fan are shown in Figure 4.1. By Theorem
4.3, this 1-skeleton coincide with the tropicalization Trop(Vz(f)) and with the loga-
rithmic limit of Vi(f). For ¢ = e, Euler’s number, the set Log,(Vc(f)) is depicted in
Figure 4.1(c). The set Log.(Vc(f)) is sometimes called the amoeba of f. To create
Figure 4.1(c), we used [22].
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(a) (b) (c)

Figure 4.1: (a) The Newton polytope of f = 10x] + 1025 — 33z323 + 102,75 — 1 from
Example 4.4 (b) Logarithmic limit of V(f) (¢) Image of Vi(f) under the map Log,
(4.7) for t = e, Euler’s number.

4.2 Real tropical geometry

In this section, we study tropicalization of semi-algebraic sets and discuss the results of
Paper V. The field of real Puiseux series R = R{{t}} is a subfield of C{{t}} containing
formal power series (cf. (4.1)) whose coefficients are real numbers. The valuation map
val: (R*)™ — R™ is the restriction of the valuation map of complex Puiseux series (4.2).
It is known that R is a real closed field [7, Theorem 2.91]. An element x(t) € R* is
positive (resp. negative) if the coefficient of the smallest non-zero term ¢"*(*®) is positive
(resp. negative). We denote by R~ the set of positive real Puiseux series.

Following the notation from Section 3.1, we denote by o_(f) the set of exponent

vectors of a polynomial f € R[zy, ..., x,] whose corresponding coefficients are negative.
For fi,..., fr € Rlx1,...,x,], we define the semi-algebriac set
SrR(f1,-- - fu) = {z € RYy | filz) <0,..., fru(z) <0}, (4.10)

and its real tropicalization

Trop(Sg(f1,.. -, fx) == { —val(z) |z € Sr(f1,.... fu) }.

where the closure is taken in the Euclidean topology of R™. Note that this definition is
analogous to the tropicalization of complex algebraic varieties (4.6). Similar to (4.5),
we define

trop™(f) := {w € R" | ma();)(—val(cu(t)) + w - ) is achieved for some jo € o_(f)}.
pneo

In [66], the authors proved a semi-algebraic analogue of the Fundamental Theorem of
Tropical Algebraic Geometry (Theorem 4.2).
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Theorem 4.5. ([66, Theorem 6.9], see also [20, Section 2.1]) Let fi, ..., fr € Rlz1, ..., Ty)
be polynomials and let S = Sr(f1, ..., fx) be a semi-algebraic set as in (4.10). Then

Trop(Sr(fir- ., ) = () trop~(f). (4.11)

f<0on S

where the intersection is over all polynomials f, which are non-positive on S.

It is known that the intersection on the right-hand side of (4.11) might be taken over
finitely many polynomials. However, there exists no general algorithm in the literature
that would determine such a finite list of polynomials. Therefore, it is valuable to
have approximations of Trop(Sg(fi, ..., fr)) which might be easier to compute. The
following theorem provides such an approximation.

Theorem 4.6. (/66, Theorem 6.12]) Let fi,..., fx € Rx1,...,x,] be polynomials and
let Sr(f1, ..., fx) be a semi-algebraic set as in (4.10). Then

k k
int (ﬂtfop_(fz‘)) C Trop(Sr(fi,- -, fi)) € ﬂtrOp_(fi>'
i=1 i=1
From now on, we focus on the case when the defining equations of the semi-algebraic
set (4.10) have real coefficients. For fi,..., fr € Rlxy, ..., z,], we set
S(fla s 7fk) = {ZL’ € RZO | fl(x) < 07 ce 7fk('x) < 0} (412>

The logarithmic limit of S(f1,..., fx) (cf. (4.8)) coincides with the real tropicalization
of Sp(fi,- - fr)-

Theorem 4.7. [1, Corollary 4.6] Let fi,..., fx € Rlzy, ..., x,] be polynomials, then

L(S(f1,---5 fr)) = Trop(Sr(fi, -+ fx))-

In Paper V, we studied logarithmic limits of sets of the form (4.12). We used the
notation Trop(S(fi,..., fx)) for the logarithmic limit. In the rest of the section, we
follow this convention and write

Trop(S(f1,---, fu)) = L(S(fr, .- fr))-

This slight abuse of notation is justified by Theorem 4.7. All the results in Paper V
are valid for polynomials fi,..., fr with real exponents, that is, for signomials (cf.
Section 3.1).
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The negative normal cone of the Newton polytope of a signomial f contains all outer
normal vectors of N(f) such that the corresponding face of N(f) contains a negative
exponent vector of f,

Ny ={veR"|N(f),Nno_(f) #0}.

Note that if f € R[zy,...,x,], then N;” = trop™(f). The actual negative normal cone
of a collection of signomials fi,..., fi is given by

k
S(fiyeoo fr) = {veR" ﬂfﬁ(mv(&o) #0}.
=1

It holds that X(f) C N}, and it is easy to construct examples where the inclusion is
strict, see Figure 1 in Paper V or Example V.3.12.

The next theorem is a version of Theorem 4.6 for signomials, which additionally
includes the actual negative normal cone.

Theorem 4.8. (Theorem V.3.3) Let f1,..., fi,: RZ, — R be signomials. Then, we have

k k
int ((VA}) S S(fi, oo fi) © Trop(S(fr, -, fi) € (NG
i=1 =1

Example 4.9. We revisit the polynomial
f =10z} + 1025 — 332325 + 102129 — 1,

from Example 4.4. Its negative normal cone is spanned by the vectors (0, —1) and
(=1,0), see Figure 4.2 (cf. Figure 3.1 and Figure 4.1). Since the closure of int(N")
equals NV, it follows that all the inclusions in Theorem 4.8 are equalities. In particular,
N7 coincide with the logarithmic limit of S(f) = f~(R<).

It might happen that all the inclusions in Theorem 4.8 are strict, see Exam-
ple V.3.12. However, if a signomial f satisfies some additional properties, one might
use the negative normal cone or the actual negative normal cone to compute the real
tropicalization of S(f).

Proposition 4.10. (Corollary V.3.6, Corollary V.3.10) Let f: R2; — R be a signomial.

(i) If o(f) = Vert(N(f)), then
Trop(S(f)) = A

(i1) If f has generic enough coefficients, then
Trop(S(f)) = £(/).
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(a) (b)

Figure 4.2: Tllustration of Example 4.9, f = 1025 + 1025 — 332323 + 10z120 — 1 (a)
Image of S(f) = f~'(R<o) under the map Log,: R?, — R? for ¢ = e, Euler’s number
(b) Negative normal cone of the Newton polytope of f, which agrees with Trop(S(f))
and with the logarithmic limit of S(f).

4.3 Viro’s patchworking and the signed A-discriminant

In Section 3.3, we used polyhedral geometric properties of the exponent vectors of
a signomial f and the signs of its coefficients to provide bounds on the number of
connected components of the set f~*(R.g). In this section, we focus on the topology
of the hypersurface

Vao(f) = {x eRY, | f(x) = O}.

We fix a finite set of exponent vectors A = {aq,...,ank+1} C R™, a sign distribution
e € {1,—1}""**1 and consider the family of signomials

n+k+1

fe: Ry =R, z+— Z ¢,
i=1

for ¢ € R™ such that sign(c) = e. We call (A, ¢) a signed support. Similar to Chapter 3,
we divide A into positive and negative exponent vectors

Ay ={a;eAleg=1}, A ={a; € A|g =—-1}.

For a face FF C Conv(A), we define the restricted signed support (Ap,er) as Ap :=
AN F and e containing the signs corresponding the elements in Ap.

One of the roots of tropical geometry goes back to the 1980’s when Viro showed it
is possible to construct a polyhedral complex associated to a fixed signed support such
that for some choice of the coefficients the positive hypersurface and the polyhedral
complex have the same isotopy type. To be more precise, the polyhedral complex is
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| 7

(a) (b)

Figure 4.3: (a) Image of the positive real zero set of f = 1025+ 1025 —332223+10z 25— 1
under the logarithm map Log, : R2, — R? (b) Viro diagram of the signed support of
f with & = (0,0, 1,1,0)

constructed as follows. Let (A4, €) be a signed support with A = {a, ..., apipr1} C R,
and let h € R+ The Viro diagram is defined as

Viro.(A, h) := {v e R" | [ma;cx }(vai—l—hi) is attained for some o € A, and o € .A,}.
i€fntk+1

For t € Ry, we consider the polynomial

ntk+1
feun : Ry =R, o — E gtz
i=1

Theorem 4.11. (Viro’s patchworking) [105][55, Ch.11 Theorem 5.6][64, Theorem 2.19]
Let (A, ¢) be a signed support such that A = {aq,...,apipr1y € Z", and let h € RA
be generic.

Then Viro. (A, h) is isotopic to Vao(feun) for t > 1 sufficiently large.

The Viro diagram of the signed support of the running example f from (4.9) with
h = (0,0,1,1,0) has the same isotopy as Vs(f), see Figure 4.3. Conversely, in Exam-
ple 4.9, the logarithmic image of a semi-algebraic set failed to detect bounded connected
components. This observation might suggest that the “correct” notion of real tropical-
ization should involve Viro diagrams rather than the logarithmic limit construction.
However, two main obstructions hinder this approach. First, it is unknown how to as-
sociate a Viro diagram to a fixed ¢ € R"™, such that Vso(f.) and Viro.(.A, h) are isotopic.
Second, there exist examples where the isotopy type cannot be obtained be any Viro
diagram, see Example VI.2.11.
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In Paper VI, we addressed the question of the conditions on (A, ¢) that ensure that
all possible isotopy types are covered by Viro diagrams. To answer this question, we
investigated the signed reduced A-discriminant. All the results in Paper VI are phrased
in terms of exponential sums, but using the coordinate-wise exponential and logarithm
maps Exp: R" — RY,, Log,: R%, — R", one can turn signomials to exponential sums
and vice versa without changing the topology of the corresponding zero sets.

For a fixed signed support (A, ¢), with A = {ay, ..., @y1k41}, consider the matrix
i ... 1 (n+1)x (n+k+1)
A= € ROHD)x(ntht1) (4.13)
a1 ... Okl

If dim Conv(A) = n, then A has full rank and its kernel has dimension k. Let B €
R +k+1)xE he o Gale dual of A, see Definition 2.11.

The signed A-discriminant contains all the coefficients such that the hypersurface
has a singularity in the positive orthant

Ve = {c e R"™* " | sign(c) = ¢ and 3z € R fo(z) = _agcx(lf) == —agzj(as) =0}.
1 n

For each face F' C Conv(.A), we define V 4, .,. analogously and define

VAF,EF = {(Cai)izl,,..,n+k+1 € Rn+k+l ’ Slgn(c) = a’nd (Cai)aieAF € v.Ap,&p}'
This set contains all the coefficients ¢ € R""**1 with sign(c) = € such that the hyper-
surface Vio(fr) has a singularity.

It is known [95, Theorem 3.8], see also [14, Proposition 2.9], that the isotopy type
of the hypersurfaces is constant in the connected components of

R*\ U B Log(|Vap.cr])-

FCConv(A) a face

The signed reduced A-discriminant is defined as

I.(A, B) := B Log(|V 4.]).

Under similar conditions on the signed support as in Section 3.3, the complement of
the signed reduced A-discriminant has at most two connected components. Recall that
an affine hyperplane H, , C R" separates (A, ¢) if A, and A_ are contained in different
half-spaces given by H, .. We call a separating hyperplane non-trivial if H, ,NA # A.

Theorem 4.12. (Theorem VI1.5.3) Let (A, ) be a signed support. Then T'.(A, B) =0 if
and only if (A, e) has a non-trivial separating hyperplane.
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If for all faces F' C Conv(.A) the restricted signed support (Ap,er) has a non-trivial
separating hyperplane, then all hypersurfaces Voo (f.) with ¢ € R"5*1 sign(c) = ¢ have
the same isotopy type (Theorem VI.3.5). In that case, any Viro diagram Viro. (A, h)
for generic h € R*"™*+1 gives that isotopy type.

In the special case when A contains exactly n+ 3 exponent vectors we characterized
conditions on (A, €) implying that R*\I'.(A, B) has at most two connected components.
Recall that for an n-simplex P C R", we denote by P~ the union of its negative vertex
cones (cf. Section 3.3).

Theorem 4.13. (Theorem VI.4.11, Theorem VI1.4.12) Let (A, €) be a signed support
such that dim Conv(A) = n and |A| = n+ 3. The complement of the signed reduced
A-discriminant has at most two connected components if

(1) JA_| =1, or
(ii) Ay CP, A_C P, and ANint (PUP™) #£ 0.

Under the conditions in Theorem 4.13, and assuming that (Ap, ) has a non-trivial
separating hyperplane for all proper faces F' C Conv(.A), the isotopy type of Vio(f.) is
given by a Viro diagram (Corollary VI.4.13). One should note that in Paper VI we did
not address how to compute such a Viro diagram for a given V.¢(f.). Addressing this
question and characterizing other properties of (A, ) that imply R*\ T'.(A, B) has two
connected components are interesting questions that require further research.
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TOPOLOGICAL DESCRIPTORS OF THE PARAMETER REGION OF
MULTISTATIONARITY: DECIDING UPON CONNECTIVITY

MATE L. TELEK AND ELISENDA FELIU

ABSTRACT. Switch-like responses arising from bistability have been linked to cell signaling
processes and memory. Revealing the shape and properties of the set of parameters that lead
to bistability is necessary to understand the underlying biological mechanisms, but is a complex
mathematical problem. We present an efficient approach to address a basic topological property
of the parameter region of multistationary, namely whether it is connected. The connectivity of
this region can be interpreted in terms of the biological mechanisms underlying bistability and
the switch-like patterns that the system can create.

We provide an algorithm to assert that the parameter region of multistationarity is con-
nected, targeting reaction networks with mass-action kinetics. We show that this is the case
for numerous relevant cell signaling motifs, previously described to exhibit bistability. The
method relies on linear programming and bypasses the expensive computational cost of direct
and generic approaches to study parametric polynomial systems. This characteristic makes it
suitable for mass-screening of reaction networks.

Although the algorithm can only be used to certify connectivity, we illustrate that the ideas
behind the algorithm can be adapted on a case-by-case basis to also decide that the region
is not connected. In particular, we show that for a motif displaying a phosphorylation cycle
with allosteric enzyme regulation, the region of multistationarity has two distinct connected
components, corresponding to two different, but symmetric, biological mechanisms.

Keywords: reaction network, mass-action kinetics, steady states, phosphorylation cycle

1. INTRODUCTION

Bistable switches are frequently observed and studied in living systems, and have been linked
to cellular decision making and memory processes [1, 2]. These switches arise in different forms;
one common form in parametric systems is that of hysteresis [3], that is, the system is monostable
for small or large values of a parameter, and has two or more stable steady states for intermediate
values. When the parameter changes slowly enough to allow the system to remain approximately
at steady state, the resulting steady states depend on whether the parameter is increased or
decreased. This is illustrated in Fig. 1(a), which displays a hypothetical system with three
steady states. When the parameter increases from low to high, the steady state goes through
a bifurcation at a critical parameter value Tyax, after which the system discontinuously settles
to another region of the output space. If the parameter value is decreased again, the system
remains at the high steady state value, that is, it does not return to the low steady state value
immediately. This will first happen if the parameter is decreased beyond another critical value
Tmin < Tmax- Lhis behavior confers the switch with robustness: after a change of level of steady
state value takes place, small fluctuations in the parameter will not reverse the change. The
larger the interval [Tiin, Tmax] Where the system has several steady states, the higher the degree
of robustness of the change. More complicate switches can arise if, for example, the system has
more than one steady state (is multistationary) in two intervals of the parameter, as illustrated
in Fig. 1(b,c). Irreversible switches are obtained if the relevant interval is of the form (0, Tyax]-
Fig. 1(a) and Fig. 1(b,c) are qualitatively different in one important aspect: the parameter
region where the system has multistationarity is connected in Fig. 1(a) and disconnected (has
two disjoint pieces) in Fig. 1(b,c).

This phenomenon appears also in higher dimensions, where instead of a curve of steady
states, there is a steady state manifold with “bends”, and instead of having one parameter being
varied, a vector of parameters is changed along a curve. The shape of the parameter region of

1
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FIGURE 1. (a-c) Input-output curves for hypothetical systems. Input is thought to be
a parameter of the system that is varied, and the output is the concentration of a species
at steady state. Dashed lines correspond to unstable steady states, and solid lines to
stable steady states. (a) displays a simple hysteresis switch; (b-c) show input-output
curves for systems where bistability arises in two disjoint intervals of input. (d-e) For a
system with two parameters, the system has more than one positive steady state in the
orange regions, and one in the purple regions. In panel (d) the multistationarity region
is connected, while in (e) it has two connected components.

multistationarity (or multistationarity region for short), and specifically the number of path-
connected components, modulates the type of switches that can arise. If the multistationarity
region is path connected, as in Fig. 1(d), then any two parameter values in the region can be
joined by a continuous path completely included in the region, typically giving rise to simple
hysteresis switches (if the system has three steady states for parameters in the region). If, on the
contrary, the region has two path-connected components, as in Fig. 1(e), then any path joining
two parameter points in different regions, necessarily goes through parameter points where the
system does not have several steady states, allowing for complex switches to arise.

Mathematically, understanding the connectivity of a region is a basic topological property
of a set, and the number of connected components is called the Oth Betti number of the set.
Higher order Betti numbers describe the shape of the set in more detail, for instance, the
first Betti number is the number of “holes” of the set. Tools from topological data analysis
can infer the Betti numbers of a set from sample data points. By generating points in the
multistationarity region, properties of the shape of the region have been explored for a specific
dual phosphorylation system (Fig. 2(h)) in [4], where it has also been suggested that lack of
connectivity may indicate that different biological mechanisms underlie multistationarity.

In this work, we address connectivity of the multistationarity region for polynomial systems
describing the steady states of biochemical reaction networks. We achieve this by using exact
symbolic tools and theoretical results relating the multistationarity region with the region where
a polynomial attains negative values. Specifically, we work in the framework of chemical reaction
network theory [5, 6], where extensive work has been done to decide whether a network exhibits
multistationarity, i.e. whether the multistationarity region is non-empty [7]. More recent work
focuses on understanding and finding the multistationarity region, but here progress is scarce
and often restricted to special systems, e.g. [8-14].

Finding and studying the region where a polynomial system has more than one positive
solution is a mathematical problem that belongs to the realm of semi-algebraic geometry and
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quantifier elimination [15, 16]. Although there are generic methods to address this question, these
have high complexity, and fail for realistic networks, even of moderate size. To overcome these
difficulties, methods targeting the specificities of reaction networks systems have been developed,
and some partial results, for example describing the projection of the multistationarity region
onto a subset of the parameters, have been developed [9-11].

Here we present a new algorithm to assert that the multistationarity region is connected
without explicitly finding it, which bypasses the use of computationally expensive algorithms
from semi-algebraic geometry and quantifier elimination. In fact, we reduce the problem to
computing the determinant of a symbolic matrix, and finding a point in the feasible region of a
system of linear inequalities. This makes the algorithm successful for networks of moderate size.

We apply our algorithm to numerous motifs in cell signaling, known to exhibit multistationar-
ity, and conclude that these have connected multistationarity regions. These systems are shown
in Fig. 2, where for all subfigures but (¢) and (h), we confirm that the region is connected. For
the system in Fig. 2(h), previously suggested to have a connected multistationarity region [4], our
method is inconclusive. For system (c), modeling the enzymatic phosphorylation of a substrate
S with allosteric regulation of the enzymes [17], the algorithm is also inconclusive. In this case, a
detailed inspection of the system employing ideas similar to those behind our algorithm, allows
us to assert that the region has exactly two path-connected components. These components
are contained in the subset of parameters where k3 > kg or kg > k3 respectively. These two
parameters are the catalytic constants of the phosphorylation and dephosphorylation processes,
respectively. Therefore, if for example kg increases from a small value to a value larger than
K3, then the multistationarity region will be crossed twice, and a non-simple hysteresis switch
arises.

The fact that the remaining networks in Figure 2 have a connected multistationarity region,
does not forbid complex switches, as a parameter path could still enter and exit the multi-
stationarity region several times. However, in this scenario we can assert that for any pair of
parameter values of multistationarity, there is a path connecting them and completely included
in the multistationarity region. This implies that the conditions yielding to multistationarity
vary continuously, and we cannot separate the multistationarity region into two disjoint sets,
each corresponding to a distinct biological mechanism.

Our algorithm builds on two previous results. First, in [9], the authors associated with each
reaction network a function, whose signs are closely related to the multistationarity region.
Second, in [18], we developed a new criterion to determine the connectivity of a set described
as the preimage of the negative real half-line by a polynomial map. We connect these two key
ingredients in Theorem 2.2 to give a criterion for connectivity of the multistationarity region.
Our results establish a stronger property, namely path-connectivity of the region, which in turn
imply connectivity.

The criterion relies on computing the determinant of a matrix with symbolic entries, and
this task might become unfeasible for large matrices with many variables. To bypass this, we
show that the network can be reduced by removing some reactions and connectivity of the
multistationarity region for the reduced network can be translated into the original network, see
Theorem 2.4.

This paper is organized as follows. We first establish the framework and background material,
and present our algorithm for connectivity of the multistationarity region. We proceed to apply
our algorithm to the networks in Fig. 2, and while doing so, we illustrate the strengths and
limitations of the algorithm. To keep the exposition concise, we compile the proofs of the main
theorems in Section 6 at the end.

2. RESULTS

2.1. Theory. The results of this work are framed in the context of chemical reaction network
theory, a formalism to study reaction networks that goes back to the 70s with the works of Horn,
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FIGURE 2. Reaction networks arising in cell signaling. The subindex ‘p’ indicates
a phosphorylated site. When writing ‘p’ and ‘pp’ it is assumed the substrate has two
phosphorylation sites, and phosphorylation/dephosphorylation is ordered. When writing
‘Op’ for example, it means the substrate also has two sites numbered 1 and 2, and the
second one is phosphorylated. All networks are known to be multistationary. For all
networks but (c) and (h), the multistationarity region is path connected. For network
(c), the multistationarity region has two path-connected components, while for network
(h) our approach is inconclusive.

Jackson and Feinberg [5, 6]. To help the unfamiliar reader, and to fix the notation, we start
with a brief introduction. This part ends with the main theoretical result to decide whether the
set of parameters where multistationarity arises is path connected (and hence connected). To
keep the exposition simple for non-experts, the proofs of the statements are given in Section 6
at the end.

Reaction networks. A reaction network (S, R) is a collection of reactions R = {Ry, ..., R}
between species in a set S = {X1,...,X,}. In our applications, species will be proteins, such
as kinases and substrates. The reactions will encode events such as complex formation or
posttranslational modifications.

Formally, each reaction connects to linear combinations of species, that is, it has the form:

Rji ale1—|—~-~+aann — ble1+"'+bann, j:1,...,’r‘,
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where the coefficients a;;,b;; are non-negative integer numbers. The net production of each
species when the reactions takes place is encoded in the stoichiometric matrix

N = [bij — aij],-:L”,M e R,
Jj=1,...,r
We do not consider reactions where the reactant and product are equal, hence N has no zero
columns.

For illustration purposes, we consider a reaction network that is small enough to get a good
feeling about the formal concepts but large enough to display the relevant features. To construct
such a reaction network, the article [19] was particularly helpful. Realistic networks will be
considered in Section 3 of this work. We refer to the following reaction network as the running
example:

(1) X1 — Xo, X9 — X1, 2Xq 4+ X9 — 3X.

Here, two species are related by three reactions, so the corresponding stoichiometric matrix has
two rows and three columns, see Fig. 3.

Mathematical modeling offers us tools to get insights into the dynamics of the network and
understand the temporal changes in the concentrations of the species of the network. By en-
coding the concentrations of X7, ..., X, into the vector z = (z1,...,z,) € RY, and under the
assumption of mass-action kinetics, the evolution of the concentrations of the species over time
is modeled by the ODE system:

(2) i = fu(z), T € Rgo,
where fq(z) := Nvg(z) with the rate function v.(z) given for z € R%, by

T

(3) ve(x) = (Ko™ - xlet oo Ky ) € R%,.

Here £ = (K1,..., k) € R is the vector of reaction rate constants, which are parameters of the
system. Observe that each component of v, (z) corresponds to one reaction, and it is obtained
by considering the coefficients of the reactant of the reaction as exponents. The function v, (z)
and the associated ODE system of the running example are shown in Fig. 3.

The ODE system (2) is forward invariant on stoichiometric compatibility classes [20],
that is, for any initial condition zy the dynamics takes place in the stoichiometric compatibility
class of g, which is the set (zg +5) NRZ,, where S denotes the vector space spanned by the
columns of N. To work with stoichiometric compatibility classes it is more convenient to have
equations for them. These are obtained by considering a full rank matrix W € R("=$)*" gych
that W N = 0, where s is the rank of the stoichiometric matrix N. Then for each parameter
vector ¢ € R™"° the associated stoichiometric compatibility class is the set

(4) Pei={x e RL, | Wz = c}.

This class is the set (zg + 5) N RY, for any initial condition zy satisfying Wzy = ¢. Such a
matrix W is called a matrix of conservation relations, any equation defining a class is a
conservation relation, and the parameter vector c is called a wvector of total concentrations.

For the running example, we have n = 2, s = 1, and hence W has one row, as given in Fig. 3.
The figure depicts also the stoichiometric compatibility classes for ¢ = 2, 3, 4, which are compact.
In general, a reaction network is called conservative if each stoichiometric compatibility class
is a compact subset of R%, and this is the same as asking that there is a vector with all entries
positive in the left-kernel of N [21]. Under this assumption, all trajectories of the ODE system
(2) are completely contained in a compact subset, and hence no component can go to infinity.
For the purposes of this work, it will be enough to require a milder condition, namely that there
is a compact set that all trajectories enter in finite time and do not leave again. In this case,
the reaction network is said to be dissipative. See [9] for ways to verify that a network is
dissipative. For simplicity, our applications are conservative networks.
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We denote the set of non-negative steady states of the ODE system (2) by
(5) Vi, ={z € R, | Nvg(z) =0},

and call it the steady state variety. The positive steady state variety consists then of
the points in V,, with all entries positive and is denoted by Vi . A steady state x € V, is a
boundary steady state, if one of its coordinates equals zero. For our results, we will need that
stoichiometric compatibility classes intersecting RZ, do not contain boundary steady states. We
call therefore a boundary steady state relevant if it belongs to a class P, with P, "RZ, # 0.

We say that a pair of parameters (k, c) enables multistationarity if the intersection of the
positive steady state variety Vi o with the stoichiometric compatibility class P, contains more
than one point. The set of parameters that enable multistationarity form the multistationarity
region. We show in the right panel of Fig. 3 some stoichiometric compatibility classes, steady
state varieties and their intersection, showing that multistationarity arises.

Steady state varieties V}; and stoichiometric compatibi-

Th i le: . ) .
€ running example lity classes P, for different choices of parameters (k, c):

X1 =L X, Xz =2 X;,  2X1 +Xo =35 3X;.

Stoichiometric matrix N, reaction rate function v (z)
and a full rank matrix W such that WN = 0:

-1 1 1
N = 1 -1 -1 | w=[1 1].

ve(z) = (mm,nzmzwsﬁm)

ODE system:
@1 = K3wias — K11 + Koo,
1 2 3 a
To = —R3.’E%£I}2 + K1T1 — K2T2. Ty
(k,c) = ((18,1,10), 3) enables multistationarity,
Equation of the stoichiometric compatibility class P: (k,c) = ((18,1,10),4) does not enable multistationarity.

For k = (1,1,1) there is no total concentration ¢ such

z1 +x2 =c. that ((1,1,1), c) enables multistationarity.

FIGURE 3. Illustration of the relevant objects for the running example given in (1).

We now recall the main theorem from [9] that is key to describe the multistationarity region.
The theorem requires choosing a matrix of conservation relations W that is row reduced. Then,
if 11 < -+ < ip_4 are the indices of the first non-zero coordinates of each row of W, we construct
the matrix My(x) from the Jacobian of fi(x) by replacing the i;th row by the jth row of W
(for j=1,...,n—3s).

Theorem 2.1 (Multistationarity). [9, Theorem 1] Consider a reaction network that is dissipa-
tive and does not have relevant boundary steady states. For each vector of reaction rate constants
k € RY, and vector of total concentrations ¢ € R"™°, it holds:
(A) If (—1)*det(My(x)) > 0 for all x € Vi, ~0 N P., then the parameter pair (k,c) does not
enable multistationarity.
(B) If (—1)* det(My(z)) < 0 for some x € Vi, 0 NP, then the parameter pair (k,c) enables
multistationarity.

Our running example is dissipative, as it is conservative, and it has no relevant boundary
steady states. We also find that
(—1)* det(My(z)) = K3x? — 2K37172 + K1 + Ko
This expression is negative for k = (18,1,10) and z* =~ (0.2448,2.7552) € V.. Since Wx* = 3,

we can conclude using Theorem 2.1, that the intersection of V(g 1,19) and P3 contains more than
one point. This is exactly what Fig. 3 indicates.
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Parametrizations. In Theorem 2.1, it is crucial to evaluate the determinant of M, (x) at points
in the incidence set:

(6) Vi={(z,k) e RYy xRy, | z € V. }.

Therefore, we need to be able to describe the points in V in a useful way. This is done by
considering parametrizations of V. Loosely speaking, a parametrization is a function whose
image set consists precisely of the points in RZ; x RL that belong to V. Formally, we define a
parametrization of V as a surjective analytic map

&:D V.

In practice, D is the positive orthant of some R* and ® is described by polynomials or quotients
of polynomials such that their denominators do not vanish on D. Below, we discuss how to
choose a parametrization and show that there is always at least one.

Using Theorem 2.1, one can show (see Lemma 6.4) that the multistationarity region is closely
related to the preimage of the negative real half-line under the polynomial map

(7) g: V=R, (x,k) — (—1)°det(Mg(z)),
which can be described using a parametrization
(8) go®: D—YV =R, & g(D(8)).

Following [22], we call the function go ® a critical function, and observe that it depends on
the choice of the parametrization. We are ready to present the main theoretical result of this
work, namely a criterion for connectivity of the multistationarity region. The statement tells
us that we can look at the number of path-connected components of (go ®)~'(R.g), that is, of
the set of values £ where g o @ is negative. The proof of the following theorem can be found in
Section 6.

Theorem 2.2 (Deciding connectivity). Consider a reaction network that is dissipative and does
not have relevant boundary steady states. Let go ® be a critical function as in (8) such that the
closure of (go ®)"*(R<o) equals (g o ®)~1(R<y).

Then the number of path-connected components of the multistationarity region is at most the
number of path-connected components of (g o ®)~1(R-g).

In particular, if (g o ®)*(R<o) is path connected, then the multistationarity region is path
connected.

2.2. Algorithm for checking path connectivity. Theorem 2.2 gives a theoretical criterion
to decide upon connectivity, from which one can establish an algorithm for connectivity with
the following steps:

(Step 1) Check that the reaction network is dissipative and does not have relevant boundary
steady states.

(Step 2) Find a parametrization ® of V and compute the critical function g o ®.

(Step 3) Check that (go ®)~}(R) is path connected and its closure equals (g o ®)~1(R<).

The important point is that each of these steps can be addressed computationally, and hence the
algorithm can be carried through without manual intervention, at least for networks of moderate
size. We proceed to describe each of these steps in detail.

(Step 1) has already been described in detail in [9], as it consists of verifying that the
conditions to apply Theorem 2.1 hold. Computable criteria that are sufficient to ensure that
the properties hold are presented in [9]. These are, however, not necessary and hence it might
not always be possible to decide upon this step.

To verify dissipativity, the first attempt is to show that the reaction network is conservative
by finding a row vector w € RZ; such that w N = 0 . This can be checked by solving the system
of linear equalities:

9) wN; =0, foralli=1,...,7 and w; >0 foralj=1,...,n,
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where N; denotes the ith column of N. We already noticed that the running example is conser-
vative, by choosing

(10) w=(1,1) €R%,.

A sufficient criterion to preclude the existence of relevant boundary steady states arises by
using siphons, that is, subsets of species such that for all species in the set and all reactions
producing them, there is a species in the reactant also in the set, see [23, Theorem 2], [25,
Proposition 2], [26]. In a nutshell, the criterion requires that for each minimal siphon it is
possible to choose w € RY; with w/N = 0 and such that the positive entries of w correspond
exactly to the species in the siphon. For more details, we refer to [9, 23, 25]. Note that this
criterion also relies on solving linear inequalities. Our running example has only one siphon,
namely {X1,X2}. As the two entries of w in (10) are positive, the criterion holds and the
network does not have relevant boundary steady states.

(Step 2) asks for the choice of a parametrization of ¥V and the computation of the critical
function. To find a parametrization systematically, we consider so-called convex parameters
introduced by Clarke in [27]. Since then, they have been applied to study reaction networks, for
example to detect Hopf bifurcations and study bistability [28-31].

The idea behind convex parameters is the simple observation that the rate function v, (x) has
to be in the fluz cone:

F:={veRy| Nv=0}=ker(N)NRY,

for each (x,k) € V. It is easy to see that F is a convex polyhedral cone containing no lines.
Using software with packages for polyhedral sets (see Methods), one can compute a minimal
collection of generators E1,...,E; € R" of F.

These generators are often called extreme wvectors of the cone. Their choice is unique up to
multiplication by a positive number. Since the flux cone F does not contain lines, each of its
elements can be written as a non-negative linear combination of extreme vectors [32, Corollary
18.5.2], that is for each v € F there exists some A = (A1,...,\,) € R, such that

l
v = Z NE; = EX
i=1

where E € R"™*! denotes the matrix with columns Ei, ..., Ey. We call E a matrix of extreme
vectors. This gives rise to the following convexr parametrization:

(11) TR, xRy =V, (B N) = (1, diag((R™,...,h77))EN),

where Aq,..., A, denote the columns of the matrix A := [aij} € R™ " of the coefficients of the
reactants of the reactions, h*4 is short notation for hy" - - hy™, diag(v) is the diagonal matrix
with diagonal entries given by v, and 1/h is taken component-wise.

In Corollary 6.2(a) in Section 6, we show that U is surjective if E' does not have a row where
all the entries are equal to zero, and hence V¥ is a parametrization of V. This restriction is
not relevant for our purposes: a zero row of E is equivalent to ker(N) not having any positive
vector, and hence there is no positive steady state of the ODE system (2), see Corollary 6.2(b).
In particular, the reaction network cannot be multistationary. In the rest of the work, we assume
that E does not have a zero row and when this holds, we say that the network is consistent[23]
(consistent networks are called dynamically nontrivial in other works, e.g. [24]).

For the convex parametrization, the critical function g o W can be represented in a direct way
using the following observation. The Jacobian of fy(z) evaluated at ¥(h, A) equals

(12) J(h,\) := N diag(EX) A" diag(h),

for each (h,\) € R%, x RL, see [28]. We construct the matrix M(h, \) from J(h, \) as above:
if W is row reduced and i1 < --- < 4,,_s are the indices of the first non-zero coordinates of each
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FIGURE 4. The flux cone of the running example in R?. The extreme vectors E; =
(1,0,1), E2 = (1,1,0) are shown in blue.

row, replace the 7;throw of J(h,\) by the jth row of W. Then, it holds
(13) (g0 W) (h,\) = (—1)% det M (h, \).

From this equality, one computes g o ¥ directly using symbolic software. Since the entries of

M(h, X) are polynomials in (h, ), so is g o U. In the following, we call this polynomial the
critical polynomial.

Let us find the critical polynomial g o ¥ for the running example. The flux cone F and its

extreme vectors are displayed in Fig. 4. Now, all we have to do is to compute the matrix product
in (12)

1
{ 111 } it AOZ oy Y {hl o} _ { (M= A)ht (A + Ao
1 -1 -1 0 0 AMll2 1 —()\1 — )\Q)hl —()\1 + )\Q)hg ’
and replace the first row by (1,1). After taking the determinant and multiplying by (—1)% = —1,
we obtain the critical polynomial:

(14) (goW)(h1, ha, A1, A2) = hida — hiAi + hadi + hodo.

The above discussion shows that we can always find a suitable parametrization and compute
the critical polynomial. In some cases, other types of parametrizations arise by parametrizing
each Vj, ~¢ separately. This is done by first trying to express some variables among 1, ..., zy,
Kl,...,kr in terms of the others using the equations in (5). For finding these expressions, a
computer algebra system such as SageMath [33] or Maple [34] can be useful. Once such an
expression is found, one should check whether it gives a well-defined surjective analytic map,
that is a parametrization. If all the components of the parametrization ® are quotients of
polynomials with positive denominators, then g o ® is a quotient of polynomials too, and its
denominator is positive.

Let us see how this works in practice for the running example. We see from the ODE system
in Fig. 3 that positive steady states are characterized by

— R1Z1
To = —H1—.
2 ng}%—&-ng
This expression gives the parametrization
. 4 2 3 K1T
(0N R>O -V g R>O X R>07 (371, K1, Hg,fig) —> (.’L’1, Kséiw,lﬂ,,‘ig, K,g).

Combining ® with g from (7), we get the critical function:

2.4 2 2 2
_ K3%]—K1K3TT+2K2K3T]+K1K2 RS
(15) (g © @)(.’El, K1, K2, K:3) - K3:E%+H2 .

In general, there is no guarantee that such a parametrizations for each x can be found.
However, there are broad classes of reaction networks allowing such a parametrization, for
example networks with toric steady states [35] and post-translational modification systems [36]
to name a few. As we always can find a critical function using the convex parametrization, one
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FIGURE 5. (a) A strict separating hyperplane (in purple) of the support of f(x1,22) =
22 — 2229 + 22129 + 23 + 22. Red dots correspond to positive exponents, the blue square
corresponds to the only negative exponent. (b) The preimage of the negative real half-

line under f.

might wonder what the value of these other type of parametrizations is. The point is that with
this type, the reaction rate constants are still present in the parametrization, and this is useful
to get information about what parameter values yield to multistationarity. This was the theme
of [9], and we will explore this advantage later in the application of our algorithm to the network
with allosteric reciprocal enzyme regulation in Fig. 2(c).

Finally, we discuss how to address (Step 3), now that we know how to compute the critical
polynomial/function. To check whether the preimage of the negative real half-line under a critical
function is path connected is in general hard and depends strongly on the parametrization. As
we discussed in (Step 2), critical functions are in practice polynomials or rational functions
with positive denominator. In the latter case, we can restrict to the numerator of the rational
function. To verify the conditions in Theorem 2.2, it is then enough to study the preimage of
the negative real half-line under a polynomial function restricted to the positive orthant.

Recall that a polynomial function can be written as

f: R =R, flz) = Z cpat o oal®, with ¢, # 0,
rea(f)

and o(f) C N¥ is a finite set, called the support of f. To determine whether the preimage of the
negative real half-line

F (Reo) = {z € REy | f(x) < 0}

is path connected, one can use methods from real algebraic geometry [15, Remark 11.19], [37,
Section 3]. These methods work well for polynomials in few variables, but they scale poorly. If
the polynomial has many variables, the computation is unfeasible.

In [18], the authors of the present work gave a sufficient criterion for deciding that f~(Rg)
is path connected, based on the geometry of the support and the sign of the coefficients. We
call an exponent i € o(f) positive (resp. negative) if the corresponding coefficient ¢, is positive
(resp. negative). We write o4 (f) (resp. o_(f)) for the set of positive (resp. negative) exponents
of a polynomial f. For example, the polynomial f(z1,z2) = 2% — 2329 + 22172 + 23 + 23 has four
positive exponents (2,0),(1,1),(3,0),(0,2) and one negative exponent (2,1). These exponents
are depicted in Fig. 5.

A hyperplane in R” is the set of solutions p € R of a linear equation

v-p=a,
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where v € R*\ {0}, @ € R and v - u denotes the Euclidean scalar product of two vectors. Each
hyperplane has two sides, which are described by the linear inequalities

v-p<a, and vl > a.

A hyperplane is called strictly separating if the positive and negative exponents of f are on
different sides of the hyperplane and not all the negative exponents are on this hyperplane. For
a geometric interpretation, we refer to Fig. 5.

Strict separating hyperplanes can be used to decide upon path connectivity of the multista-
tionarity region using Theorem 2.2 via the following theorem.

Theorem 2.3 (Preimage of negative real half-line). [18, Theorem 3.9] Let f: RE; — R be
a polynomial function. If there exists a strict separating hyperplane of the support of f, then
f~HR<o) is path connected and its closure equals f~(R<).

For the running example, the supports of the two critical functions (14) and (15) form a
quadrilateral. In both cases, there is only one negative exponent, which is at a corner (vertex)
of the quadrilateral. Hence, one can easily find strict separating hyperplanes for the supports of
each polynomial. To get a geometric intuition, we investigate the numerator of (15). Its support
lives in a 2 dimensional subspace of R%, so we can project it onto the plane R? and find a strict
separating hyperplane there. The projected support is precisely that depicted in Fig. 5(a).

Therefore, Theorem 2.3 holds for the running example and any of the two critical functions,
and then, by Theorem 2.2 we conclude that the multistationarity region of the running example
is path connected.

Note that a strict separating hyperplane of the support of f exists if the following system of
linear inequalities has a solution (v,a) € RFF!:

(16) v-a<a, forall acaoy(f)
(17) v-f>a, forall Beao_(f)
(18) Zﬁegi(f)(v -B—a)>0.

For the polynomial in Fig. 5, v = (2, 3), and a = 6 form a solution to the system.

In practice, we determine whether the system of linear inequalities (16)-(18) has a solution as
follows. First, we construct the polyhedral cone C' C RFF! defined by the inequalities (16)-(17).
Second, we pick a point (v,a) in the relative interior of C. If there exists 8 € o_(f) such that
v- B > a, then (v,a) satisfies also inequality (18) and a strict separating hyperplane exists. If
such 8 does not exist, then a simple argument gives that o_(f) is contained in the hyperplane
defined by any (w,b) € C,i.e. w-B =bforall 5 € o_(f) and all (w,b) € C. Therefore a strictly
separating hyperplane does not exist.

Theorem 2.3 gives a way to assert that the multistationarity region is path connected, but
it is not informative if that is not the case. In [18] additional results are given to include two
path-connected components. One of these results will be used to show that the multistationarity
region of network in Fig. 2(c) has two path-connected components.

Model reduction for the simplification of the computations. Finding the critical func-
tion or the critical polynomial requires the computation of the determinant of a symbolic matrix,
which can have a high computational cost if the matrix is large or the entries are long expres-
sions in the symbolic variables. The next theorem shows that it is possible to remove certain
reverse reactions from the network, and use a critical function for the reduced network to study
the multistationarity region of the original network, thereby reducing (often dramatically) the
computational cost.

Theorem 2.4 (Reduction and connectivity). Consider a conservative reaction network (S, R)
without relevant boundary steady states. Assume that there exist species Xi,..., X € S such
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that each X; participates in exactly 3 reactions of the form

351 K3j—2 .
ak+1’ij+1 + -+ an,an . Xj —_— bk+1,ij+1 + -+ an‘Xn, 7=1,..., k.
37

Let o ® be a critical function of the reduced network obtained by removing the reactions corre-
sponding to k3; forj =1,..., k. Assume that the closure of (Go®) " (Reg) equals (§o<i))_1(]R§0).
Then the number of path-connected components of the multistationarity region for both the
reduced_and the original reaction network is at most the number of path-connected components
of (g0 @)~ (Reo). N
In particular, if (§o ®)"'(R<o) is path connected, then the multistationarity region of the
original network (S, R) is path connected.

The theorem might look a bit technical, but it is simply saying that it is enough to apply
the algorithm to a smaller network obtained by removing the reverse reactions x3;, and the
conclusions can be translated to the original network. Removal of reverse reactions contribute
to the reduction of the computational cost as each of them gives an extreme vector to the flux
cone (see Lemma 6.3(a) in Section 6). Making reversible reactions irreversible removes this
extreme vector and thereby the matrix M (h, ) depends on one less variable.

To illustrate Theorem 2.4, we consider the reaction network representing a signaling cascade
with shared kinase in Fig. 2(i). This reaction network describes the phosphorylation of two
substrates S and P with one phosphorylation site. The phosphorylation of S is catalyzed by
a kinase F, while the phosphorylation of P is catalyzed both by E and by the phosphorylated
form of S. The dephosphorylation processes are governed by two different phosphatases F; and
F5 [38].

One checks using the above criteria that this network is conservative and has no relevant
boundary steady states. Then, Theorem 2.2 for connectivity of the multistationarity region can
be applied. A matrix of extreme vectors, formed by a minimal collection of extreme vectors
generating the flux cone is

mF—mr o O0OCORHROOOOCOO
—H N, 0000000000 O OO
OO0 O0OO0OO0OO0COOOO
OCCco0ocOoO R RROOOOOOO
oOCR RO, ROO0OOO0OOOOOO
CoO0o0oO0COoOCORHOOOO
OO0 O0OR~~O
OO0 O0OO0OO0OOR RO

[en)
=
=)
&)
S
[an)

The highlighted column extreme vectors correspond to the 5 reversible reactions of the type in
Theorem 2.4 (the k3; in the theorem). Computing the determinant of (12) takes approximately
1.5 minutes. The critical polynomial has 20 variables and 5312 terms.

Following Theorem 2.4, we remove the reactions corresponding to ks, kg, K9, K12, K15. 1Lhe
reduced network has the form

S+ESE S, +E Sp+F1 =% S,F1 ™5 S+ Fy
P+S, = PS, &P, + S, P+E XL PE 2% P, +E

K13

P, +Fy &% P Fy =5 P+ Fy.
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A matrix of extreme vectors is now

— —_- 00 =M=, OOOO
=== 00 000
O OO OO = =

o

The extreme vectors are the non-highlighted vectors in the matrix F above, with the entries
corresponding to the reverse reactions removed (every third row of E). Computing the critical
polynomial for the reduced network takes only 4 seconds. This critical polynomial is much
simpler than the one for the full network. It has 15 variables and 204 terms.

This example illustrates that the reduction in Theorem 2.4 might reduce the computational
cost substantially. On one hand, the computation of the critical polynomial is faster and, on the
other, the critical polynomial itself has less variables and terms, and therefore checking (Step
3) becomes faster as well. In the next section, we investigate networks where the benefit of
applying network reduction and Theorem 2.4 is more dramatical. For example, for two of the
networks, computing the critical polynomial for the full network turned out to be infeasible,
but the computation became possible for the reduced network. By means of Theorem 2.4, we
could assert connectivity of the multistationarity region for the full network (see Table 1 for
more detail). This illustrates that Theorem 2.4 allows us to apply our approach to networks
that were originally too large.

An important observation is that the existence of a strict separating hyperplane for a network
or for a reduced version of it like in Theorem 2.4 are independent. That is, if we cannot find a
strict separating hyperplane for the reduced network, it could still be that it exists for the original
network. Also, the existence of this hyperplane depends on the choice of critical function, that
is, of the parametrization.

Algorithm for path connectivity. We conclude this section by giving a procedure that checks
a sufficient criterion for connectivity of the multistationarity region with no user intervention.
Since most of the steps rely on solving linear inequalities, we implemented the algorithm using the
computer algebra system SageMath [33]. The code is given in the Supporting Information.
We would like to emphasize that the multistationarity region could still be path connected, even
if our algorithm terminates inconclusively.

Algorithm 2.5. Input: a reaction network

(Step 1) Check that the reaction network is conservative and that it does not have relevant bound-
ary steady states using siphons.

(Step 2) Compute the convex parametrization map U if the network is consistent, and the critical
polynomial go U from (13).

(Step 3) Decide whether a strict separating hyperplane of the support of go W exists.

(Step 4) Eventually repeat Steps 1-3 with a reduced network as in Theorem 2.4.

Output: ‘The parameter region of multistationarity is path connected’ or ‘The algorithm is
inconclusive’.

3. INVESTIGATING CONNECTIVITY IN RELEVANT BIOCHEMICAL NETWORKS

We now demonstrate that Algorithm 2.5 is useful for realistic networks and that the number
of connected components of the multistationarity region can be understood for several relevant
networks in cell signaling of moderate size.

We start by going through the algorithm with two small networks: first, with the module
regulating the cell cycle shown in Fig. 2(a), and then, with the simplified hybrid histidine kinase
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network in Fig. 2(b). The corresponding matrices and the critical polynomials become more
complicated than for the running example, but still, are small enough to be displayed here.

Afterwards we analyze the rest of the networks in Fig. 2. Additionally, we consider the
extensions of Fig. 2(e-f), with two phosphorylation sites, to several phosphorylation sites, and
explore the strengths and weaknesses of the algorithm. When increasing the network size, the
computation of the critical polynomial becomes unfeasible and we apply the reduction from
Theorem 2.4.

We summarize the main properties of all the applications of the algorithm discussed in this
work in Table 1. Table 1 shows the number of species, reactions, and extreme vectors of the
reaction network. If the critical polynomial can be computed, it shows the number of positive and
negative exponents of the critical polynomial and whether a strict separating hyperplane of the
support exists. The same computations are repeated with the reduced network of Theorem 2.4,
and we report the same data except the number of species and reactions.

3.1. Small networks.

Cell cycle regulating module. We consider the model proposed in [39] for the second mod-
ule that regulates the cell’s transition from G2 phase to M-phase [40], which is shown in
Fig. 2(a). This model has been analyzed for bistability in [30]. With the order of species
C,C*T,M,M", W, W, the stoichiometric matrix, a matrix of conservation relations and a ma-
trix of extreme vectors are:

0 1 0 0 -1 0 0 0 1
0 -1 0 0 1 0 01 0
1 0 -1 0o 0 O 1 10000 0 0 1
N = , W=1]0 0 1 1 0 0|, E=
-1 0 1 0 0 O 00001 1 1 00
0O 0 0 -1 0 1 0 1 0
0O 0 O 1 0 -1 1 00

The sum of the three rows of W gives a positive vector and hence the network is conservative.
We further verified that the network has no relevant boundary steady states. Furthermore, F
has no zero row, so the network is consistent and the critical polynomial can be found using (13).
The matrix M (h, \) is found by replacing the first, third and fifth rows of N diag(EX) AT diag(h)
by the rows of W:

1 1 0 0 0 0
A2hi —Xahe  —A2hg3 0 0 0
0 0 1 1 0 0
—)\3h1 0 /\3h3 —/\3h4 )\3h5 0
0 0 0 0 1 1

0 0 Aths 0 Ahs  —Aihg

Since s = 3, the negative of the determinant of M (h, \) gives the critical polynomial:
(go W) (h,\) = (—h1hshs + hihghs + hohghs + hohshe + hihahg + haohghg) A1 A2 As.
A strict separating hyperplane exists, for example v - (hq, ..., hg, A1, A2, A3) = 2 with
v=(1,0,1,0,1,0,0,0,0).

Indeed, (go¥)(h, ) has 6 monomials, all with exponent (1,1,1) for A, and for h they have expo-
nents (1,0,1,0,1,0), (1,0,0,1,1,0), (0,1,0,1,1,0), (0,1,1,0,0,1), (1,0,0,1,0,1), (0,1,0,1,0, 1).
The first exponent is negative, and the scalar product with v returns the value 3, which is strictly
larger than 2. The other exponents correspond to positive coefficients, and their scalar product
with v give the values 2,1,1,1,0 respectively. All of them are smaller or equal to 2. There-
fore, the condition for being a strict separating hyperplane holds, and we conclude that the
multistationarity region of this network is path connected.
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Hybrid histidine kinase. The hybrid histidine kinase network in Fig. 2(b) comprises a hybrid
histidine kinase HK with the domain REC embedded, and separate histidine phospho-transfer
domain Hpt. This reaction network has been studied in [41], where it was shown that the
network displays multistationarity and a (complicate) description of the set of parameters with
3 steady states is given. It is further known that there is a choice of total concentrations such
that the network is multistationary if and only if k3 > 1, see [9] (this set is the projection of the
multistationarity region onto the space of reaction rate constants). It was not known whether
the full multistationarity region in x and c is path connected.

With the order of species HKqo, HKp0, HKop, HKpp, Hpt, Hpt ,, the stoichiometric matrix N, a
matrix of conservation relations W, and a matrix E whose columns are a minimal set of extreme
vectors are

-1 0 0 1 0 0 0 1

1 -1 0 0 1 0 1 1

0 1 -1 -1 0 0 111100 1 0

N= 0 0 1 0 -1 0|’ W= 000 0 1 1}’ E= 01
o o0 0 -1 -1 1 1 0

0O 0 O 1 1 -1 11

The network is conservative, consistent, and has no relevant boundary steady states. By
replacing the first and fifth rows of N diag(EX)A T diag(h) by the rows of W we find the matrix
M(h, A) and its determinant gives the critical polynomial:

(g0 ®)(h, A) = hihahshsA3Ag + 3 h1hahshsA2A2 + 2 hihohshs M A3 + hihohahs A2N2
+ hihohahs A3 — hohghahs A3 Xy — hohshahsAIA3 + hihahshe A3 Ao
+ 2 hihohghe A3 A3 + hihahshe A A3 + hihahahe A3 Ao + 2 h1hahahe 33
+ hihohahe A3 + hihshahe A3\ + 2 hihshaheAIA3 + hihshahg N3
+ hohshahe A3 Ao + 2 hohghahg \3N3 + hahshahe A\,

The polynomial has 8 variables and 17 positive and 2 negative coefficients. A strict separating
hyperplane of its support is given by the equation

(=5,-5,-1,0,5,0,0,0) - = —3.

Using Theorem 2.2, it follows that the multistationarity region for the hybrid histidine kinase
network is path connected.

3.2. Phosphorylation cycles. We investigate models for phosphorylation and dephosphory-
lation of a substrate S with m binding sites with processes catalyzed by a kinase E and one or
more phosphatases F.

Sequential and distributive phosphorylation cycles. We first assume that phosphorylation
and dephosphorylation occurs sequentially and distributively [42]: the kinase E catalyzes the
phosphorylation one site at a time in a given order, while the phosphatase F' dephosphorylates
in the reverse order, also one site at a time. Under these assumptions, the network for m = 2
sites is shown in Fig. 2(e).

The dynamics of phosphorylation cycles have been intensively studied, e.g. [14, 28, 42-52].
In particular, it is known that they are multistationary for m > 2, and there are choices of
parameter values where they have m + 1 steady states for m even, and m for m odd [44],
with half of them plus one being asymptotically stable [47]. It has been conjectured that these
networks can have up to 2m — 1 steady states, but this has only been established for small
m [48]. These networks are in the class of post-translational modification networks, which are
conservative and consistent, and by the results in [25], since the underlying substrate network
is strongly path connected, they do not have relevant boundary steady states.

The phosphorylation cycle with m = 2 binding sites has n = 9 species and the flux cone has
{ = 6 extreme vectors. Then, the corresponding critical polynomial g o ¥ has 15 variables. It
is a big polynomial with 288 positive and 112 negative exponents. Despite the large number of
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exponents, a strict separating hyperplane of its support can be found in less than a second. Our
algorithm (and Theorem 2.2) can be applied to conclude that the multistationarity region for
the sequential and distributive phosphorylation cycle with two binding sites is path connected.

By increasing the number m of binding sites, the reaction network size increases systematically.
For example, for m = 3, the reaction network becomes

S+E < ES % 8, + B S, % S, + B2 BS;, 4% S+ E

K2 K8

Sppp + F == FSppp 215 S, + F == FS,, =% S, + F = FS, =% S+ F.
K17 K11 K5

The critical polynomial g o ¥ has 2560 positive and 1536 negative exponents. The algorithm
confirms that the multistationarity region is path connected in 96 seconds.

For m = 4, we could not compute the critical polynomial for the original network due to
computer memory constraints. This shows that the computation of the critical polynomial is
the bottleneck of the algorithm. After removing all reverse reactions as in Theorem 2.4, we could
compute the critical polynomial, but it does not have a strict separating hyperplane. Therefore,
for this family of networks we know that the multistationarity region is path connected for
m = 2,3, but it is unknown for m > 4. Previous work has shown that the projection of the
multistationarity region onto the reaction rate constants x is path connected for all m > 2, see
[53], so we conjecture that the full multistationarity region is path connected for all m > 2.

Phosphorylation cycles with different phosphatases. Different mechanisms for multisite
phosphorylation have been observed, and in particular, phosphorylation and dephosphorylation
of the different sites of a phosphate might not be catalyzed by the same kinase or phosphatase
e.g. [54, 55]. If all steps are carried out by different enzymes, then multistationarity does not
arise (see [38] for m = 2). Therefore, we consider the scenario where the phosphorylation occurs
sequentially and the kinase acts in a distributive way, but we assume that each dephosphorylation
step is governed by different phosphatases Fi,..., F,, (see Fig. 2(f) for m = 2). These
networks are also conservative and do not have relevant boundary steady states for any m.

For m = 2 and m = 3, the algorithm finds a strict separating hyperplane, and hence the
multistationarity region is path connected. For m = 4, the computation of the critical polynomial
via the symbolic determinant in (Step 2) of the algorithm was too demanding, and the computer
used for the tests ran out of memory. We employed the reduction approach given in Theorem 2.4
and removed eight reactions. The critical polynomial of the reduced network is significantly
simpler: it has 22 variables and 178 monomials. Its support has a strict separating hyperplane.
Thus, the multistationarity region of the original network is path connected by Theorem 2.4 and
Theorem 2.3.

Weakly irreversible phosphorylation cycles. The two-site sequential and distributive phos-
phorylation network given in Fig. 2(e) assumes that each phosphorylation step proceeds via a
Michaelis-Menten mechanism. This is referred to as strong irreversibility in [43]. More plausible
mechanisms have been argued to include the complex formation of the product with the enzyme,
as for example a mechanism of this form would allow:

S+E=SE = S,E=S5, +E.

A model incorporating this weak irreversibility at the dephosphorylation stage was pro-
posed and analyzed for bistability in [56, Scheme 2]. In the model, dephosphorylation of ERK
by the phosphatase MKP3 proceeds as shown in Fig. 2(g) [57]. For this network, our algorithm
concludes that the multistationarity region is path connected.

A model with full weak irreversibility, that is, for both the phosphorylation and dephos-
phorylation processes, is shown in Fig. 2(h). The shape of the multistationarity region for this
type of models was analyzed in [43], where it was concluded by means of a numerical approach
that the multistationarity region in some aggregated steady state parameters is connected. Nei-
ther for the original network nor for the reduced network, a strict separating hyperplane exists,
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TABLE 1. Summary of the algorithm on selected systems
Reaction network n 0 | #04(goW) | #0_(goW) | sep. hyp. | £ | #0(§o¥) | #0_(§o¥) | sep. hyp.
(a) Cell cycle 6 3 5 1 YES 3 5 1 YES
(b) Hybrid histidine kinase 6 6 | 2 17 2 YES 2 17 2 YES
(c) Allosteric regulation 9 |10 5 168 8 NO 3 42 2 NO
(d) Covalent regulation 12 (14| 7 1856 32 YES 3 116 2 YES
(e) 2-site phosph. cycle 9 |12 | 6 288 112 YES 2 18 7 YES
3-site phosph. cycle 12 18| 9 2560 1536 YES 3 40 24 YES
4-site phosph. cycle 15 | 24 | 12 77 77 7?7 4 75 54 NO
(f) 2-site: different phosphat. 101121 6 304 48 YES 2 19 3 YES
3-site: diff. phosphat. 14118 9 3264 960 YES 3 51 15 YES
4-site: diff. phosphat. 18 | 24| 12 77 77 7?7 4 127 51 YES
(g) 2-site: weak. irrev. dephos. | 11 | 16 | 8 2176 640 YES 4 136 40 YES
(h) 2-site: fully weak. irrev. 13120 | 10 16320 3648 NO 6 1020 228 NO
(i) Two-layer, shared kinase 12| 15| 8 5088 224 YES 3 195 9 YES
(j) Two layer MAPK cascade 141181 9 5120 1408 YES 3 80 22 YES
(k) ERK network 12 118 | 9 15040 3432 YES 5 1374 340 YES

The columns of the table indicate:

network; n = number of species; r = number of reactions; ¢ = number of
extreme vectors of the flux cone; #o+(g o ¥) = number of positive/negative exponents of the critical polynomial;
existence of a strict separating hyperplane; ¢ = number of extreme vectors of the flux cone of the reduced network
of Theorem 2.4; #o4(go \Tl) = number of positive/negative exponents of the critical polynomial of the reduced
network; existence of strict separating hyperplane for the reduced network. The number of variables of the critical
polynomial is n + ¢ for the original network and n + ¢ for the reduced network. ?? means that the computation

could not be performed due to computer memory loss. The labels (a)-(k) refer to the networks in Fig. 2.

and hence our algorithm is inconclusive. It remains thus open to be confirmed whether the
multistationarity region is path connected.

Extracellular signal-regulated kinase (ERK) network. Dual-site phosphorylation and de-
phosphorylation of extracellular signal-regulated kinase has an important role in the regulation
of many cellular activities [58], and a better knowledge of the dynamical properties of the ERK
network might facilitate the prediction of this network’s response to environmental changes or
drug treatments [59]. This network, analyzed in [60-62] and shown in Fig. 2(k), comprises as
well phosphorylation of a substrate in two sites, but not in a distributive and sequential way.

Using Algorithm 2.5, we conclude that the multistationarity region for the ERK network is
path connected.

3.3. Signaling cascades. We next investigate two types of signaling cascades comprising phos-
phorylation cycles, which are known to be multistationary.

Shared kinase. We consider first a two-layer signaling cascade with two single phosphorylation
at each stage. The phosphorylated substrate of the first layer acts as the kinase of the second
layer. We consider additionally that the kinase of the first layer also can act as kinase for the
second layer, so the kinase is shared for the two layers, as shown in Fig. 2(i). Without this
shared kinase, the cascade would not display multistationarity.

Algorithm 2.5 finds a strict separating hyperplane and we conclude that the multistationarity
region for the cascade is path connected.

Two-layer MAPK-cascade. Huang and Ferrell proposed a model for the MAPK cascade
consisting of three layers, the first one being a single phosphorylation cycle, while the last
two are dual phosphorylation cycles with phosphorylation and dephosphorylation proceeding
sequentially and distributive [63]. This network has bistability and also oscillations, and in fact
for both properties only the first two layers of the cascade are required.
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The network with two layers is shown in Fig. 2(j), and Algorithm 2.5 can be employed to
conclude that the multistationarity region is path connected.

The full network with the three layers is large, with 22 species, 30 reactions, the rank of the
stoichiometric matrix is 15, and the matrix E has 15 extreme vectors. Due to the computational
cost, the computation of the critical polynomial was not possible for the original network, but
was possible for the reduced network using the Julia package SymbolicCRN. j1 [64]. However,
a strict separating hyperplane does not exist, so our algorithm is inconclusive.

3.4. Reciprocal enzyme regulation. Finally, we consider two multistationary networks com-
prising single phosphorylation cycles, where the kinase and the phosphatase are subject to re-
ciprocal regulation, both proposed and studied in [17].

Covalent regulation. We first consider the case where reciprocal regulation is via covalent
modification catalyzed by the same enzyme, see Fig. 2(d). By means of Algorithm 2.5 we find
that the multistationarity region for the the cascade is path connected.

Allosteric regulation: An example with two path-connected components. The other
mechanism of reciprocal regulation considered in [17] is via allosteric regulation: it is assumed
that there is an allosteric effector L that binds both the phosphatase and the kinase, see Fig. 2(c).
After performing a quasi-steady-state approximation, the authors of [17] show that a necessary
condition for multistationarity is that x3 > kg. This network is conservative, consistent, and
has no relevant boundary steady states.

For all the applications we have seen so far, we could either conclude that the multistationarity
region is path connected, or our approach was inconclusive. For this network our approach was
inconclusive as well, however, by employing other theoretical results from [18] in conjunction
with Theorem 2.4 and the approaches in [9], we were able to conclude that the multistation-
arity region has exactly two path-connected components, revealing two mechanisms underlying
multistationarity.

The approach is as follows. On one hand, using the method to find parameter regions in
k from [9] relying on Theorem 2.1, we show in Section 6 that the two sets of parameters
{(r,c) e RY) x Ry, | k3 > ke} and {(k,c) € RYY) x RY, | k3 < Kg} both contain parameters that
yield multistationarity, that is, these two regions both intersect the multistationarity region. To
be precise, the condition k3 > kg yields multistationarity if additionally the Michaelis-Menten
constant for phosphorylation, K1 = 'QQT*'IF”"’, is large enough relative to that for the dephosphoryla-
tion, K9 = %4”6. Symmetrically, the condition kg > k3 requires Ky > K; for multistationarity
to arise.

We also show that if k3 = kg, then the network cannot display multistationarity, no matter
what the other parameters are. Therefore, any two points in each of the two sets above cannot
be joined by a continuous path inside the multistationarity region, as any such path should
cross at least one point where k3 = kg. Hence, the full multistationarity region cannot be path
connected: it has at least two path-connected components.

On the other hand, we show also in Section 6 that the multistationarity region of the reduced
network has at most two path-connected components using [18]. Hence, by Theorem 2.4, the
original network in Fig. 2(c) has at most two path-connected components as well.

Putting the two pieces together, we conclude that the multistationarity region has precisely
two connected components: one in which the catalytic rate of the phosphorylation step is larger
than the catalytic rate of dephosphorylation, that is k3 > kg, and the other where the inequality
is reversed kg > k3. The second region was missed in [17] as it is outside the regime where the
quasi-steady-state approximation employed there is valid.

To illustrate the type of switches that may arise from this system, we have considered the
reduced model (for which there are also two connected components), and selected two parameter
values a1, as in different path-connected components of the multistationarity region. The two
parameter values are identical except for the three parameters governing the dephosphorylation
event: k4, kg and the total amount of P, see Fig. 6. We choose the path through the two points,
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FIGURE 6. Input-output curves (bifurcation diagrams) for the reduced reciprocal al-
losteric regulation system in Fig. 2(c) (that is, with k2 = k5 = 0 for simplicity). The fol-
lowing parameters are fixed: k1 = 1,k3 =1, k7 =1, k8 = 1, kg = 1, k19 = 0.1, Loy = 72,
Kot = 62, Stor = 426. In (a)-(d), the bifurcation parameter ¢, which can be negative,
describes a path for (kq4, kg, Prot): B() = ((%)t (%)l_t ,10¢ (%)l_t 17t (%(7)7)14).
Subfigures (a)-(c) show the bifurcation diagrams for the concentration of Sp, K and L at
steady state. In the intervals with three steady states, the one in the middle is unstable.
Subfigure (d) shows the path in the three-dimensional space (K3, Piot,k6). The blue
regions indicate the region of the path that belongs to the multistationarity region, and
the displayed plane kg = 1 separates the two regions. Subfigures (e)-(f) show the mul-
tistationarity regions when we fix kg = 9.5 and kg = 0.195 respectively. These are two
slices of the two path-connected components, obtained by keeping only two free parameters.

which component-wise is given as 3(t); = aﬁ’iaé;t. At t = 0 the path is a1, while at ¢t = 1
it is ag. Fig. 6(a-c) shows bifurcation diagrams, where ¢ is the perturbed parameter, which
perturbs simultaneously Ko, kg and the total amount of P, and we display the logarithm of
the concentration of the phosphorylated substrate S,, kinase K and ligand L at steady state
respectively. Note that by the choice of path we have made, ¢ can take any real value, also
negative. For the three concentrations, we obtain saddle-node bifurcations: a usual switch for
larger values of ¢, while for smaller values of ¢, no hysteresis effect arises and the response curve
has two components. In panel (d) of Fig. 6 a path in the three dimensional parameter space
joining the two points is given. We see that the path enters and exists the multistationarity
region twice, corresponding to the two path-connected components. The shape of these two
components is displayed in Fig. 6(e-f) after slicing the three-dimensional space by fixing k¢ for
illustration purposes.

4. DISCUSSION

Determining topological properties of semi-algebraic sets, that is, sets described by polyno-
mial equalities and inequalities, is a highly complex problem that requires, for general sets,
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computationally expensive algorithms that scale poorly with the number of variables [15]. For
reaction networks with mass-action kinetics, the multistationarity region is a semi-algebraic set,
and hence its description might not be straightforward.

Here we presented an approach to determine a basic topological property of a set, namely its
connectivity. Non-connectivity of the multistationarity region may indicate different biological
mechanisms underlying the existence of multiple steady states, and additionally, may give the
cell the possibility to operate on complex switches as shown in Fig. 1. Our algorithm is to our
knowledge the first to address the problem of connectivity in an effective and conclusive way.
This is done by relying on linear programming and polyhedral geometry algorithms, rather than
on semi-algebraic approaches, which reduces dramatically the computational cost. Addition-
ally, our approach provides a symbolic proof of connectivity, and does not require numerical
approaches, which unavoidably cannot explore the whole parameter space.

Although our algorithm might terminate inconclusively, even if the multistationarity region
is path connected, we have shown that it is often applicable: for many motifs, the multistation-
arity region is connected because a strict separating hyperplane of the support of the critical
polynomial exists. This came as a surprise to us, and might indicate a hidden feature present in
realistic systems and brings up the question: What are the characteristics of the reaction net-
works from cell signaling that ensure that the support of the corresponding critical polynomial
has a strict separating hyperplane?

It would certainly be relevant to understand the answer to this question, to bypass finding
the critical polynomial, a step that is prohibitive for larger networks. This was illustrated with
the networks of phosphorylation cycles with several phosphorylation sites, which revealed the
computational boundaries of the algorithm. In several cases, the computation of the critical
polynomial was not possible on a common computer. However, it was possible to compute
the critical polynomial of the reduced network and still we were able to conclude that the
multistationarity region is path connected.

Despite covering many networks, the algorithm remains inconclusive for some relevant net-
works, where we cannot decide whether the multistationarity region is connected, meaning that
further investigations are required. For the m-site sequential and distributive systems, the pro-
jection of the multistationarity region onto the set of reaction rate constants is known to be
path connected for all m [53], and this makes us believe that the same holds for the full region.
In fact, based on the evidence gathered from the tested networks, we conjecture that if the
projection onto the set of reaction rate constants x is path connected, so is the multistationarity
region. This would provide an additional strategy to study connectivity, which in particular
might give a way to show that the fully weakly irreversible phosphorylation cycle studied in [4],
see Fig. 2(h), is indeed path connected.

For the network in Fig. 2(c), where the algorithm was inconclusive, the network had two
path-connected components. The strategy to show this was to combine knowledge about the
projection of the multistationarity region onto the set of reaction rate constants, and a bound
on the number of connected components of the reduced network found using ideas similar to
those in the proof of [18, Theorem 3.9]. This example opens up for new directions for counting
path-connected components and understanding underlying features of reaction networks where
the multistationarity region is disconnected. On one hand, it would be interesting to devise
algorithms that can assert that the multistationarity region is disconnected, and ideally, count
or give bounds on the number of path-connected components. On the other hand, one might
wonder what network characteristics might give rise to disconnected multistationarity regions.
For the reduced network of Fig. 2(c), the multistationarity region is no longer disconnected
after deleting a reaction or a species, so this network can be viewed as a minimal motif with
this property. A proper investigation of minimal networks with disconnected multistationarity
region would require a better understanding on how the connectivity of the multistationarity
region changes upon modifications on the network, in the spirit of Theorem 2.4.

We would like to point out that the proof of the key theorem, namely Theorem 2.2, is based on
relating the multistationarity region to the preimage of the negative real half-line by the critical
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polynomial. When a strict separating hyperplane of the support of the critical polynomial exists,
it is not only known that this preimage is path connected, but also that it is contractible [18,
Theorem 3.9]. This implies that all Betti numbers of the preimage set are zero. We conjecture
that when this is the case, the multistationarity region is contractible, and hence topologically
very simple (for example, it has no holes). However, this cannot be directly deduced by our
arguments in the proof of Theorem 2.2.

To conclude, we propose the application of our work in the design of synthetic circuits dis-
playing predefined switches. Indeed, by combining algorithms to determine multistationarity
with the study of the connectivity of the multistationarity region, one can systematically study
small networks and search for a desired input-output curve shape. This approach would adhere
to related work already done in this direction, e.g. [65, 66].

5. METHODS

We implemented Algorithm 2.5 in SageMath 9.2 [33]. A Jupyter notebook containing the
code can be found in the Supporting Information. The computations for the networks in Table
1 were run on a Windows 10 computer with Intel Core i5-10310U CPU @ 1.70GHz 2.21 GHz
processor and 8GB RAM.

In our implementation, each species is represented by a symbolic variable, and each reaction
is represented by a list containing two symbolic expressions in the variables. For example, to
run the code for the running example (1), one has to type:

X1,X2 = var(°X1,X27%)
species = [X1,X2]
reactions = [[X1,X2],[X2,X1], [2*X1+X2,3*X1]]
F = CheckConnectivity(species,reactions)
The output is given in the following format:
n=2
r=23
The reaction network is conservative.
There are no relevant boundary steady states.
1 =2
Number of positive coefficients: 3
Number of negative coefficients: 1
The support set has a strict separating hyperplane.
A1l the conditions are satisfied.
We conclude that the parameter region of multistationarity
is path connected.

Although we used SageMath to compute the extreme vectors, the same computation can also
be done with Polymake [67] (as a standalone [68] or as part of the Oscar project in Julia [69]).
These programs compute extreme vectors of arbitrary pointed cones. For open cones of the form
ker(N) NRZ,, there exist specific algorithms designed in the context of stoichiometric network
analysis and metabolic network analysis. See for example [70].

As discussed above, the bottleneck of Algorithm 2.5 is to compute the determinant of the
symbolic matrix M (h, ) in (13). In the tested examples, the Julia package SymbolicCRN.j1
[64] is more efficient in computing the symbolic determinant than our implementation using
SageMath. Using SymbolicCRN.jl, we were able to compute the critical polynomial for the
reduced MAPK cascade with three layers, which was not possible with SageMath. For the 4-site
phosphorylation networks in Table 1, we could not compute the critical polynomial using neither
Julia nor SageMath.

The parameter regions of multistationarity displayed in Fig. 6(e-f) are found using cylindrical
algebraic decomposition in Maple, using the command CellDecomposition from the packages
RootFinding[Parametric] and RegularChains.
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6. PROOF OF THE RESULTS

6.1. Convex parameters. In this subsection we show basic results on the flux cone, and
specially that positive combinations of extreme vectors of ker(N) NRZ, parametrize the positive
part of the cone.

Proposition 6.1. Let E € R"™¢ be a matriz of extreme vectors for the fluzx cone ker(N) N NP

(a) The relative interior of ker(N) NRL, equals {EX | A € R%,} and contains ker(N) NRZ,.
(b) ker(N)NRLy # 0 if and only if E does not have any zero row.
(c) If E does not have any zero row, then {EX | A € RE )} = ker(N) NRZ,.

Proof. (a) The first equality is proven in [71, Section XVIII, Theorem 1]. To show that ker(N)n
RZ, is included in {EX | A € R}, let v € ker(N) NRZ; and 1 € R? the vector with coordinates
equal to 1. By [32, Corollary 18.5.2], there exists A € Réo such that v = EX. Since all
coordinates of v are positive, it is possible to choose € > 0 such that EX — ¢E1 has positive
coordinates. Thus, E()\ — €1) belongs to the flux cone. Using [32, Corollary 18.5.2] again, there
exist p € Réo such that E()\ —€l) = Fu. By reordering, we have

v=EX=E(u+el)

where z1 + €1 € RY ;. This shows (a).
(b) Follows easily from the equality ker(N) "Ry = {EX | A € RKZO}.

(¢ oes not have a zero row, then € C ker N . Together with (a),
IfEd h h EX| A Rio ker(IN) NIRL,. T h ith
we obtain the equality of sets. O

Corollary 6.2. Let E € R™! be a matriz of extreme vectors for the fluz cone ker(N) N RZ,.
Recall the set V of steady states given in (6).

(a) If E does not have any zero row, then the convex parametrization map V: RZ, XRZ>0 -V
from (11) is surjective.
(b) If E has a zero row, then V = ().

Proof. First, we observe that for (x,x) € V the vector v, (z) lies in ker(N) NRL by (3). Now,
part (b) follows directly from Proposition 6.1(b). To show that ¥ is surjective, let (z,x) € V.
By Proposition 6.1(a), there exist A € R ) such that v,(z) = EX. By letting h = 1/, using
the definition of v, (x) in (3) and the definition of ¥, one easily sees that ¥(h,\) = (z, k), and
hence, (z, k) is in the image of ¥, concluding the proof. O

Lemma 6.3. Let (S,R) be a reaction network such that the last two reactions R,—1 and R, are
reverse to each other. Let (S,R) be the reduced network obtained by removing the reaction R,.
(a) The vector (0,...,0,1,1) € RL, is an extreme vector of the flux cone of (S,R).
(b) If v is an extreme vector of the fluz cone of (S,R), then (v,0) is an extreme vector of

the fluz cone of (S,R).

In particular, the flux cone of (S, R) has more extreme vectors than the flux cone of (5,7@)

Proof. Before starting the proof, we recall some definitions and statements. The support of a
vector u € R” is the set of indices where the vector is non-zero: supp(u) := {i € {1,...,r} |
u; # 0}. A vector u € ker(IN) NIRL, is said to have minimal support if for all w € ker(N) NR%,,
with supp(w) C supp(u) we have supp(w) = supp(u). A vector u € ker(N) NRZL, is an extreme
vector if and only if it has minimal support [72, Proposition 5], see also [73, Definition 1] and
[74, Proposition 5].

(a) Since the reactions R,_; and R, are reverse to each other, for the last two columns of N
it holds that N,_; = —N,, which implies

N(,...,0,1,1)T = N,_; + N, = 0.
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Thus, (0,...,0,1,1) belongs to the flux cone. If (0,...,0,1,1) did not have minimal support,
then (0,...,0,1) or (0,...,0,1,0) would be contained in the flux cone, but that would imply
that N, = 0 and N has a zero column, which cannot be the case.

(b) Let N e R™ (=1 denote the stoichiometric matrix of the reduced network and hence

N = (N Nr) € R™™ ", Since
v -
N <O> = Nv =0,

we have that (v,0) is contained in the flux cone of (S,R). To show that (v,0) is an extreme
vector, we show that it has minimal support. Let w € ker(N) NR%L, such that supp(w) C

supp((v,0)). Then w, = 0, and hence (w;...,w,_1) € ker(N) N R’"Zf)l. Since v is an ex-
treme vector of ker(N) N R;Bl and supp((ws ..., wy—1)) C supp(v), it follows that supp(w) =

supp((wy ..., wy—1)) = supp(v) = supp((v,0)). Hence (v, 0) has minimal support and is therefore
an extreme vector. O

6.2. Proof of Theorem 2.2. Theorem 2.2 is a direct consequence of two technical lemmas. To
state the lemmas, we use the notation of the main text, and additionally we write {2 C R, x R?
for the parameter region of multistationarity:

Q= {(k,c) e R,y x R | #(V. N P.NRL,) > 2}.
We will write ) as the image of a subset of V under the map
(19) 7V =Ry x RY, (z,k) — (k, W),

and then compare path-connected components. Recall that W is a matrix of conservation
relations.

By Theorem 2.1, 2 is closely related to the preimage of the negative real half-line under the
critical function given in (8) for a parametrization ®: D — V:

god:D— R
So we introduce the set:
(20) 0:=g '(Reo) N7 1(2) CV.

We summarize all the relevant functions that play a role in the proof of Theorem 2.2 in the
following diagram:

(gO @)_1(R<0) — (I)_l(@) — (gO (I))_l(Rgo) —— D

o o o \ )

9 (R<o) (j ‘ 97 (R<o) K
O RZ, x R4

We denote by by(X) the number of path-connected components of a set X C R¥ [75, Definition
3.3.7]. Note that X is path connected if and only if by(X) = 1.

Lemma 6.4. For a dissipative reaction network without relevant boundary steady states, it holds
that
m(©) = Q.
In particular, by(Q2) < by(O).
Proof. By definition of ©, we have 7(0) C Q. To show the reverse inclusion, consider (k, ¢) € Q.

All we need is to find a point (z*, k) such that n(z*, k) = (k,c) and g(z*,k) < 0. From the
definition of Vi in (5) and of P, in (4), it follows that

7 (K, c) = {(z%, k) €V | 2* € V. NP.NRY, L
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Since (k,c) enables multistationarity as it belongs to €, we have 7~ !(x,c) has at least two
elements and hence Theorem 2.1(A) cannot hold. It follows that 7~1(k,c) contains at least
one point where (z*, k) with g(z*, k) < 0. As by construction w(z*, k) = (k,c¢), we have the
inclusion.

The second part follows from the fact that continuous images of path connected sets are path
connected [75, Theorem 3.3.5]. O

Lemma 6.5. Consider a dissipative reaction network without relevant boundary steady states.
If the closure of (g o ®) 1 (R<o) equals (go ®)~H(R<), then

bo(©) < bo((g 0 @)™ (Reo)).

Proof. For all (z,k) € V with g(z,k) < 0, Theorem 2.1(B) gives that n(x,x) € Q. Thus, by
definition of O, it holds that

g '(Reo) €O C g ' (Rey).
By taking preimages under ®, it follows that
(g0 ®) ' (Reo) CP7H(O) C (90 @) (Reo)-

Since (go ®)~!(R<p) is the closure of (go ®) ' (R), every point n € ®~1(0) is contained in
the closure of (go ®)~}(R<g). Using the Curve Selecting Lemma [76], there exists a continuous
path

v:[0,1] - R™
such that 7(0) =7 and v((0,1)) € (go®) ' (R<p). Thus, there exists a continuous path between
n and one of the path-connected components of (g o ®)~'(R.g). Therefore, by(®1(0)) <
bo((g 0 @)~ (R<o))-

Since @ is surjective, it follows that ®(®~1(0)) = ©. Since a continuous image of a path
connected set is path connected [75, Theorem 3.3.5], we conclude that by(0©) < by(®~1(0)). O

6.3. Proof of Theorem 2.4. To prove Theorem 2.4, we need to show that under the hypotheses
of the theorem, we have 3

bo(©) < bol((7 0 B) " (Rey)).
The proof is based on inductive application of the following statement.

Proposition 6.6. Let (S,R) be a conservative reaction network without relevant boundary
steady states. Assume that the species X,, participates in exactly 3 reactions of the form

Kr—1 .
X1+ Fan 1 Xn g ==X, T X 4+ by 1 X1
Ry
Let (5'77@) denote the reduced network obtained by removing the reaction corresponding to kK,

and © denote the set in (20) for (S,R). It holds that

bp(©) < by(O).
Proof. For every object corresponding to a network, we write ~ to indicate that it corresponds
to the reduced network, e.g. the reaction rate constants in the reduced network are denoted by
RiyeveyRp_1. _

As in the proof of Lemma 6.3, the stoichiometric matrices N and N satisfy N,_1 = —N,,
Nj = Nj for j =1,...,r — 1, and tk(N) = rk(N). Recall that W € R¥" is a row reduced full
rank matrix such that WN = 0. It follows that WN = 0, so W is a matrix of conservation
relations for (S, R) and we use this matrix in the definition of 7, analogously to (19). Using (9),
we also have that (S,R) is conservative if and only if (S, R) is conservative.

Following the proof of [77, Prop. 1] we introduce the maps:

r—1

. T
n: RYy — RLG, k= (K, ..

Rr—1
-y Kr—2, FortFor—2 )7

~ . pr—1 r—1 ~ Fre1
7)~R>0 —>R>O ’ KH(K17.”’KT_2’ET,2)'
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For z € R™, let 2% = z{* --- 20" where a = (ay,...,a,-1,0).

We start by relating the steady states of the two networks under the hypothesis that n(x) =
7(k). Recall that (k,c) € Q if and only if the equation system

(21) fu(z) = Nvg(z) =0, Wx=c

has at least two positive solutions. Redundant linear relations among the equations fi(z) =0
arise from linear dependencies of the rows of N. To remove these redundancies, we consider
I = {i1,...,iq} to be the set of indices of the first non-zero coordinates of each row of W,
i1 < --- <iq. Forall j =1,...,d, we replace the i;th row of f.(x) by the jth row of Wz — c.
If we denote the resulting function by hy.(z), then z* € RZ is a solution of (21) if and only
if hyc(z*) = 0 holds. Thus, the parameter pair (k,c) enables multistationarity if and only if
hi.c(x) = 0 has at least two positive solutions.
Since z,, appears linearly in hy .(z), there exist vectors z(k),v(x, k) such that

(22) hye(w) = <(Hrzgfze,«_z)> ot <:£iz‘)l> '

Specifically:
ifi= ij el: Zi(lﬁi) = Wj’n, U,-(x, KZ) =—¢ + Wj71$1 + -4 ij_la:'n_l,
ifie{l,...,n—=1}\1: 2zi(k)=kra; + Kr_2b;, vi(x, k) = —Kr_10;2% + ui(z, K),

where u(z, £) is chosen such that (22) holds.
We define hi .(x) analogously for the reduced network and write

et = (20 Vs (75,),

which under the assumption that n(x) = (&), we have

ifi=i;el: Zi(R) = zi(r), iz, k) = vi(x, k),
ifie{l,...,n—=1}\1: Zi(R) = Ryp_ab, Ui(x,R) = —Rr_10;2% + ui(z, R)
It then holds that
(23) el (k)2 + v(x, k) = ZELE(R)2® 4 0(x, ).

For ¢ € I, it is straightforward to see that this equality holds. If 7 ¢ I, then the equation reduces
to the equality

Kr—2(b; —a;) = Z::; Rr—2(bi — a;)

Rr—1
Kr+Kr—2

Kr—1
Kr+Rr—2

(Kra; + Kp—2b;) — Kp—1a; =
= Kp—1b; — Rp—105.
With this in place, consider the matrices

Id,_ 2(x) 5 d, , 2
B(k) = ( 0 ! for+ir—2 ), and B(g) = (dO ! T I

Kr+Kr—2

where Id,,_ is the identity matrix of size n — 1. Using (23), we have

z(k)
(24) B(s)hne(z) = (Idn—l Rty 2 ) (_( 2(K)zy + v(z, K) ) _

a
_ Ky + Kp—2)Tp + Kr—12
0 T r2)n r—1

(Nr’fﬂ”;:zz(n)gi—i- e, n)> _ <Z(I€)x + 17(9@,@) — B(R)hs ().
T, — Zr=l pa ’

Kr+Kr—2 Tn = &,

Since the matrices B(k) and B(R) are invertible, it follows from (24) that every positive solution
of hyc(xz) = 0 is a solution of hz(x) = 0. In particular, the reduced network does not have
relevant boundary steady states.
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Additionally, since s = §, and the Jacobian of hy.(z) is precisely the matrix My(z) (and
analogous for the reduced network), taking the Jacobian and determinant of both sides of (24)
yields:

(25) -

KT+}.§T729($7 H) = - RT{Q.Q(:E’ l%)

Since ki, kir—2, Ry—2 > 0, it follows that g(z, x) and g(z, &) have the same sign if n(x) = ().
Finally, we can easily see that for (z*, k) € V and (z*,k) € V with n(x) = (&) the following
holds:

(26) m(z*, k) € Q if and only if 7(z* &) € Q.

For the forward implication, if 7(z* k) € 2, then by definition, the parameter pair (k,c)
with ¢ = Wz* enables multistationarity, that is h. .(x) = 0 has at least two positive solutions.
Hence so does hio(z) = 0, and (&,c) = 7(z*, &) € Q. The reverse implication of (26) follows
analogously.

With these preliminaries in place, consider the maps

F:V = R x R (2, ) = ((x1, ., Tp-1),n(K)),
PV o R xR (&, 7) = (1, - En1), 71(R))-

By considering the steady state equation of X,,, for (z,x) € V and (&, &) € V the nth coordinate
is uniquely determined by the rest of the coordinates, that is:

_ Rr—1 a ~ Rr—1 ~a
(27) Tn = 5T Tp =z, 7"

This implies that

r=2a

(28) F(z,k) = F(%,k) & {U(’f) _ AR,

Additionally, the restriction of F to a fixed k or of F to a fixed & are injective functions.

Now, the first step towards the proof of the theorem is to show that © satisfies

(29) 0 = F(F(0)).

To show the inclusion C, let (z,x) € ©® C V. By the definition of © in (20), it holds 7(z, k) € Q
and g(x,x) < 0. Since 7 is surjective, there exists & € ]R;Bl such that n(k) = 7(k). As
(z,k) € V, we have (x,%) € V by (24), and hence 7(z, &) € Q by (26). Now (25) implies also
that §(x, %) < 0, thus (x, %) € © by definition. As F(z, ) = F(z, %), the inclusion C follows.

For the reverse inclusion D, let (z,x) € F~!(F(0)). Then there exists (%,%) € © such that
F(x,k) = F(& k). By (28) it follows that 2 = Z and n(x) = (k). We now use (26) and (25)
again, to show that (z,k) € ©.

From (29) follows that F(xz,x) € F(0) for all (x,x) € ©. As a next step of the proof, we
show that there exists a continuous path between any two points (z, k), (z/,x") € ©, if F(z, k)
and F'(2/, k') lie in the same path-connected component of F(0©). So let

v [0,1] = RLGE X RE, £ (y(1), o))

be a continuous path such that v(0) = F(z, ), v(1) = F(2/,s') and im~y C F(6). We now
extend 7 to a path in RZj x RL by defining

I':[0,1] = RY, x Ry,

t s ((y(t), a1 (Oy(®)), (@1(t), - -, Ao (t), ap 1 () (r + ara(t)), KT)).
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Here &, is fixed, and is the last component of the original parameter vector . Using v(0) =
F(x,k), that is, y(0) = (z1,...,2,—1) and «(0) = n(k), and the recovery property of the nth
coordinate (27), we have

r0) = ((a:l,...,a:n_l, KT.’I;:721'“)’ (K1, ., Kr_2, . _;H: ~(Kr + Kr—2), /-zr)> = (z, k).
Furthermore, imI' C F~(F(0©)) = O, since for all ¢ € [0, 1]:
(30)  FO0) = (y0), (0a(t),..., cpa(t), ellietecs®ly) — (1) € ().

We have now connected 7(0) to the point I'(1) via a continuous path in ©. We now construct
a continuous path between I'(1) and (2, ') in ©. First note that by (30),

F(T(1)) =~(1) = F(a', ).
Thus, both I'(1) and (2/, k') are contained in the set F~1(y(1)), which is

{(#. (ks e i (B4 7 5),8)) | 8 € Roo .
Since this set is path connected, there exists a continuous path
A [0,1] = FH(y(1))

such that A(0) = I'(1) and A(1) = (2/,x"). This path is contained in © = F~Y(F(©)), since
F(A(t)) =~(1) € F(©) for all t € [0,1].

To finish the proof of the proposition, let Uy, ..., U, be the path-connected components of
O and let U1, ..., U, be the path-connected components of ©. Since a continuous image of a
path connected set is path connected, F(07), ..., F (U,;) are path connected. Moreover, from
6 = U,U; follows that F(0) = U;F(U;).

If k& > k, then there must exist j € {1,. 12:} and i1 # iz € {1,...,k} and (z,K) €
Ui,, (2, k") € U, such that F(z, k), F(a/, ) € F(Uj). By the above argument, there ex-
ist a continuous path between (z,x) and ( K. ThlS contradicts that iy # i9. Therefore,
bo(©) = k < k = by(©) as desired. O

Proof of Theorem 2.4. We conclude the proof of Theorem 2.4 using Proposition 6.6. For i =
1,...k, let (S;,C;) denote the reaction network obtained by removing the reverse reactions
corresponding to j = 1,...,i. Furthermore, let O, be the set corresponding to the network
(8i,C;) as defined in (20).

Since the closure of (§o ®)~'(Rg) equals (§o ®)~*(R<),

bo(Or) < bo((g 0 @)~} (R<o))
by Lemma 6.5. Applying Proposition 6.6 inductively, one has that
bo(©) < bo(O1) < -+ < bo(Op).

Now, we use Lemma 6.4 to conclude that the multistationarity region € of the network (S,R)
satisfies:

bo(€2) < bo((§o @) (Rep)).
O

6.4. Number of path-connected components of the multistationarity region for Fig. 2(c).
We aim at showing that the multistationarity region  of the network in Fig. 2(c) has exactly
two path-connected components. We do this in two steps. First, we show that by(Q2) > 2, and
then that by(2) < 2, giving the equality.
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Showing that by(2) > 2. We choose the order of species S, Sy, K, P, KL, PL,SKL, S,P, L,
giving the following stoichiometric matrix, and choice of matrix of conservation relations:

-1 1 0o 0 O 1 o 0 0 0]
o 0 1 -1 1 0 0 0 0 O
o 0 o0 o0 0O 0 -1 1 0 o0
o 0 o0 -1 1 1 0 0 -1 1
N=|(-1 1 1 0 0 0 1 -1 0 0],
o 0 o o O 0 o0 o0 1 -1
1 -1 -1 0 O O O 0 0 O
o 0 0O 1 -1 -1 0 0 0 O
i 0 0 0 0 0 0 -1 1 -1 1|
1 1.0 0001 10
001010100
W*000101010
00001 1101

The network is conservative, consistent, and has no relevant boundary steady states (deter-
mined using the siphon criterion). Solving the steady states equations for xq, xg, 7, T3, X9 gives
that any positive steady state satisfies

(k5 + Kg)K1K3Z1T5 KgKoX4xs K1X1T5 K1K3T1T5 K85
Ty = Tg = ——M— €T = rTg = ———M—— =

) 6 3 7 ) 8 ) Z9 .
k(K2 + K3)KaTy K7K10T3 K2 + K3 ke(k2 + K3) K7Z3

It is convenient to introduce the Michaelis-Menten constants of the two enzymatic processes of
the network:

K2 + K3 K5 + Kg
Ki=——  Ky=—-—.
K1 R4

With this notation, and by letting & be the vector of free variables, that is & = z1,& = 3,83 =
r4,&4 = x5, we obtain the parametrization ®: R% ) x RI% — V given by

k3Ka€164 kgkolsla §184 K314 ﬁ8§4>

q) k) = ) ) ) ) ) Yy 1o 9 ) .
&5) (51 kK13 $ s &t krkio§a K1 keK1 ' Kréo

The critical function g o ® is a quotient of polynomials with denominator Kjkerk7€5€3, and
numerator a multiple of k1k4. Since these expressions are positive for all positive ¢ and &, the
sign of (go ®)(&, k) depends only on the sign of the numerator divided by k14, which we denote
by pi(€). If we view p,(€) as a polynomial in &1, &, &3, &4, then there are two monomials £;€3€3¢4
and &1€2£3€2 with coefficients

kekthgko K1 (ke — K3), and kaktkgkoKa (K3 — Kg).

The coefficient of the other monomials of p,(§) are sums of products of the parameters, and
are positive. Thus, the value of the critical function (g o ®)(¢, k) is positive for all £ € RY if
k3 = kg. Now, one can apply part A of Theorem 2.1 to conclude that (k,c¢) does not enable
multistationarity if k3 = kg.

As indicated in the main text, it is enough to show now that in the cases k3 < kg and k3 > Kg,
the network can be multistationary. We show it is possible to choose K1, Ko, k1, K4, K7, K8, K9, K10
such that the polynomial p,(§) takes negative values for some £ € Rio. To this end, we need
to employ some standard techniques relating the signs a polynomial attains and its Newton
polytope, and refer the reader for example to [49, Section 2.2]. Since the negative monomials of
pr (&) are contained in a face of the Newton polytope of p,(§), it is enough to show that p,(§)
restricted to that face takes negative values. The restricted polynomial is given by k1k7&1€2
times

(&) =6 K185 (Kerrr1083 + Ksko (ke — K3)€als + Kekgko€sa)
+ kg Ko&3 (kgkrr10€3 + Ksko(ks — Ke)E2€s + Kakskolsés).

This is a polynomial with exactly one negative coefficient, for any choice of k3 # kg.
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If kg — k3 < 0, by choosing Ks very small (or K; large), the polynomial multiplying K;
determines the sign of ¢.(§). By letting & = 1,&3 = 5%1’ the polynomial multiplying rgK;&2
becomes

Kek7k10 + Kk (ke — K3)Ea + Kekgho.
Hence, for any {4 > 0 large enough, this polynomial is negative, and so is ¢.(&). Therefore,
pr (&) also attains negative values.

If k3 — kg < 0, all we need to do is to let K1 be small enough, or K5 large enough and repeat
the argument. We conclude that by(€2) > 2.

Showing that by(Q2) < 2. We now apply Theorem 2.4 to the reduced network:

S+ KL % SKL % S, + KL, K+L <= KL
K8
S, +P 2% 8,P 5S4 P, P+ L= PL.

K10

A matrix of extreme vectors is

—F—mocococo oo
corRr~RoOoOoO
OOOOHH!—‘I—‘I

The critical polynomial § o ® in the variables (A1, A2, A3, i1, ..., hg) has 2 negative monomials
corresponding to the exponents
B :=(1,1,3,0,1,0,1,1,0,1,0,1), B:=(1,1,3,1,0,0,1,1,0,0,1,1),

and it has 42 monomials with positive coefficients.
In the following, we write

(o (i))(y) = _Cﬁ1yﬁ1 - CﬁzyBQ + Z cay®s
a€oy (jod)

denotes the set of positive monomials and ¢, are all positive. For the vector

where o4 (§ o ®)
0,0,0,2,2,0,0,0,2) it holds that

v = (=6,0,0,

v-p1 =0, v- B2 =0,
(31) v-a <0, forall a€ oy (jo®),

where for exactly two monomials ay,as € o4 (§ o ®) there is equality in (31). Define the
polynomial
h(y) — Calym + ca2ya2 _ cﬁly& B2
Using [18, Corollary 3.13], it follows that by(h~!(R<)) < 2.
The next step is to show that by((§ o @)~ (R<g)) < bo(h~'(R<p)). First, we observe that

(§0®)(y) > h(y) for all y € R12 and hence
(32) (70 ®) (Reo) € b (Reo).

Y

If y,/ € (§o®)~'(R<g) belong to the same path-connected component of h=1(Rs), then we
build a path between y and y' contained in (§o ®)~!(Rg) as follows. Since y and y' lie in the
same path-connected component of h~1(Rq), by (32) there exists a continuous path

7:[0,1] = A (Reo)
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/

such that v(0) = y, v(1) = y’. Note that the image of v is not necessarily contained in

(G0 ®) " (Reo)-
For each s € [0,1], we define the function fs: Rsg — h™1(R.g) as

F0) = o BI(5) o 1) =~ 7 (M ()2 4 ean(s)
a€ot (§od)

= h(v(s)) + ps(1),

where y(s) o t? = (y1(8)t", ..., v12(5)t"12), and from (31) p,(t) is a sum of generalized mono-
mials in ¢ with all exponents negative and all coefficients positive. Hence the leading coefficient
of fs(t) is h(7(s)) < 0, all the other coefficients of f5(¢) are positive, and f5(¢) has a unique pos-
itive real root Ty > 0. Since the roots of a polynomial depend continuously on the coefficients,
Ts depends continuously on s. Therefore, 1" := max,¢[g,1) T exists.

For each s € [0,1] and to > max{1, T} it holds that (§o ®)(v(s) oty) = fs(to) < 0. Using this
observation, we define the path:

[:0,1] = (Go®) ' (Rep), s> 7(s)otl.

Now, we connect the points y,'(0), and y',T'(1) using respectively the paths:

m: (1 to] = (G0 @) (Reo) Y21 [Lto] = (50 @) (Reo)
t—yot’ t— gy ot

Indeed, 71(1) =yol” =y, y1(to) =yoty =~(0) oty =I'(0), and the image of ; is contained
in (§o®) " (Rep), as (jo®)(yot) is negative at t = 1, has negative leading coefficient, and has
at most one positive real root. The analogous argument shows that v, connects ¢’ and T'(1) in
(50®) ' (Rep). )

The concatenated path 5 1T 41 gives a continuous path from y, 3’ contained in (Go®) ™' (R).
We conclude that the number of path-connected components of (§ o ®)~!(R) is less or equal
than the number of path-connected components of h™!'(R.g). Hence the inequality bo((§ o
&)™ (R<o)) < bo(h™*(Rx0)) holds.

This worked for the reduced network. In order to lift the result to the original network, we
need to verify the extra condition of Theorem 2.4, namely that the closure of (§o ®)~!(R-g)
is (70 ®)"!1(R<g). To see this, it is enough to show that the gradient V(g o ®)(y) is different
from zero for all y € R1%. Since the sixth entry of both 81 and (; are zero and the exponent
(1,1,3,1,1,1,1,0,0,1,0,0) corresponds to a positive monomial of §o ®, the last entry of V(§o

®)(y) cannot be zero. Using Theorem 2.4 we conclude that:
bo(€2) < bo((g0 @)~ (R<o)) < bo(h™(R<o)) <2

as desired.

7. SUPPORTING INFORMATION

An accompanying Jupyter notebook contains the code of the algorithm, written in SageMath
9.2 [33].

ACKNOWLEDGMENTS

We thank Sebastian Manecke and Oskar Henriksson for useful discussions about extreme
vectors, and Carsten Wiuf for comments on the manuscript. The authors acknowledge funding
from the Independent Research Fund of Denmark.



CONNECTIVITY OF THE PARAMETER REGION OF MULTISTATIONARITY 31

REFERENCES

[1] Ozbudak EM, Thattai M, Lim HN, Shraiman BI, van Oudenaarden A. Multistability in
the lactose utilization network of Escherichia coli. Nature. 2004;427:737-740.

[2] Laurent M, Kellershohn N. Multistability: a major means of differentiation and evolution
in biological systems. Trends Biochem Sci. 1999;24(11):418-22.

[3] Tyson JJ, Chen KC, Novak B. Sniffers, buzzers, toggles and blinkers: dynamics of regulatory
and signaling pathways in the cell. Curr Opin Cell Biol. 2003;15:221-231.

[4] Nam KM, Gyori BM, Amethyst SV, Bates DJ, Gunawardena J. Robustness and parameter
geography in post-translational modification systems. Plos Comput Biol. 2020;16(5):1-50.
doi:10.1371/journal.pcbi.1007573.

[5] Feinberg M. Complex Balancing in General Kinetic Systems. Arch Rational Mech Anal.
1972;49:187-194.

[6] Horn FIM, Jackson R. General mass action kinetics. Arch Rational Mech Anal. 1972;47:81—
116.

[7] Joshi B, Shiu A. A survey of methods for deciding whether a reaction network is multista-
tionary. Math Model Nat Phenom. 2015;10(5):47-67. do0i:10.1051/mmnp/201510504.

[8] Feliu E, Sadeghimanesh A. Kac-Rice formulas and the number of solutions of parametrized
systems of polynomial equations. Mathematics of Computation. 2022;91:2739-2769.

[9] Conradi C, Feliu E, Mincheva M, Wiuf C. Identifying parameter regions for multistation-
arity. Plos Comput Biol. 2017;13(10):1-25.

[10] Bihan F, Dickenstein A, Giaroli M. Sign conditions for the existence of at least
one positive solution of a sparse polynomial system. Adv Math. 2020;375:107412.
d0i:10.1016/j.a2im.2020.107412.

[11] Conradi C, Iosif A, Kahle T. Multistationarity in the space of total concentrations for
systems that admit a monomial parametrization. Bull Math Biol. 2019;81(10):4174-4209.
d0i:10.1007/s11538-019-00639-4.

[12] Otero-Muras I, Banga JR, Alonso AA. Characterizing Multistationarity
Regimes in Biochemical Reaction Networks. PLoS ONE. 2012;7(7):e39194.
doi:10.1371 /journal.pone.0039194.t003.

[13] Bradford R, Davenport JH, England M, Errami H, Gerdt V, Grigoriev D, et al. Identifying
the parametric occurrence of multiple steady states for some biological networks. J Symb
Comput. 2020;98:84-119. doi:https://doi.org/10.1016/j.jsc.2019.07.008.

[14] Conradi C, Mincheva M. Catalytic constants enable the emergence of bistability in dual
phosphorylation. J R S Interface. 2014;11(95). doi:10.1098/rsif.2014.0158.

[15] Basu S, Pollack R, Roy MF. Algorithms in Real Algebraic Geometry (Algorithms and
Computation in Mathematics). Springer-Verlag; 2006.

[16] Benedetti R, Loeser F, Risler JJ. Bounding the number of connected components of a real
algebraic set. Discrete Comput Geom. 1991;6(3):191-209. doi:10.1007/BF02574685.

[17] Straube R, Conradi C. Reciprocal enzyme regulation as a source of bistability in covalent
modification cycles. J Theor Biol. 2013;330:56-74.

[18] Feliu E, Telek ML. On generalizing Descartes’ rule of signs to hypersurfaces. Adv Math.
2022;408(A).

[19] Tang X, Xu H. Multistability of Small Reaction Networks. SIAM J Appl Dyn Syst.
2021;20(2):608-635. doi:10.1137/20M1358761.

[20] Vol'pert AL Differential equations on graphs. Math USSR Sb. 1972;17(4):571-582.

[21] Ben-Israel A. Notes on linear inequalities, I: The intersection of the nonnegative orthant
with complementary orthogonal subspaces. J Math Anal Appl. 1964;9(2):303-314.

[22] Dickenstein A, Millin MP, Shiu A, Tang X. Multistationarity in Structured Reaction
Networks. Bull Math Biol. 2019;81:1527-1581.

[23] Angeli D, Sontag E. A Petri Net approach to the study of persistence in chemical reaction
networks. Math Biosci. 2008;210:598-618. do0i:10.1016/j.mbs.2007.07.003.



32 MATE L. TELEK AND ELISENDA FELIU

[24] Banaji M. Counting chemical reaction networks with NAUTY. arXiv 2017;1705.10820.
d0i:10.48550/arXiv.1705.10820.

[25] Marcondes de Freitas M, Feliu E, Wiuf C. Intermediates, catalysts, persistence, and bound-
ary steady states. J Math Biol. 2017;74:887-932.

[26] Shiu A, Sturmfels B.  Siphons in chemical reaction networks. Bull Math Biol.
2010;72(6):1448-1463.

[27] Clarke BL. In: Stability of Complex Reaction Networks. John Wiley and Sons, Ltd; 1980.
p. 1-215.

[28] Conradi C, Feliu E, Mincheva M. On the existence of Hopf bifurcations in the sequential
and distributive double phosphorylation cycle. Math Biosci Eng. 2020;17(1):494-513.

[29] Errami H, Eiswirth M, Grigoriev D, Seiler W, Sturm T, Weber A. Detection of Hopf
Bifurcations in Chemical Reaction Networks Using Convex Coordinates. J Comput Phys.
2015;291:279-302.

[30] Domijan M, Kirkilionis M. Bistability and oscillations in chemical reaction networks. J
Math Biol. 2009;59:467-501. doi:10.1007/s00285-008-0234-7.

[31] Errami H, Eiswirth M, Grigoriev D, Seiler WM, Sturm T, Weber A. Detection of Hopf
bifurcations in chemical reaction networks using convex coordinates. J Comput Phys.
2015;291:279 — 302. do0i:10.1016/j.jcp.2015.02.050.

[32] Rockafellar RT. Convex analysis. Princeton University Press; 1972.

[33] The Sage Developers. SageMath, the Sage Mathematics Software System (Version 9.2);
2021.

[34] Maplesoft, a division of Waterloo Maple Inc. Maple; 2021. https://www.maplesoft.com.

[35] Pérez Millan M, Dickenstein A, Shiu A, Conradi C. Chemical Reaction Systems with Toric
Steady States. Bull Math Biol. 2012;74:1027-1065.

[36] Thomson M, Gunawardena J. The rational parameterisation theorem for multisite post-
translational modification systems. J Theor Biol. 2009;261(4):626—636.

[37] Basu S. Algorithms in Real Algebraic Geometry: A Survey. Panor Syntheses. 2017;51:107—
153.

[38] Feliu E, Wiuf C. Enzyme-sharing as a cause of multi-stationarity in signalling systems. J
Roy Soc Interface. 2012;9(71):1224-1232.

[39] Slepchenko BM, Terasaki M. Cyclin aggregation and robustness of bio-switching. Mol Biol
Cell. 2003;14(11):4695-4706.

[40] Tyson JJ, Chen K, Novak B. Network dynamics and cell physiology. Nat Rev Mol Cell
Biol. 2001;2(12):908-916.

[41] Kothamachu VB, Feliu E, Cardelli L, Soyer OS. Unlimited multistability and Boolean logic
in microbial signalling. J Roy Soc Interface. 2015;12(108):215-234.

[42] Salazar C, Hofer T. Multisite protein phosphorylation—from molecular mechanisms to ki-
netic models. FEBS J. 2009;276(12):3177-3198.

[43] Thomson M, Gunawardena J. Unlimited multistability in multisite phosphorylation sys-
tems. Nature. 2009;406:274-277.

[44] Wang L, Sontag ED. On the number of steady states in a multiple futile cycle. J Math
Biol. 2008;57:29-52.

[45] Giaroli M, Rischter R, Pérez Milldén M, Dickenstein A. Parameter regions that give rise to
2[n/2] +1 positive steady states in the n-site phosphorylation system. Math Biosci Eng.
2019;16(6):7589-7615.

[46] Conradi C, Flockerzi D, Raisch J. Multistationarity in the activation of a MAPK:
parametrizing the relevant region in parameter space. Math Biosc. 2008;211(1):105-131.

[47] Feliu E, Rendall AD, Wiuf C. A proof of unlimited multistability for phosphorylation cycles.
Nonlinearity. 2020;33(11):5629-5658. doi:10.1088/1361-6544/ab9ale.

[48] Flockerzi D, Holstein K, Conradi C. N-site Phosphorylation Systems with 2N-1 Steady
States. Bull Math Biol. 2014;76(8):1892-1916. do0i:10.1007/s11538-014-9984-0.

[49] Feliu E, Kaihnsa N, de Wolff T, Yiirtick O. The Kinetic Space of Multistationarity in Dual
Phosphorylation. J Dyn Differ Equ. 2022;34:825-852.



CONNECTIVITY OF THE PARAMETER REGION OF MULTISTATIONARITY 33

[50] Gunawardena J. Distributivity and processivity in multisite phosphorylation can be distin-
guished through steady-state invariants. Biophys J. 2007;93:3828-3834.

[61] Gunawardena J. Multisite protein phosphorylation makes a good threshold but can be a
poor switch. Proc Natl Acad Sci USA. 2005;102:14617-14622.

[52] Bihan F, Dickenstein A, Giaroli M. Sign conditions for the existence of at least
one positive solution of a sparse polynomial system. Adv Math. 2020;375:107412.
d0i:10.1016/j.a2im.2020.107412.

[563] Feliu E, Kaihnsa N, de Wolff T, Yiiriik O. Parameter region for multistationarity in n—site
phosphorylation networks. SIAM J Appl Dyn Syst. 2023;To appear.

[54] Cohen P. The regulation of protein function by multisite phosphorylation—a 25 year update.
Trends Biochem Sci. 2000;25(12):596-601.

[65] Xiao L, Gong LL, Yuan D, Deng M, Zeng XM, Chen LL, et al. Protein phosphatase-1
regulates Aktl signal transduction pathway to control gene expression, cell survival and
differentiation. Cell Death Differ. 2010;17(9):1448-1462.

[66] Markevich NI, Hoek JB, Kholodenko BN. Signaling switches and bistability arising from
multisite phosphorylation in protein kinase cascades. J Cell Biol. 2004;164:353-359.

[57] Zhao Y, Zhang ZY. The mechanism of dephosphorylation of extracellular signal-
regulated kinase 2 by mitogen-activated protein kinase phosphatase 3. J Biol Chem.
2001;276(34):32382-32391.

[68] Shaul YD, Seger R. The MEK/ERK cascade: From signaling specificity to diverse functions.
BBA-Mol Cell Res. 2007;1773(8):1213-1226. doi:10.1016/j.bbamcr.2006.10.005.

[59] Futran AS, Link AJ, Seger R, Shvartsman SY. ERK as a model for systems biology of
enzyme kinetics in cells. Curr Biol. 2013;23(21):R972-R979.

[60] Rubinstein BY, Mattingly HH, Berezhkovskii AM, Shvartsman SY. Long-term dynamics
of multisite phosphorylation. Mol Biol Cell. 2016;27(14):2331-2340.

[61] Obatake N, Shiu A, Tang X, A T. Oscillations and bistability in a model of ERK regulation.
J Math Biol. 2019;79:1515-1549.

[62] Conradi C, Obatake N, Shiu A, Tang X. Dynamics of ERK regulation in the processive
limit. J Math Biol. 2021;82(32). doi:10.1007/s00285-021-01574-6.

[63] Huang CY, Ferrell JE. Ultrasensitivity in the mitogen-activated protein kinase cascade.
Proc Natl Acad Sci USA. 1996;93:10078-10083.

[64] Brustenga L. Package “SymbolicCRN.j1” for reaction networks in Julia; 2021. Available
from: https://github.com/LauraBMo/SymbolicCRN. j1.

[65] Leon M, Woods ML, Fedorec AJ, Barnes CP. A computational method for the inves-
tigation of multistable systems and its application to genetic switches. BMC Syst Biol.
2016;10(1):130.

[66] Otero-Muras I, Banga JR. Multicriteria global optimization for biocircuit design. BMC
Syst Biol. 2014;8(1):113. do0i:10.1186/s12918-014-0113-3.

[67] Gawrilow E, Joswig M. Polymake: a framework for analyzing convex polytopes. In:
Polytopes—combinatorics and computation (Oberwolfach, 1997). vol. 29 of DMV Sem.
Birkhauser, Basel; 2000. p. 43-73.

[68] Polymake; Available from: https://polymake.org.

[69] The Oscar Computer Algebra System for Julia; Available from: https://oscar.
computeralgebra.de/.

[70] Klapper I, Szyld DB, Zhao K. Metabolic Networks, Elementary Flux Modes, and Polyhedral
Cones. Philadelphia, PA: Society for Industrial and Applied Mathematics; 2021. Available
from: https://epubs.siam.org/doi/abs/10.1137/1.9781611976533.

[71] Gerstenhaber M. Theory of convex polyhedral cones. In: Koopmans TC, editor. Activity
analysis of production and allocation. Wiley; 1951. p. 298-317.

[72] Miiller S, Regensburger G. Elementary Vectors and Conformal Sums in Polyhedral Geom-
etry and their Relevance for Metabolic Pathway Analysis. Front Genet. 2016;7:90.

[73] Gagneur J, Klamt S. Computation of elementary modes: A unifying framework and the
new binary approach. BMC bioinform. 2004;5:175. doi:10.1186/1471-2105-5-175.



34 MATE L. TELEK AND ELISENDA FELIU

[74] Fukuda K, Prodon A. Double description method revisited. In: Deza M, Euler R, Manous-
sakis I, editors. Combinatorics and Computer Science. Berlin, Heidelberg: Springer Berlin
Heidelberg; 1996. p. 91-111.

[75] Singh TB. Introduction to Topology. Springer Singapore; 2019.

[76] Lojasiewicz S.  On semi-analytic and subanalytic geometry. Banach Cent Publ.
1995;34(1):89-104.

[77] Feliu E, Wiuf C. Simplifying biochemical models with intermediate species. J R Soc
Interface. 2013;10(87):20130484. doi:10.1098/rsif.2013.0484.

DEPARTMENT OF MATHEMATICAL SCIENCES, UNIVERSITY OF COPENHAGEN, UNIVERSITETSPARKEN 5, 2100
COPENHAGEN, DENMARK
Email address: mlt@math.ku.dk

DEPARTMENT OF MATHEMATICAL SCIENCES, UNIVERSITY OF COPENHAGEN, UNIVERSITETSPARKEN 5, 2100
COPENHAGEN, DENMARK
Email address: efeliu@math.ku.dk



11

Connectivity of Parameter Regions of
Multistationarity for Multisite
Phosphorylation Networks

Nidhi Kaihnsa
Department of Mathematical Sciences
University of Copenhagen

Maté L. Telek
Department of Mathematical Sciences
University of Copenhagen

Publication details

Submitted (2024)
Available on arXiv: https://doi.org/10.48550/arXiv.2403.16556

97






CONNECTIVITY OF PARAMETER REGIONS OF MULTISTATIONARITY
FOR MULTISITE PHOSPHORYLATION NETWORKS

NIDHI KATHNSA AND MATE L. TELEK

ABSTRACT. The parameter region of multistationarity of a reaction network contains all the pa-
rameters for which the associated dynamical system exhibits multiple steady states. Describing
this region is challenging and remains an active area of research. In this paper, we concentrate on
two biologically relevant families of reaction networks that model multisite phosphorylation and
dephosphorylation of a substrate at n sites. For small values of n, it had previously been shown
that the parameter region of multistationarity is connected. Here, we extend these results and
provide a proof that applies to all values of n. Our techniques are based on the study of the critical
polynomial associated with these reaction networks together with polyhedral geometric conditions
of the signed support of this polynomial.

Keywords: phosphorylation networks, connectivity, Newton polytope, Gale duality, signed sup-
port
2020 MSC: 92xx, 52Bxx

1. Introduction

Within the framework of reaction network theory [7], the change in concentration of the species
over time is modeled by a parametrized ordinary differential equation (ODE) system. In this paper,
we focus on a fundamental property of ODE systems: the existence of multiple steady states, also
known as multistationarity. Having multistationarity is a precursor to multistability, which has
been linked to cellular decision-making, switching, and the memory of cells [17, 22].

Under the assumption of mass-action kinetics, the functions in the ODE system become poly-
nomials, which are parametrized by two types of parameters: reaction rate constants and total
concentrations. Identifying the parameter region of multistationarity is equivalent to describing the
set of parameters for which the polynomial equation system has at least two positive real solutions.
While existing symbolic methods, such as Cylindrical Algebraic Decomposition and Quantifier Elim-
ination, may offer a complete description of this region, their high algorithmic complexity limits
their applicability to reaction networks of moderate size [2]. On the other hand, numerical methods
are able to handle larger reaction networks and offer insights into specific parts of the parameter
space, but they do not provide information about the entire parameter space [10, 14, 21].

Even though an exact description of the multistationarity region is usually out of reach, having
some partial information about its properties, such as its shape, could have significant biologi-
cal implications. For instance, connectivity of the parameter region of multistationarity has been
associated with robustness, and the lack of connectivity has been suggested to indicate that mul-
tistationarity arises for different biological reasons [21]. Further research into the connectivity of
the multistationarity region has been carried out in [5, 8, 9, 26]. In this paper, we continue this
line of research and investigate the parameter region of multistationarity for two infinite families
of reaction networks modeling phosphorylation mechanisms.

Phosphorylation networks play a crucial role in cell signaling processes [13, 15]. These mech-
anisms typically involve a substrate denoted by .S, along with a kinase K and a phosphatase F',
responsible for catalyzing the phosphorylation and dephosphorylation of S, respectively. Assuming
that both phosphorylation and dephosphorylation occur in a sequential and distributed manner,
and the substrate S has n € N phosphorylation sites, the corresponding reaction network takes the

1
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following form:

Si+ K ==Y =05 S + K
Kei .
(Ni,n) o 1=0,...,n—1.

Si+1+Fwé 1 0, S 4 F
KRei+5
We refer to network (N ,,) as the strongly irreversible n-site phosphorylation networtk.

In [8], it was shown that the projection of the parameter region of multistationarity onto the
reaction rate constants is connected for n = 2. This result was later generalized for all n > 2 in [9].
Subsequently, it was shown with the aid of a computer that the entire multistationarity region
is connected for n = 2,3 in [26], and for n = 4,5,6,7 in [25]. One of the main contribution of
the current article is a proof showing that for (Nj ), the parameter region of multistationarity is
connected for every n > 2.

The second family of phosphorylation networks considered in this paper is the weakly irreversible
n-site phosphorylation network, which is

K10i41 K10i+3 K10i+4+4
Si+ K =—=——=Y;11 —— Yoj o =—= 851 + K
K10i+2 K10i+5 .
(Na) rroito rroses K101 1o i=0,...,n—1.
Siy1 + F ——=U2i41 —— Vzipo —— S + F,
K10i47 K10i4+10

The name of these networks originates from the fact that once a phosphate group is attached,
the product S;y1 + K might rebind to form the intermediate species Y2;19. Analogously, for
dephosphorylation, the product S; + F' might rebind to Usg;+o. In [21], it has been argued that
allowing this product rebinding for phosphorylation systems is more realistic compared to the
mechanism represented in (N ). For (NVa,,) with n = 2, the authors in [21] investigated the shape
of the parameter region of multistationarity numerically, and their methods strongly indicated that
this region is connected. In [25], a symbolic proof was provided showing that the multistatinarity
region of (N3 2) is indeed connected.

In this paper we prove that for both families (N7 ,) and (N2 ,,) the parameter region of multista-
tionarity is connected for every n > 2. Our approach builds upon [4], where the authors associated
a polynomial, called the critical polynomial, with reaction networks satisfying some mild assump-
tions. Subsequently, in [26, Theorem 4], the authors gave conditions on the critical polynomial that
imply the connectivity of the parameter region of multistationarity.

One of the main challenges faced is that a direct computation of the critical polynomial for the
networks (N ,) and (N3,) becomes infeasible even for relatively small n. In [26], it was shown
that it is enough to compute the critical polynomial of a reduced version of the reaction network.
In [25], this reduced critical polynomial was successfully computed for (N7 ) when n = 2,3,4,5,6,7
and for (N2,) when n = 2. Even for the reduced critical polynomial, the computation becomes
intractable for larger values of n. To overcome this difficulty, in Section 2.2, we derive a formula
for the critical polynomial (Theorem 2.7) using Gale dual matrices that allows us to work with
the critical polynomial for all n. We believe this result is interesting in its own right, as it might
simplify the computation of the critical polynomial for general networks.

In Section 2.3, we recall several results on the structure of the Newton polytope and the signed
support of a polynomial that we later employ to study the critical polynomial. We explain our
approach to prove connectivity of the parameter region of multistationarity in Section 2.4. In
Sections 3 and 4 we prove connectivity for (Vi) and (N,) respectively for every n > 2.

2. Preliminaries

In this section we introduce basic definitions and results regarding reaction networks, the critical
polynomial, and the signed support of polynomials. These will be used later on.
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2.1. Reaction networks and multistationarity. A reaction network over species Xi,...,Xn
is a collection of reactions of the form > ", a;; X; — Y i bi; X; for j =1,...,r, where a;j, b;; are
non-negative integers. Each reaction is weighted by a positive parameter x; € R, called reaction
rate constant. By k := (k1,...,k;) € RLy, we denote the reaction rate vector.

The net production of the species along each reaction is encoded in the stoichiometric matriz
N € Z™*", which is defined as

N := (bz‘j — aij) e ZmxT.
We consider also the reactant matriz, given by
A= (aij) e Zmx".

Using these matrices and under the assumption of mass-action kinetics, the ODE system that
models the evolution of the concentration of the species is

(1) i = N diag(r)z?,

where z = (x1,...,2m) € RZ, is a vector representing the concentration of the species X1,..., Xy,
) — NT

and 24 = (JT2, 2f, .. T2, 2f7) € RL,,.

For the ODE system in (1), the trajectories are contained in affine linear subspaces of R™ called
stoichiometric compatibility classes. These are affine translates of the image of the stoichiometric
matrix N. The dimension of this subspace will be denoted by s = rk(N). We represent im (V)
by linear equations determined by a full-rank matrix W € R?™ such that WN = 0 and d =
m — s. Such a matrix is called a conservation law matriz. Using W, we define the stoichiometric
compatibility classes as

Pri={zcRYy | Wz =T},

where T € R? is called the total concentration vector. A reaction network is conservative, if every
stoichiometric compatibility class is a compact set. Equivalently, there exists a vector with only
positive coordinates in the left kernel of N (cf. [1]).

Given a reaction network, the set of steady states is obtained by the common zeros of the
polynomials on the right-hand side of (1). As we are only interested in the non-negative steady
states, for fixed reaction rate constants k, we consider the steady state variety

(2) V. i= {2z € RZ | N diag(x)z* = 0}.

A steady state x € Vj; is a relevant boundary steady state if one of the coordinates of = equals zero
and the stoichiometric compatibility class containing x intersects the positive orthant RT} .

A parameter pair (x,7T") € RLj x R? enables multistationarity if Vi, 0 Pr N RT, contains at least
two points. The parameter region of multistationarity is thus defined as

(3) Q:={(x,T) € RLy x R?| (k,T) enables multistationarity}.

In this article, our main goal is to show that the set €2 is path connected for the two families of
networks (N ) and (Na,,).

2.2. Critical polynomial. In [26], the authors described a sufficient condition based on a poly-
nomial that implies connectivity of the parameter region of multistationarity. In this section, we
recall this statement (Theorem 2.2) and elaborate on how to compute this polynomial.

Given a reaction network with stoichiometric matrix N, the set C := ker(IN) N RZ, is a convex

polyhedral cone, called the fluz cone [3]. A minimal collection of generators {E(), ... B} C R"
of C is called a choice of extreme vectors. The extreme vectors of C are unique up to multiplication
by positive scalars [24]. A matrix £ € R™*¢, whose columns are given by a choice of extreme
vectors, is called an extreme matriz. If E does not have a zero row, the reaction network is called
consistent. This property is equivalent to ker(N) NRZL, # 0.
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In Proposition 2.1, we establish a condition that ensures that a basis of ker(V) gives a choice of
extreme vectors of C. We denote by [r| the set {1,...,r}, and for a vector u € R", we write

supp(u) := {i € [r] | u; # 0}.
A vector v € C\ {0} is an extreme vector 1f and only if v is support-minimal [19], i.e. for all non-zero
w € C it holds

(4) supp(w) C supp(v) implies supp(w) = supp(v).
Using this we now prove the following result.

Proposition 2.1. Consider a reaction network with stoichiometric matric N € Z™*". Assume
that EO ... E® ¢ R%, is a basis of ker(N), and for every k € [{] there exists jy € [r] such that

(5) i € supp(E®)\ (| supp(E®
iZh
Then {E(l), ey E(Z)} s a choice of extreme vectors of the flux cone C.

Proof. By (4), it is enough to show that EM .. E® are the only support-minimal vectors in C
up to multiplication by a scalar. Consider w € C C ker(N) with w # 0. By assumption, there

exist ai,...,as € R such that w = Zi:l arE®). As jj satisfies (5), wj, = akEj(.:) for k € [¢]. Since

EJ(]]:) > 0, we conclude that aq,...,ap, > 0 and hence,
(6) supp(E®) C supp(w)  if az # 0.

If supp(w) C supp(E®)) for some k, then supp(w) = supp(E®)). Consequently, E*) is support-
minimal, and hence E*) is an extreme vector for all k € [¢].

If w is an extreme vector of C, then there exists k € [¢] with a # 0. From (6) and the support-
minimality of w, it follows that supp(E®)) = supp(w). If there exist two distinct ki, ks € [¢] such
that ag, , a, are non-zero, then supp(E*1)) = supp(w) = supp(E*2)), which contradicts (5). Thus,
there exists exactly one non-zero a; and w = apE®), O

mxr mXr
Z ZmxT

Consider a reaction network with stoichiometric matrix N &€ , reactant matrix A €
a conservation law matrix W € R and an extreme matrix E € R™¢. We assume that W is
row reduced and that 1,...,d are the indices of the first non-zero entries of the rows of W. In
Sections 3 and 4, we will choose the conservation law matrix for Various networks such that this
extra assumption is satisfied (cf. (18), (29)). For h = (hy,...,hm) € R, A= (A1,...,\r) € RY,,
we define
(7) M(h, A) ::( v )eRmX’"

’ N’ diag(EX) AT diag(h) '

where N’ € R**" is the matrix obtained from N by deleting the first d rows. Following [6, 26], we
consider the following function

(8) ¢: RZy x REy = R, (h,A) = q(h, A) := (—1)° det M (h, \),
and call g(h,\) the critical polynomial. Theorem 2.2 exploits this polynomial to establish path
connectivity of the parameter region of multistationarity.

Theorem 2.2. [26, Theorem 4] Consider a conservative consistent reaction network without rel-
evant boundary steady states. Assume that there exist species X1, ..., X}, such that each X; partic-
ipates in exactly 3 reactions of the form

m
K3j—2 .
E a”X,ﬁX 2, E bi7in, j=1,... k.
i=k+1 i=k+1
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Let g be the critical polynomial of the reduced network obtained by removing the reactions corre-
sponding to k3j for j =1,... k. If

(P1) ¢ ' (R.o) is path connected, and
(P2) the Euclidean closure of ¢~'(R<o) equals ¢~ (R<p),

then the parameter regions of multistationarity of both the reduced and the original network are
path connected.

To simplify the computation of the critical polynomial, we derive a formula using Gale dual
matrices (Theorem 2.7).

Definition 2.3 (Gale dual matrix). Let K be a field and V € K**™ U € K™*4 be two matrices.
The matrix U is Gale dual of V' if im(U) = ker(V) and ker(U) = {0}.

To compute a Gale dual matrix of V', one simply needs to find a basis of ker(V') and write these
vectors as the columns of U. Once a Gale dual matrix is obtained, the maximal minors of V' can
be computed by determining the maximal minors of U using Lemma 2.4 below.

For a set I C [k], we denote its complement by I¢ := [k] \ I and its cardinality by |I|.

I = {iy,...,ip} C [k] and I¢ = {j1,...,Jk—p} With i1 < --- <4, and j; < --- < jg_p, we define
sgn(rr) € {£1} to be the sign of the permutation 77 that sends (1,...,m) to (i1,...,%p, j1,-- -, Jk—p)-
Additionally, consider any general matrix Y € K“* and some set of indices L; C [¢;] and
Ly C [43]. By [Y]L,,1, we denote the sub-matrix of Y given by the rows and the columns indexed
by the elements of L; and Lo respectively.

Lemma 2.4. [20, Lemma 2.10] [16, Theorem 12.16] Let K be a field, V € K**™ a matriz of rank
s <m and let U € K™% be a Gale dual matriz of V. There exists 6 € K \ {0} such that for all
I C [m] with |I| = s it holds:

(9) 4 det ([U]IC,[d}) = sgn(n) det ([V] [s],I)-
In particular, 6 € K \ {0} is independent of I C [m].

Using the Laplace expansion on complementary minors (see e.g. [23, Theorem 2.4.1]) for the
matrix M (h,A) in (7), we can rewrite g(h, \) as:

(10)  q(h,A) = (=1)* Y (~1)Xsman Tt Rier’ det ([W] (g ) det ([N’ diag(EA)A g 1) [ Pa-
IC[m] i€l
|I|=s

Remark 2.5. Viewed as a polynomial in & , the coefficients of g(h, \) are given by maximal minors
of W € R¥*™ and of N’ diag(EAN)AT € R(\)**™. Therefore, if rk(N'diag(EAN)AT) < s, then q(h, \)
is the zero polynomial.

In the following, we treat \i,..., Ay as symbolic variables and view N’ diag(E)\)AT as a matrix
with entries in the field of rational functions R(\). Furthermore, we assume that N’ diag(EN)AT
has full rank s.

Corollary 2.6. Let D(\) € R(\)™*? be a Gale dual matriz of N’ diag(EX)AT € R(\)**™. There
exists §(A) € R(A) \ {0} such that for all I C [m] with |I| = s it holds:

(11) 5(A)det ([DT(N)]jare) = sen(rr) det ([N diag(EA)A ] 7).

The above corollary now establishes a way to simplify the computation of the critical polynomial
by computing the determinant of minors of size d using the Gale dual matrices.
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Theorem 2.7. Let D(\) € R(A\)™*¢ be a Gale dual matriz of N'diag(EXN)AT. The critical poly-
nomial (8) can be written as

q(h,\) = SN 5(A) det ((Wigy,re) det (DT (Mg, re) [ P

IC[m] el
|I|=s

where 6(A) € R(N\) \ {0} satisfies (11).

Proof. Let I = {i1,...,is} C [m], I° = {j1,...,Ja} C [m] with i1 < --- <isand j; < -+ < jg. In
the first part of the proof, we compute the sign of the permutation 7;. The number of inversions
in 7 is given by

d d

m—je—(d—k) =ds =Y ju+ >k

k:l k=1 k=1

Mg

(12)

and therefore sgn(rr) = (—1)".
We substitute the expression of det ([N diag(E/\)AT][sM) from (11) in (10). The total power of
(—1) can, therefore, be computed as:

s+ Z k+sz+v:s+2Zk—2Z]k+ds:sd—i—l) mod 2.

k=d+1

This concludes the proof. O

2.3. Signed supports of polynomials. To establish connectivity in the parameter region of
multistationarity via Theorem 2.2, it is enough to show that the properties (P1) and (P2) hold for
the critical polynomial. To verify the two properties, we will exploit the structure of the Newton
polytope of the critical polynomial.

Consider a multivariate polynomial function

Ry =R, - f(z)= Z cuxt,
wea(f)
where ¢, € R\ {0} and o(f) € Z™ is a finite set, called the support of f. An exponent vector
p € o(f) is called positive (resp. negative) if the corresponding coeflicient c,, is positive (resp.
negative). We write:
o (f) = {u € o(f) [ u >0 and o (f) = {uea(f) | e, <O}

The Newton polytope of f, denoted by NP(f) is given by the convex hull of o(f). For S C R™, we
denote the restriction of f to S by

fis(z) = Z cuxt.

pea(f)NS

Following [25], we say that f has one negative connected component if

f (Reo) = {z € RYy | f(z) <0}

is a connected set. If the Euclidean closure of f~!(R.g) equals f~!(R<g), then f satisfies the
closure property. These are the terminologies for conditions (P1) and (P2) in Theorem 2.2.

For v € R™\ {0} and a € R, we define the hyperplane H, o = {1 € R™ | v- p = a}, and the
following two half-spaces:

HIa:{NGRm|’U'MZa}, Hyo={neR™ v -p<a}.
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We will denote by His and Hy the two open half-spaces:
Hio={neR™v-p>a}, H,2={pecR™|v-p<a}.

A hyperplane H,, is called a separating hyperplane of o(f) if o_(f) € M.}, and oy (f) € H,,.
Additionally, we call H, , a strict separating hyperplane if there exists some p € o_(f) such that
v-p > a. The following proposition now recalls a result in [11], that establishes the properties (P1)
and (P2) of f based on the existence of a strict separating hyperplane.

Proposition 2.8. [11, Theorem 3.6] For a polynomial function f: RZ; — R, f(x) = ZMEJ(J‘) cuxt,
if o(f) has a strict separating hyperplane, then f has one negative connected component and satisfies
the closure property.

For a polytope P C R™, the face with normal vector v € R™ is given by

Pv::{u€P|v-ﬂ:%1€a£)w-V}.

We call two faces P,, P, C P parallel if v = —w. An edge (resp. vertez) of P is a face of dimension
1 (resp. 0). We write Vert(P) for the set of vertices of P. For a Newton polytope, we denote the
face with normal vector v by NP, (f). If F* C NP(f) is an edge and FNo(f) Co_(f), we call F' a
negative edge of NP(f).

Theorem 2.9. [25, Theorem 5.1] Let f: RYy = R, f(x) = 3 ,c0(s) cu” be a polynomial function.
If there exists a proper face NP,(f) € NP(f) such that o_(f) C NP,(f), then f satisfies the
closure property. If additionally fixp,(s) has one negative connected component, then f also has
one negative connected component.

The following result from [25] provides a condition for splitting the polynomial into two parts
and establishes that if both smaller polynomials have one negative connected component, then so
does the original polynomial.

Theorem 2.10. /25, Theorem 5.6 Let f: RYy — R, f(z) = 3, (s cut” be a polynomial
function. Assume that there exist parallel faces NP, (f), NP_,(f) € NP(f) such that o(f) C
NP, (f) UNP_,(f) and both fixp,(s) and fixp_,(s) have one negative connected component. If
there exist po € NPy (f) No_(f) and puy € NP_,(f) No_(f) such that Conv(ug, p1) is an edge of
NP(f), then f has one negative connected component.

Example 2.11. Let ¢q,...,c7 € Ry and consider the polynomial
[ =z + comiwy — €372 — €4 — C3T1T3 — CeT1T2T3 + CTTT3,
which has 3 positive and 4 negative exponent vectors:
o (f) =1{(1,0,0),(1,1,0),(0,1,1)}, o-(f) ={(0,0,0),(0,1,0),(1,0,1), (1,1, 1)}.

These exponent vectors are shown in red and blue colour respectively in Figure 1. For e3 = (0,0, 1),
the faces

F =NP_..,(f) = Conv((0,0,0), (1,0,0),(0,1,0), (1,1,0)),
G = NP, (f) = Conv((1,0,1),(0,1,1),(1,1,1))
are parallel and their union contains o(f). The restricted polynomials are given by
JiF = a1 + comize — c3x2 — g, fig = —csr1T3 — CT1T2T3 + CTT2Ts.

Since the hyperplanes H_., —o5 and H, 05 with e; = (1,0, 0) are strict separating hyperplanes of
o(fir) and o(fiq) respectively, Proposition 2.8 implies that both f|r and fi; have one negative
connected component.
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y e

FIGURE 1. An illustration of Example 2.11. The positive and negative exponent vectors
o (f), o—(f) are marked with red circles and blue dots respectively. The grey hyperplane
with normal vector e; = (1,0,0) is a strict separating hyperplane of o(fjr) and o(f|q), for
F =NP_..(f), G =NP.,(f). The blue thick edge Conv((0,0,0), (1,0, 1)) connects negative
exponent vectors of fip and fig

For the negative exponent vectors pg = (0,0,0), u1 = (1,0,1), Conv(pg, p1) is an edge of NP(f).
Using Theorem 2.10, we conclude that f has one negative connected component. For an illustration,
we refer to Figure 1.

We conclude the section with a couple of results that will be used in Section 3.2 and 4.2. In
Section 3.2, we deal with polynomial functions with the special property that o(f) C {0,1}" and
each p € o(f) has exactly d zero entries, for some fixed d € N. For I C [m] with |I| = d, we write
zr C R™ for the vector with (z7); = 0 for i € I and (z7); = 1 for i ¢ I. Moreover, we denote by
€1,...,em € R™ the standard basis vectors in R™.

Proposition 2.12. For d,m € N with d < m, let P CR™ be a polytope such that
Vert(P) € {1 € (0,13 | 1 C [m], |1] = d},

and let Ji,Jo C [m] such that |J1| = |Jo| = d. If |JiNJs] = d—1 and z5,,25, € P, then
Conv(zy,, 2z,) is an edge of P.

Proof. Since ‘Jl N JQ’ =d — 1, we have that J; = (J1 NJy)U {jl},Jg = (J1NJy)U {]2} for j1 # ja.
Let v:=¢j +ej, + 2Zi€(J1UJ2)C e;. For every zy € R™, it holds:

vz =2|(J1UL)+1=2m—-d-1)+1, ifI=Jyorl=.Jy

vozp <2|(NLU L) +1=2m—d—1)+1, ifI#Jy orl#Jo.

From (13), it follows that v-u < 2(m —d — 1) + 1 for all p € P with equality if and only if
w € Conv(zy,,2g,). Thus, Conv(zy,,zs,) is an edge of P. O

(13)

In Section 4.2, we will work with polynomial functions f such that o(f) C {0,1}™ x R*. To find
edges of the Newton polytope for such polynomials the following proposition will be particularly
helpful.

Proposition 2.13. Let pry: R™ xRf — R™ and pry: R™ xR — R be projections onto the first m
and onto the last ¢ coordinates respectively. Let P C R™ x RY be a polytope, x1, x5 € Vert(pry (P))
and y € Vert(pry(P)). If Conv(zy,x2) is an edge of pri(P) such that

pr; (Vert(P)) N Conv(xy, z2) = {x1, x2},
then Conv ((z1,y), (z2,y)) is an edge of P.
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Proof. Let v € R™ be a normal vector of the face Conv(z1,z2) C pry(Vert(P)). Since pry(Vert(P))N
Conv(zy,x2) = {z1, 22}, for z € Vert(P) we have

v-pri(z) <v-xp =v- 29,

with equality if and only if pry(z) € {x1,z2}.
Let w € R? be a normal vector of Vert(pry(P)) = {y}. For z € Vert(P), it holds

w-pry(z) Sw-y

with equality if and only if pry(z) = y.
From the above inequalities, it follows that for z € Vert(P)

(Uuw) -z < (va) : (xlvy) = (U7w) : (1U2,y)
with equality if and only if z = (x1,y) or z = (x2,y). So, Conv((z1,y), (x2,y)) is an edge of P. O

2.4. Overview of the approach. In this section, we briefly summarize the approach we will use
in Sections 3 and 4 to establish connectivity of the parameter region of multistationarity in the
networks (N ,) and (Na,,), for every n > 2. We aim for this method to be applicable to other
families of reaction networks. Therefore, we outline the key steps and how to address them.

Our arguments rely on Theorem 2.2, which applies to conservative consistent reaction networks
without relevant boundary steady states. Both network families (Ni,) and (Na,) are post-
translational modification networks, which are conservative and consistent. From [18, Corollary
2] both networks do not have any relevant boundary steady states. So we can apply Theorem 2.2
and only consider the networks obtained from (Nj ;) (resp. (N2y)) by removing the reversible re-
actions corresponding to Kgit2, K6i+5 (resp. K10i+2, K10i+7), ¢ = 0, ...,n—1. After this modification,
the reduced strongly irreversible phosphorylation network is given by

Si+ K 2Ly Mg+ K
(Fin) Kait3 Kaisd 1=0,...,n—1,
Si+1 + F —Ujy1 —— S; + F,

and the reduced weakly irreversible phosphorylation network has the form

Kgi+1 Kg8i+2 K8i+3
Si+ K ——=Yo41 —— Yajpo ——= Sit1 + K
K8it4
(Fan) , 1=0,....n—1
’ K8i+5 K8i+6 K8i+7
Siv1 + F ——Uszit1 —— Ugiyo == 5; + F,
K8i+8

By Theorem 2.2, it is enough to show that the critical polynomial ¢, of the reduced network
satisfies properties (P1) and (P2), that is, it has one negative connected component and satisfies
the closure property. To that end, first in Sections 3.1 and 4.1, we provide recursive formulas for
the stoichiometric matrix N, € R™*", reactant matrix 4, € R™*", a conservation law matrix
W,, € R&™ and an extreme matrix E, € R™*¢ of the networks (Fi1.n) and (Fz,,). Moreover, we
compute a Gale dual matrix D, (\) € R(A\)™*¢ of N/ diag(E,\)A, € R(A\)**™. We use these to
write ¢, in a recursive form.

For both families (Fi ,) and (Fs2,,), we have d = 3 for every n € N. Thus, using Theorem 2.7,
we can compute the coefficients of the critical polynomial ¢, by computing minors of size 3 of the
matrices W,, and D, (). In Sections 3.2 and 4.2, we conduct these computations, focusing on the
signs of the coefficients of ¢,. For n = 1, the critical polynomial ¢q; has only positive coefficients for
both (Fi,) and (Fz,,). Thus, the parameter region of multistationarity is empty by [4, Theorem
1]. For n = 2, the polynomial ¢ satisfies (P1) and (P2) according to [26] for (Fi ), and as shown
in [25] for (Fap).

To prove that g,,n > 3 satisfies the closure property, we show that o_(g,) is contained in a
proper face F' C NP(g,) (cf. Theorem 2.9). It is now enough to show that g, p satisfies the
property (P1). We split up g, into sub-polynomials based on parallel faces of the Newton polytope
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(cf. Theorem 2.10 and Example 2.11). One of these sub-polynomials corresponds to g,—1. For the
remaining sub-polynomials, we show that their signed support has a strict separating hyperplane,
which implies that they have one negative connected component (cf. Proposition 2.8). To conclude
that ¢,|F and consequently, g, has one negative connected component we will use induction on n
and Theorem 2.10. To identify negative edges between parallel faces, as required in Theorem 2.10,
we will apply Proposition 2.12 and 2.13.

Combining these arguments shows that the critical polynomial ¢, of the reduced networks sat-
isfy properties (P1) and (P2). Consequently, Theorem 2.2 implies that the parameter region of
multistationarity is connected for both the reduced and the original network.

3. Strongly Irreversible Phosphorylation Networks

In this section, we study the family of reduced strongly irreversible phosphorylation networks
(F1,n). First in Section 3.1 we compute their critical polynomial and then in Section 3.2 we use it
to show that the parameter region of multistationarity is connected for all n > 2.

3.1. Computation of Critical Polynomial. To define the matrices N,, and A,, for (F1,), we
use the order K, F, Sy, Y1,U1, 51, ..., Y, Uy, S, for the species and k1, ..., k4, for the reactions to
label the rows and the columns, respectively, of N,, and A,,. We now give the matrix for N1 and a
recursive expression of the stoichiometric matrices N,, € R(3n+3)x4n,

Py 6x4 Np—1 P (3n+3)xdn
14 Ny = R d N, = R ,
4 ' <P 2> © o 03x (an—a) P2 <

where the (3n x 4)-matrix P; and (3 x 4)-matrix P are given by

-1 1 0 0
0 0 -1 1

(1) P=| . . . .|er¥m and PB= 0 0 1 —-1]eRrR>
Coos s 0 1 -1 0
0 0 0 0
-1 0 0 1

Remark 3.1. We point out that matrix P; has exactly 3n — 3 rows with only zero entries. Matrix
P, has full rank and the rank of N is 3. From the recursive relation it is easy to deduce that
rank(N,,) = 3n. In particular, dim(im(N,)) = 3n and the dimension of the left kernel of N, is 3.

3n+3)x4n

A recursive expression for the reactant matrices A, € R( is given as

@1 6x4 A1 @1 (3n+3) x4
16 A = eR d A, = c RGn n
(18) ! <Q2 a O3x (4n—a) Q2
where the matrices ()1 and )2 are given by
1 0 00
0010
0000 0100
(17) Qi=1]. . . .| eRrdm and Q=10 0 0 1| er?®
oo 00 10
0000
1 0 00

Same as P, matrix (01 has exactly 3n — 3 rows with zero entries. With the stoichiometric matrix
as in (14), we now determine a conservation law matrix W,.
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Lemma 3.2. For the stoichiometric matriz Ny, in (14), a conservation law matrix W, is given by:
(18) W= (Idy W ... W) eR»>Bn3),
—
where Ids is the identity matrix of size 3 and

1 00
W:=10 1 0] ¢ R®*3,
111

Proof. Since the dimension of the left kernel of N, is 3 (Remark 3.1) and W), has rank 3 for all n,
it is enough to show that W, N, = 0. Using Wy := Ids and W, = (Wn_l W), for n > 2 we have

W,Ny, = (ananfl Wn_1P; +WP2).
Simple computations give

-1 1 0 0 1 -1 0 0
W, 1Pb=| 0 0 -1 1| ecRr>4 and WP=| 0 0 1 —1]|eR>*
-1 0 0 1 1 0 0 -1

Thus, for n = 1, we get Wi N1 = W,_1 P, + WP = 0. Let us now assume that the result holds for
k =mn —1 for some n > 1. By assumption Wy,_1Np—1 = 035 4x—4)- Consequently, W;, Ny, = O3xar
and therefore, W,, is a conservation law matrix for IV,. O

Proposition 3.3. An extreme matriz of (Fi,) has the following recursive form

(19) B, — < En-i

where
El=(1 1 1 1)eRP

Moreover, the n column vectors E,(Il), e Efzn) € R* of E,, form a basis of ker(Ny,).
Proof. Using (14), it is easy to check that Eﬁbl), e 7E7(1n) are contained in ker(N,) N ]Ré%. Since
dimker(N,) = 4n — dimim(N,) =4n —3n=n

(cf. Remark 3.1) and Eﬁll), e 7E1(1n) are linearly independent, they form a basis of ker(N,). More-

over, E,gl),...,qu") have pairwise disjoint support and hence, by Proposition 2.1 E, gives an
extreme matrix for the network (Fj ;). O

The matrix N, is obtained by removing the first three rows of N,,. In the remainder of this
subsection, we compute a Gale dual matrix D, ()\) of N/ diag(E,\)A, € R(A)**G"+3) and §,(\)
as in Theorem 2.7 for the network (Fj ), considering A = (A1,...,\,) as symbolic variables.

In Lemma 3.4, we compute the maximal minor det ([N}, diag(E,\)A,) |jg,r) for I = {4,...,3n+3}
and I¢ = {1,2,3}.

Lemma 3.4. Givenn € N, let s=3n, [ ={4,...,3n+ 3}. Then,
det ([N}, diag(E,A\) Ay lig.0) = (1) T A%

In particular, ker(N! diag(E,\)A,)) has dimension 3.
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Proof. Note that the matrix [N/ diag(E,\)A, ][5}, is obtained by deleting the first 3 columns of
N} diag(E,\)A,). Let A/, denote the matrix obtained from A, after deleting the first three rows.
Then,

[N), diag(E N A, .1 = N), diag(E,\) A,

We define the matrices C,, € R()\)3"*3" recursively as:

0
: 3X3> S R(A)SnXBn and CL:=27;

00 A . 0
V,:=[0 0 0], Zn=|1 0 =X A\ | = Pydiag(Ei),)Qg ,

An 0 =X\

where

and Py, Q2 are the matrices from (15) and (17). Therefore, for n = 1, we have:
N{ diag(E1\) A} = Py diag(E1)\)Q3 = C1.

To prove the result we show that C), is obtained by performing elementary row operations on
N! diag(E,\)A,". Consider the matrix X,, € R3*3" given by

lifi=j
(Xn)z'j = 1ifk‘<n, i:3]{7, j>3k‘
0 else.

Furthermore, we set X := Ids. Multiplying by X, is the same as adding the rows 3k + 1,3k + 2,
and 3k + 3 to the row 3k for each k =1,...,n — 1. Note that X,, can be written recursively as

Xn_1 X!
X, = n n—1
" <03><(3n3) Ids >
where X! € RGn=3)x3 and

(, i 1= lifi=3k k=1,...,n—1,
=V 0 else.

It follows that for all n > 1 the matrix X,, N} can be written recursively as:

N (Kt Nan XL+ X0 0P\ (XN Ogans)xa
e 035 (4n—1) Py 03 (4n—1) Py ’
where Pj is obtained by removing the first three rows of P, and P; is defined as in (15).
Finally, we show inductively that C,, = X, N] diag(En)\)A;zT for all n € N. The statement holds
for n = 1. Assume that for n € N, C}, = XN}, diaug(]_@,yg)\)A;cT holds for all 2 < k < n. Using the

block structure of X,,N,,, E,\, AlnT and C,, we have:

. / Xn_ NI_ dlag(E _1X) 0 _ A/T_ 0 3n—3)x3
X, N, dia EnAAT=< ninel " (Bn—8)x2 ol T
n diag(End) A, 03 (3n—3) Pydiag(Ei\,) ) \ Q)" Qs

o ( Cn—l
B 03><(3n76) Vn
where A = (A1,...,\n), A= (A1, An—1), and Q1, Q2 are the matrices from (17), with Q] being
obtained from @1 by removing the first three rows.
Since det(X,,) = 1, we get
det(N}, diag(E,\)A,T) = det(Cy,) = [ [ det(Z:) = (-1)" [ [ X
i=1 i=1
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Since this determinant is non-zero, the matrix N/, diag(E,\)A, has rank s = 3n for all n, and
hence, its kernel has dimension 3. U

Next, we find an explicit representation of a Gale dual matrix of N/, diag(E,\)A, for all n.

Theorem 3.5. Let N),, A, and E, be the matrices associated with the network (Fip) and X\ =
(A1,...,An). Consider the matrices

1 1 -1 . 0 0 _1
pO:={ 01 0 |, DO=| (-1 (-1 =i |, i=1....n, ond
0 0 1 1 1 )
D:L—()\) = (D(O) . D(n)) c R(}\)3><(3n+3).

Then Dy, (\) is a Gale dual matriz of N!, diag(E,\) A, € R(\)3*Bn+3),

Proof. By Lemma 3.4, ker(N!, diag(E,\) A, ) has dimension 3. The columns of D,,()\) are linearly in-
dependent and hence, it is enough to show that they are contained in the kernel of N/ diag(En)\)AZ.
Note that a vector v € R(\)3"*3 is in this kernel if and only if diag(FE,\)A,) v € ker(N/,). Moreover,
ker(N,) = ker(N,,). Since the columns of E,, form a basis of ker(V,,) by Proposition 3.3, it follows
that v € ker(N/, diag(E,\)A,)) if and only if there exists u € R(\)" such that
diag(En)\)AIv = E,u= [ul un]T

where

wp = [ i i e R(\)* fori=1,...,n.

Using the block form of A,, and the block form of E,,, for each v € R()\)3""3 we have

(20) diag(E N Al v = (w1 ... wy) T
such that

wi = [Ai(v1 +v3i) Aivsigr Ai(va +03i43) Aivsipe]  fori=1,...n.
So, the vector v € R(A) is such that the entries 4i + 1,44 + 2,47 + 3, and 4i + 4 are equal in the
column vector in (20) for all « = 1,...,n. In particular, v; 4+ v3; = v3;11 = V2 + V343 = U3i42. It
is easy to check that the rows of D,! (\) are linearly independent and satisfy these relations. This
concludes the proof. O

Note that the Gale dual matrix obtained in Theorem 3.5 is independent of \. While this is the
case for (Fi1,), we will see in Section 4.1 that the same does not hold for (F3 ).

The main objective in this section is to obtain the expression of critical polynomial using The-
orem 2.7. The final missing ingredient is the expression of J,(\). We will use (11) to find this
expression.

Proposition 3.6. With the choice of Gale dual matriz in Theorem 3.5, it holds
5u(N) = [ A
i=1

Proof. Consider the index set I = {4,...,3n+3}. Then 77 is the permutation that sends (1, ..., 3n+
3) to (4,...,3n+3,1,2,3). A straightforward computation gives

n

sgn(rr) = (—=1)™.
Moreover, det ([D,) (M) re) = det DO = 1. Using Lemma 3.4 and substituting these values in
(11), we obtain the statement. O
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3.2. Connectivity of the Multistationarity Region of (Ni,). For h = (hi,..., h3uy3) €
]R?;%H, by Theorem 2.7 and Theorem 3.5, the critical polynomial associated with (Fj,) can be
written as g (h, \) = gn(h)d,(\), where

(21) gn(h) = > det ((Walg.r) det (Dp i) [[ i and  6,(N) = ] AY.
IC[3n+3] icle i=1
I|=3

Remark 3.7. The polynomial g, is independent of A. Moreover, d,(\) is a positive function if
A € R%, and hence, if g, }(R<p) is connected, then so is g, !(R<p). Therefore, it is enough to
consider the polynomial g, (h).

Henceforth, we will use the following notation:
(22) Oém[ = det ([Wn} [3]71) det ([DZ][?)],I)

In the next remark, we list various cases when o, 1 = 0.

Remark 3.8. For n > 1 and I C [3n + 3] with |I| = 3, the following holds:
(i) If 3¢+ k, 3¢+ k e for £, € [n] and k € {1,2}, then det ([W,]3,7) = 0.
(ii) If 3043, 3¢’ + 3 € I for £,¢' € [n] U {0}, then det ([Wy]57) = 0.
(iii) If 3¢+ 1 ¢ T or 3¢'+2 ¢ I for £,¢' € [n] U{0}, then det ([W,]i3,1) = 0.
(iv) If 3¢+ 1,30 +2 € I for £ € [n], then det ([D,]]j3,7) = 0.

To show that the region in the parameter space for (Nj,) and (Fj,) that enables multista-
tionarity is path connected for all n, we first write g, as a polynomial in hsy,y1, h3nt2, hants with
coefficients in h = (hy, ..., hsy,):

gn(h) = 3" (as(h) TT hanti) = bolh) + bi(h),
JC[3] ieJe
where

(23) bo(h) = a{1}(il)h3n+2h3n+3 + a{1,2}(;1)h3n+3 + a{1,3}(71)h3n+2 + a{1,2,3}(il)
b1(h) = (ap(h)hansahsnis + agay(W)hsnis + agzy(h)hsnta + ago sy (h))hsn 1.

In the next result, we focus on the polynomial by(h).

Proposition 3.9. For all n > 1, the polynomial by(h) is non-zero and all of its coefficients are
positive.

~ ~

Proof. First we show that ay; 2y(h) and ag; 2 3y(h) are zero polynomials. To see this, note that their
coefficients are obtained from summands in (21) indexed by I such that {3n 4 1,3n +2} C I. For
such an I, we have det ([DZ][?»],I) = 0 by Remark 3.8(iv). Thus, ag;21(h) = 0 and ay 233(h) = 0.

~ A~

We now show that ag 31(h) and ag1y(h) only have positive coefficients. First consider the poly-

nomial ag; 31(h). Here the coefficients (22) of ay; 33(h) are computed for I = {r,3n+1,3n+3} such
that r € [3n|. By Remark 3.8, we only need to consider the case when r = 3¢+2 for ¢ =0,...,n—1.
When ¢ = 0, we have that det ([DI][:&],I) = 0. When ¢ € [n — 1], we have:

010 0 0 -1
apr=det|[1 0 0])det|—-(¢(-1) —(n—1) —n|=(-1){—n)=n—-£>0.
1 11 1 1 1

~

This ensures ag; 31(h) only has positive coefficients.

We now consider the coefficients of agyy(h). In this case, 3n+1 € I and 3n +2,3n+3 ¢ I. We
can write [ = {r1,7r9,3n + 1} for 1,79 € [3n] and let £,¢' € [n — 1].
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(i) For (r1,r2) = (1,2) and (r1,72) = (2,3), we have oy, 1 = 1 and «, 1 = n respectively.
(il) Finally, (r1,72) € {(1,30 4 2),(2,30 + 2),(2,30 4+ 3), (3,30 + 2), (3¢ + 2,30 + 3)}, we get,
an 1 =n—4L.
By Remark 3.8, in all the other cases o, ; = 0. Since in all the cases above «, ; > 0, the
coefficients of a{l}(ﬁ) are positive and hence, the result. O

Following corollary is now a direct consequence of Proposition 3.9.

Corollary 3.10. For n > 2, the face NP, . (gn) is a proper face of NP(g,) and o_(gn) C
NPe,, ., (gn). In particular, g, satisfies the closure property and if the polynomial

bi(h) = (ag(h)hansohsnts + agay (W) hanss + agy (R)hanso + agazy(h)) hans

has one negative connected component, then so does gy,.

Proof. For I} = {1,2,3}, a1, = 1, and therefore z;, € o(gy). From Proposition 3.9, there exists
I, C [3n+ 3] with |I3] =3, 3n+1 ¢ I and 21, € 0(gp). Since ezpt1 - p € {0,1} for all p € o(gn),
we have that NP, . (gn) is a proper face of NP(gy).

Since 0_(gn) € NP, ,(g9n) by Proposition 3.9, the second part of the corollary follows from
Theorem 2.9. O

A~

By Corollary 3.10, it is enough to focus on b;(h). Next, we consider the polynomial ag(h). We
recall that z(; ;) € {0, 1}37+3 denotes the vector whose entries indexed by i, j, k € [3n+ 3] are zero
and all the other entries are 1. If i, j, k € [3n], we write Z(ijk) € R3” for the vector that is obtained
from z(; j 1y by removing its last three coordinates.

Proposition 3.11. Forn > 2, and J = 0, as(h) is the polynomial g,_1(h) associated with the
network (F1,,-1). Furthermore, if 2y j 1y € 0-(gn—1), then 2k € 0—(gn)-

~

Proof. The terms in ag(h) are computed from the summands indexed by I in (21) such that {3n +
1,3n+2,3n+ 3} N1 = (. Note the following set equaltiy:

{ICBn+3]||I|=3and {3n+1,3n+2,3n+3} NI =0} ={IC[3n]]||I]| =3}
Using the block structures of W,, and D, the first part of the statement follows directly from (21).

~ ~

For the second part, let I be in the set above. Since ag(h) = gn—1(h), by (21), (23), the coefficient
of g, corresponding to zy is the same as the coefficient of g,,_1 that corresponds to Z;. (|

~ ~ ~

Next, we look at the support of ags31(h)hsnt1, aq21(R)hsnt1hanss and agzy(h)hgni1hsnie. In
each of these polynomials, every exponent vector is of the form zy; ;) by (21) and is a vertex of
the Newton polytope.

Proposition 3.12. Forn > 2, consider the supports o(aq,3y(h)h3n+1) and o(agay(h)hsn+1h3nis)-
Each set has exactly one positive exponent vector given by z(1 3,42 3n+3) aNd 2{12 3042}, respectively.
Moreover, both supports have a strict separating hyperplane, and it holds that

(i) U—(a{2,3}(;l)h3n+1) = {Z{3£+1,3n+2,373+3} [ L€ [n— 1]}7
(i) 2(1,3,3n+2}> 2(1,30+1,3n42) € 0— (ag2y(h)hany1hanys) for € € [n—1].

~

Proof. Let us consider the polynomial a; 3y(h)hsni1. The terms in agp 3y are obtained from the
summands in (21) indexed by I = {r,3n +2,3n + 3} where r € [3n]. By Remark 3.8, we only need
to consider the case when r =3¢+ 1 for £ =0,...,n—1. When ¢ = 0, we have o, ; = 1 > 0. When
r=30+1, for { = [n— 1], we have:
1 00 0 0 -1
apr=det [0 1 0)det|—-(¢(—-1) —(n—1) —n]|=L—-n<0.
1 1 1 1 1 1
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This shows that U,(a{273}(ﬁ)h3n+1) = {Z{3g+173n+273n+3} | ¢ € [n—1]}. Additionally, for I =
{1,3n + 2,3n + 3} we get the unique positive exponent vector.

For aggy(h)hsnt1h3nts, we haven I = {rq,7r2,3n + 2} for some r1, 72 € [3n]. Let 0,0 e n—1).
(i) For (r1,7r2) = (1,2) we obtain a, ; = 1.
(ii) For (r1,72) € {(1,3),(1,30+ 1)}, we get, oy = —(n — 1).

(iii) For (r1,72) € {(2,3¢+1),(3,3¢+1),(3¢+1,3¢' + 3)}, we have ay, 1 = —(n — £).

(iv) Finally, for (ry,r2) = (1,30 + 3), we have oy, = —(n — £ — 1).

By Remark 3.8, in all the other cases o, ; = 0. From the computations above we obtain the unique
positive exponent vector for I = {1,2,3n + 2}.

To see that both J(a{273}(ﬁ)h3n+1) and o (aqay (h)h3n+1hanss) have a strict separating hyperplane,
note that the unique positive exponent vector is a vertex of the coppesponding Newton polytope.
Therefore, the unique positive exponent vector can be separated by an affine hyperplane from the
other exponent vectors. This concludes the proof. O

Finally, we consider the set of exponent vectors of a{g}(ﬂ)h3n+1h3n+2.

Proposition 3.13. For n > 3, the set of exponent vectors U(a{3}(h)h3n+1h3n+2) has a strict
separating hyperplane. Moreover, we have {2{273g+173n+3} | £ € [n— 1}} Co_ (a{g}(ﬁ)h3n+1h3n+2).

Proof. We consider I = {ry,r9,3n + 3} where r1,7o € [3n]. First, we investigate the case r; =
1, 7o # 2. By Remark 3.8, we only need to consider the case when ro = 3¢+ 2 for £ € [n — 1]. In
this case oy, 1 = (n — £+ 1) > 0 with equality only if { =n — 1.

Next, we work with the case when r1 = 2, 9 # 1. Again by Remark 3.8, we only need to consider
the case when rp = 3¢ + 1 for ¢ € [n — 1]. For this case we find o, ; = —(n — ¢) < 0. This shows
that the exponent vectors of the form z(s 3741 3,43} correspond to negative coefficients.

Furthermore,

(i) When 1 € I and 2 ¢ I, we have (e; —e3) -2 =—1<0 .
(i) When either 1,2 € [ or 1,2 ¢ I, we have (e; — e3) - z1 = 0.
(iii) Finally, when 2 € I and 1 ¢ I, we have (e; —e2)-zr =1 > 0.

Thus, the open half-space ”H:li ¢,,0 Contains only negative exponent vectors and H;i e5,0 CONtAINS
only positive exponent vectors. This implies that He, e, 0 is a strict separating hyperplane of

U(a{g} (il)hgn_;,_l h3n+2) . O
Proposition 3.14. The polynomial g2 from (21) has one negative connected component.

Proof. The polynomial g» equals
— hihohshsheh7 + hohshahshghr + hihohshahghs + 2 hohshahgh7hs — hihshshgh7hg
+ h3hyhshghrhg — hihohghsh7hg — hihahshehrhg — hihshshehrhg — hohshshghrhg
— hohyhshehrhg + hzhshsheh7hg + hihahzhshghg + hihshyhshghg + hihahshghghg
+ hihshahghghg + hahshahghghg + 2 hihghshehghg + hahshshehshg + haohszhahrhghg
+ hghghshrhghg + h3hyhghrhghg + hihshehrhghg + hshshehrhghg + hahsheh7hghg.

An easy computation shows that the hyperplane #,4 with v = (1,1,1,0,1,0,1,0,1) is a strict
separating hyperplane of o(g2). The statement now follows by Proposition 2.8. (]

We are now ready to show that the multistationarity region of (Fi,) and (Ni ) are connected
for all n > 2.

Theorem 3.15. For all n > 2, the parameter region of multistationarity is path connected for the
networks (Fip) and (Niy).
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Proof. By Corollary 3.10, it is enough to show that the following polynomial

b1 = (ap(h)hans2hanss + a{z,s}(il) + a{2}(;l)h3n+3 + a{3}(ﬁ)h3n+2)h3n+1

has exactly one negative connected component. To show that b; has one negative connected compo-

nent for all n > 2 we will use an induction argument over n. From Proposition 3.14, we know that

g2 has exactly one negative component, so we assume that it holds for all g, where 2 < k <n — 1.
Now, we write b = bs + b3 based on the exponent of hg,3:

(24) b := (am(ﬁ)h3n+1h3n+2 + a{2}(h>h3n+1)h3n+3 and b3 := a{2,3}(il‘)h3n+1 + a{B}(iL)h3n+1h3n+2-

Note that o(by) € NP,  .(b1) and o(bs) € NP_.,  .(b1). Moreover, these two faces are par-
allel and o(b1) = o(b2) U o(b3). Since by Proposition 3.12 we have z{j 43,42y € 0—(b2) and
Z{4,3n+2,3n+3} € 0—(b3), using Proposition 2.12 we obtain a negative edge Conv(z{1 4,342} 2{4,3n+2,3n+3} )
of NP(by). Therefore by Theorem 2.10, it is now enough to show that by and bs have one negative
connected component.

We now consider by. The two summands in (24) split by in terms of the exponent of gy 12. Similar
to b1, we have a(a@(h)h3n+1h3n+2h3n+3) C NP, ,,(b2) and a(a{g}( )h3n+1h3nt3) is contained in
NP_.,,,,(b2). Moreover, from Proposition 2.12, Proposition 3.11 and Proposition 3.12 it follows
that Conv(2{1’373(n_1)+2}, 2{1,3,3n+2}) i an edge of the Newton polytope NP(b2) between the two
negative exponent vectors. Using Theorem 2.10, it is enough to show that the two summands have
exactly one negative connected component. By Proposition 3.11, ag(h) = g,_1(h), and it has one
negative connected component by the inductive assumption. On the other hand, by Proposition 3.12
a{g}(h)h3n+1h3n+3 has a strict separating hyperplane, which implies that a{2}(h)h3n+1h3n+3 has a
unique negative connected component by Proposition 2.8. Hence, so does bs.

To complete the proof, we show that b3 has one negative connected component. We follow
the same argument thread as for by. We split the two summands of b3 in (24) in terms of the
exponent of hgy,to. Their exponent vectors then lie on parallel faces of NP (b3) with normal vectors
Fesnt2. We observe that Conv(zgy 3n+42 3043} 2{2,.4,3n+3}) 15 an edge of the Newton polytope NP (b3)

between two negative exponent vectors of a{273}(h)h3n+1 and a{g}(h)h3n+1h3n+2, respectively. By
Theorem 2.10, it is therefore enough to show that the two summands have exactly one negative
connected component. By Proposition 3.12 and Proposition 3.13 the supports of ag, 33 (M) h3nt1
and a{g}( )h3n+1h3ni2 have a strict separating hyperplane. Therefore, both ays 31 (h)h3n+1 and
a{g}(h)h3n+1h3n+2 have one negative connected component and hence, so does b;. O

4. Weakly Irreversible Phosphorylation Networks

We now study the family of reduced weakly irreversible phosphorylation networks (Fz,,). This
section has several results analogous to Section 3. First, in Section 4.1 we give the basic set up
that allow us to compute the critical polynomial of the reduced networks. In Section 4.2 we use
this to show that this network has multistationarity for all n > 2 and the parameter region of
multistationarity is connected.

4.1. Computation of Critical Polynomial. The family of networks (F3,) is obtained from
(N2,,) by removing reversible reactions as in Theorem 2.2. We fix the order of the species as
K, F,5),Y1,Y5,Uy,Us, 51, ...,Yo5_1,Yon, Usp_1, Usp, S, to obtain the stoichiometric matrix N,, and
the reactant matrix A, as below. For n = 1 these matrices are given by:

(25) N1 = <§;>, and Al = (g;)

For general n > 2, we can write these matrices recursively as:
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Np1 P (5n+3)x8n < Ana Ql) (5n+3)x8n
26 N, = eR , Ap= eR ;
(26) ( O5% (8n—8) PQ) Os5 (8n—8) (2

where
(27)
-1 01 -1 0 0 0 ©
000 0 -1 01 -1 1 -1 6 o 0 0 00
0O 0 0 0 0O 0 0 0 1 -1 1 0 0 0 O
=\ . . . . . . . |ertp—10 0 0 0 1 -1 0 0]|eR>
Lol : Lol : 0 0 0 0 O 1 -1 1
000 0 00O O 0 0 1 -1 -1 0 0 0
-1 0 0 0 00 1 -1
and
1001 0 0 0 O
00 0 0 1 0 0 1 0O 1 0 0 0 0 0 O
0O 0 0 0 0 0 0 0O 0 1 0 0 0 0 O
(28) Qi=1|. . . . . . . |erG"DE 0g,=]10 0 0 0 0 1 0 0| eR™E,
. . : : . : : : O 0 0 0 0 0 1 o0
00000000 0001 100 0

10 0 0 0 0 O0 1

Remark 4.1. The matrices P; and Q1 have 5n — 5 rows with all entries zero. Note that the matrix
P, has full rank and the rank of Ny is 5. From the recursive relation it follows that rank(N,,) = 5n.
Equivalently, the dimension of left kernel of N, is 3 and dim(im(V,,)) = 5n.

Using the above matrices, we compute a conservation law matrix and an extreme matrix for
(F2,n) in Lemma 4.2 and Proposition 4.3 respectively.

Lemma 4.2. Given the stoichiometric matriz Ny, in (26), a conservation law matriz W, is given by:
(29) Wy o= (lds W --- W)e R3%(5n+3)
———

where Ids is the identity matrixz of size 8 and

c R3><5

e )
= o O

110
W:=10 0 1
11 1

Proof. Let Wy := Ids, then using W, :(Wn_l W),fornZQwe have
WnN,, = (ananfl Wn1Py +WP2)
Simple computation gives:
-1 01 -1 000 O 10 -1 100 00
WpiPP= 000 0 -1 01 -1 and WP=[(0 0 00 1 0 -1 1].
-1 00 0 00 1 -1 10 00O0O0 -1 1

For n = 1, we get W1 N1 = WPy + WP, = 0. We now assume that the claim holds for all k € N
such that 1 < k < n—1. By assumption W,_1N,,_1 is a zero matrix and hence, W,,N,, = 03xs, and
since the rank of W,, and the dimension of the left kernel of N,, are both 3 for all n by Remark 4.1,
it follows that W,, is a conservation law matrix for IV,,. O

Proposition 4.3. An extreme matriz of (Fap) has the following recursive form

(30) B, = (...En.—.%...
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where
T

1
0 € R8>S,
1

O O =
_ o O

01
10
0 0
eR

Moreover, the column vectors Efll), e ,Engn) 8n of E,, form a basis of ker(Ny,).

Proof. Using (26), a simple computation shows that E,(}), . ‘7E7(13n) € ker(N,,) NR¥Y. Since by
Remark 4.1
dimker(N,,) = 8n — dimim(N,) = 8n — 5n = 3n
and E,(Ll), cee Eq(f") are linearly independent, they form a basis of ker(N,,).
Furthermore, Eil), E?), E§3) satisfy (5) and since the blocks of E,, have pairwise disjoint sup-
ports, Eq(ll),...,E,(L?m) also satisfy (5). Thus, E, is an extreme matrix for (F2,) by Proposi-
tion 2.1. U

The matrix N}, is obtained by removing the first three rows of N,,. We will now compute a Gale
dual D,,(\) (Theorem 4.5) of N/ diag(E,\)A, and d,(\) (Proposition 4.6) for the network (F.,).
In the following, we view A = (A1, ..., A3y) as symbolic variables. In Lemma 4.4, we first compute
the maximal minor det([N}, diag(En\) A, ]j5),7) for I ={4,...,3n+ 3} and I° = {1,2,3}.
Lemma 4.4. For a firedn, let s =5n, I ={4,...,5n+ 3}. Then,

n—1

det([ N, diag(EnA) A} i) = (=1)™ [ Msr1 + Askr2) Astr1 + Askrs) Mg -
k=0

In particular, ker(N!, diag(E,\)A,}) € R(\)®™ has dimension 3.
Proof. Let Al, be obtained from A,, after removing the first three rows. Then we have,
[N;, diag(EaA) Ayl = Ny, diag(Ea ) A,

Consider the matrix X,, € R?*5" n > 2 given by

1ifi=j,
(Xn)ij =< 1lif k <n, i =5k, J > bk,
0 else.

Furthermore, we set X; := Ids. Multiplying by X,, is the same as adding the rows 5k + 1,5k +
2,5k + 3,5k +4 and 5k + 5 to the row 5k for each k = 1,...,n — 1. The matrix X,, can be written
recursively as

Xoo1 X, , , Vifi=5kk=1,...,n—1,
X, = n th i =
" (05x(5n—5) Ids W (Xn—1)ig 0 else.

It follows that for all n > 1 the matrix X, N} can be written recursively as:

XNy Xpa Py +X1’11P2> _ <Xn1N7’L—1 O(5n—5)><8>

X, N =
e < 05 (8n—8) Py O5x (8n—8) Py

where Py and P» is defined as in (27) and P] is obtained by removing the first three rows of Pj.
We define the matrices C,, € R(\)*5" recursively as:

0
. 5X5> c R()\)5n><5n and C7:=72;

where
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0 0 0 0 Asgn—2o —A3n—2 0 0 0 0

0 0 0 O 0 Azn—2  —A3n—2 — A3n—1 0 0 A3n—1
V,:=10 0 0 0 0 , Zn = 0 0 —A3n—2 0 A3n—2

0 0 0 O Asn 0 0 A3n—2 —A3n—2 — A3n 0

0 0 0 O 0 0 Azn—2 + A3n—1 0 0 —A3n—2 — A3n—1

Let w = [A3n—2,A3n_1,A3n]". A simple computation shows that Z, = P, diag(Elou)Q;r and
hence, for n = 1, we have X N{ diag(El)\)AllT = C1. Assume that X, N} diag(Ek)\)A;cT = C}, for all
1<k<n,andlet A = (A1,...,A3n—3). Then using the block structure of N,, A,, and E,, we get

. / X, 1N/ _ diag(E, 1) O AT, O
X'n,Nf,/l dla En)\ 1471,T - < n=18n—1 & n-l (571 5)X8 ) ( TL/ 1 (Sn 8)X5
8(End) 05 (8n—8) P, diag(Eiw) ) \ Q" Qy

— ( ..... Cnot

05><(5n—1()) Vn

where @1, Q2 are the matrices from (28) and Q) is obtained from @ by removing the first three
rows. Since det(X,,) = 1, it follows

det(N}, diag(E,\)A,[) = det(Cy) = [ [ det(Z)
k=1

n—1

= (=1)" [T Osts1 + Aser2) Asprt + Asprs) Ay r-
k=0

The second part of the lemma holds since the 5n x 5n maximal minor det([N}, diag(E,\) A, (s).r)
is non-zero for all n.

Theorem 4.5. Let N,,, A,, and E,, be the matrices associated with the network (Fa,) as described
in (26) and (30). Let A = (A1,...,A3,) and for k=0,...,n — 1 consider the matrices

’ 0 0 0 -1 11 -1
(k) .= - “RAskpr = (kD Ak s —kXAskp1+(1—K)Askys (=1) .
D T k A3k41+ A3k 42 k Aski1+rak1s (k+1) |, D e 0 1 0 |, and
1 1 1 1 1 00 1
D;Lr()\) = (D(—l) D(O) . D(n—l)) c R(}\)3><(5n+3)'

Then Dy () is a Gale dual matriz of N/, diag(E,\)A, .

Proof. A vector v € R(A\)?"*3 lies in the kernel of N/ diag(E,\)A,] if and only if diag(E,\) A} v €
ker(N)). For v € R(\)5"3 let

diag(E,\) AN v = [wo, -+ - s wWn—1] T
such that for i = 0,...,n — 1, w; € R(\)® is given by:
P\Skﬂ(vl + Usk+3)  Ask41Usk+a  (Ask+1 + Askt2)Uskts  Ask+2(v1 + Usks)

(31) A3kt1(V2 + Uskys)  Askt1Uskte  (Askt1 + A3k43)Usitr  Askys(v2 + U5k+3)}~

Moreover, since the columns of E,, span ker(N!), there exists 1 € R(\)3" such that diag(E,\) A, v =
Epp. Let
+
Enp = [u07 s 7un—1]
such that for . =10,...,n—1

(32)  wi= [M3it1 M3i+1 Msi41+ M3it2 M3it2 M3i+1 Mi4l Msil + p3its  p3ivs] € R(A)D
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Comparing equations (31) and (32), we get that v € ker(N/, diag(E,\)A,) if it satisfies the
following relations for all : =0,...,n — 1:
U1 + Usk+3 = Usk+4, Ul + Usk43 = U2 + Usk48, U1 + Usk4+3 = Usk+6,
(A3k41 + A3k42)Uskys = Aspy1(v1 + Usky3) + Aser2(v1 + vsks),
(A3k41 + A3k13)Uskr7 = Askr1 (V1 + Uske3) + Aspy3(v2 + Uskas).

It is easy to check that the columns of D, () are linearly independent and satisfy these relations.
Moreover, since ker(N/, diag(E,\)A, ) has dimension 3 (Lemma 4.4), D, ()\) is a Gale dual matrix
of ker(N! diag(E,\)A,). O

Using Lemma 4.4, we compute 0, (), which is the final ingredient needed to calculate the critical
polynomial of (F3,) as in Theorem 2.7.
Proposition 4.6. With the choice of Gale dual matriz in Theorem 4.5, from (11) we get

n—1

Sn(N) = H(Ang + Askr2) (Ask1 + Ask3) A1
k=0

Proof. By Lemma 2.4, 6,,(A) in (11) is independent of the choice of index set. For I = {4,...,5n+3}
we have

sgn(r7) = (—1)" and det([D;()\)][g],[c) =1.
Now, using Lemma 4.4 and Corollary 2.6, we obtain the result. O

4.2. Connectivity of Multistationarity Region of (N3,). Using the conservation law ma-
trix W, (29), the Gale dual matrix D,(\) of N/ diag(E,\)A,} from Theorem 4.5, and applying
Theorem 2.7 we write the critical polynomial of (]:2 n) as

(33) (B, X) = Y Ou(N) det ([Walg,r) det ( Ner) T 7
1C[5n+3] iele
1]=3
Unlike for (F,), the matrix D,’ (\) depends on \ in this case. Since the product
(34) (A1 = det ((Waljg) 1) det ([Dy (M)]jay.1)

is not independent of A, we cannot factor ¢, in terms of polynomial in h and polynomial in A like we
did in Section 3.2. Here, we study the whole polynomial ¢,. Going forward, for ease of notations,
we will only write o, 1 for a(X\), .

From n — 1 to n, the critical polynomial depends on eight new variables hs,—_1, ..., hsy+3, and
A3n—2, A\3n—1, Asn. For any subset J C [5], we define
(35) Ji={m—-2+jljeJ} and J:={n—-2+j|je[5]\J}
which will be used to index the variables hs,—1,...,hsn+3. For instance, for J = [5] we have

{hsn—1,--- s honys} ={hi|i € j} Using this notation, we write ¢, as

(36) an(h, N) = > (s N) TT 1),

JC[5] ieJe
[J]<3

where h = (hy, ..., hsn_2). From (33), it follows that the a;’s have the following form

(37) as(h )= 3 SN det (Walggr) det (Da(W]igg) ] 2
IC[5n+3],|1|=3 icle\Je
JCI, JeNI=0

First, we relate ag to the critical polynomial of (Fy,,_1). In what follows, we set A = (A1, ..., Agn_3).



22 NIDHI KAIHNSA AND MATE L. TELEK

Proposition 4.7. Forn > 2 and J =0,
ay(h, A) = qno1(h, \)(Asn—2 + Asn—1) (Asn—2 + A3n) A3, 2,
where g, _1(h, \) denotes the critical polynomial of (Fan_1).

Proof. The summands in (37) depend on the subsets I C [5n — 2] with |I| = 3. Note that the
following sets coincide

{I CBn+3]||I]=3and {5n—1,5n,5n+1,5n+2,5n+3}NI =0} = {I C [5(n—1)+3] | |I| = 3}.
The proof now follows from (33) and (37) using the block structures of W,, and D, (). O

In (37) the cardinality of I is 3. Moreover, when J # (), the intersection I N {5n — 1,5n,5n +
1,5n 4 2,5n 4+ 3} # 0. In the next lemma, we list cases when «, ; = 0 from (34). The proof of
Lemma 4.8 follows directly by considering the columns of the matrices [Wy]j3),; and [D,) (A)]j3),1-

Lemma 4.8. Let I C [5n+ 3] with |I| =3 and £,¢' € [n — 1] U{0}.
(i) If 50+ 4,50 +5 € I, then det ([Wy]ig 1) = 0 and hence, oy 1 = 0.
(11) If 504+ 6,5¢' + 7 € I, then det ([Wn][3]71) =0 and hence, oy, 1 = 0.
(iii) If 50 + 4,50+ 6 € I, then det([D;Lr()\)]BLI) = 0 and hence, ay 1 = 0.
() If 50 + k, 50 + k € I for k € {4,5,6,7,8}, then det ([Wn][g]J) =0 and hence, oy, 1 = 0.
(v) If 3,50 + 8 € I, then det ([Wn][g]J) =0 and hence, oy, 1 = 0.
(vi) If I € {{1,3,50+4},{1,3,50+5},{1,50+4,5('+8},{1,5(+5,5('+-8}, then det ([Wy]i3,r) =0
and hence, oy 1 = 0.
(vii) If I € {{2,3,50+6},{2,3,50+7},{2,5046,5('+8},{2,5(47,5('+8}, then det ([Wy]i31) =0
and hence, oy 1 = 0.

Proposition 4.9. For alln € N, if {1,2} C J, {3,4} C J or {1,3} C J, then the polynomial ay is

the zero polynomial. Equivalently, a;y oy, a1 3}, a{3.4}, 0{1,2,3}: (1,24} 4{1,2,5}> {1,3,4}> {1,3,5}» A{2,3,4}»
and ag3 45, are zero polynomials.

Proof. The result follows from Lemma 4.8(i),(ii), (iii). O

To determine the signs of the coefficients of ¢, and to find vertices of the Newton polytope the
following lemmas will be particularly helpful.

Lemma 4.10. For all I C [5n + 3| with |I| = 3, there ezist pr € R[\| and g5 in

G = {17 Askt1  Askt2, Askt1 + Askt3, Askr1 + Ask2) Askr1 + Aswrrs) | k& € {0,...,n— 1}}

— L

such that an,; = t-, and o(pr) € o(gr).

Proof. By Lemma 4.8(iv) if o, 1 # 0, then [DJL—()\)]B]J has at most two entries involving A. These
entries are of the following form:

—kAgpp1—(k+1) A3 12 —kAgpp1+(1-Fk)A3 13
(38) /\3k+1+)\3k+2 and /\3k+1+)\3k+3 ’

Hence, gy can be chosen from G. The inclusion o(p;) C o(gs) follows from the observation that
for all entries of [D,} (A)]jz,7, the support of the numerator is contained in the support of the
denominator. O

We recall from Proposition 4.6 that d,,()\) is given by

n—1

0n(N) = [T Nstr1 + Askra) Narsr + Aarya) N
k=0
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Lemma 4.11. For every n € N, consider the vector
(39) vn = v ... V]T eRY™  where v:=1[5 0 0].

Then vy, is a vertex of NP(8,(\)). Furthermore, for n > 2 and I C [5n — 2|, if (21,Vp—1) €
0 _(gn_1), then (z1,v,) € 0_(qn), where 21 € R"=2 is obtained from z; € R by removing the last
5 coordinates.

Proof. In each monomial of §,(\), the degree of the variable Ag;i1 is at most 5 for each k =
0,...,n— 1. Moreover, there is a unique monomial in 0, (\) which is divisible by H?:_OI )‘gk 41+ This

implies that v, is a vertex of NP(d,(\)). The second part follows from Proposition 4.7. O

For J C [5] and |J| < 3, let ay and J be as defined in (37) and in (35). Let I C [5n+ 3], |[I| =3
such that J C T and J°NI =0. If u o (6 (Ao, 1), then from the definition of a; we get that
(z1,1) € o(ay [[,;cje hi)- Moreover, we have the following result.

Lemma 4.12. Let J and I be as defined above, and write o, = %. If pr has only positive
(resp. megative) coefficients, then (zr,p) € oy (ay[l;cje hi) (resp. (21,1) € o—(ay]];cje hi)) for
all p € a(én()\)an’l).

Proof. By Lemma 4.10, g; divides d,(\). Note that 6"9(;\) has only positive coefficients. Since py
has only positive (resp. negative) coefficients, then

(40) Sn(Nanr [ hi = %T(;\)pf IT 7

icle iele
has only positive (resp. negative) coefficients. Thus, (21, 1) € o4 (ay][[;cjec hi) (vesp. (zr,p) €
o_(aj[1;cje hi)) for all p € o (6,(N)an,z)- O

The polynomial g, has 8n -+ 3 many variables, hi, ..., hsn13, A1, - -, Azn. Thus, o(g,) € R 3 x
R3" Let pry (resp. pry) denote the coordinate projection from R53 x R3" onto R5"+3 (resp. R3").
The following result finds vertices of the projected Newton polytope of a;’s.

Lemma 4.13. Let pn € Vert (NP(6,(\))), and T C {I C [Bn+ 3] | |I| = 3}. Consider the

polynomial
f=> 0nNanr [] hi-

IeT icle
If there exists Iy € T such that (z1,, 1) € o(f), then u is a vertex of pro(NP(f)).

Proof. Let o, 1 = ’g’—? By Lemma 4.10, we have o(pr) C o(gs). Since gr divides d,()), it follows
that 0(0p(X)an,1) € 0(0,(N)) for all T € Z. This implies that

(41) pra((f) € |J o(@aNan,r) € o (6,(V))-
Iel

Since p is a vertex of NP(8,()\)), there exists v € R3" such that v-w < v-pu for all w €
NP(0,(N) \ {u}. From (zp,, ) € o(f) follows that p € pry(o(f)). Using (41), we conclude that p
is a vertex of pry(NP(f)). O

In the following, we investigate the signed supports of different a;’s.

Proposition 4.14. For everyn € N, if 1 € J or 2 € J, then ay has only non-negative coefficients.
Furthermore, ay is not the zero polynomial for J = {2,3,5}.

Proof. If 1 € J, write I = {ry,ry,5n — 1}. For ¢,¢' € {0,...,n — 1}, by Lemma 4.8 o, 1 # 0 in the
following cases:
(i) When (r1,7r2) = (1,2) and (r1,72) = (2,3), we get a;, 1 = 1 and oy, 1 = n respectively.
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(ii) When (r1,72) € {(1,5¢ + 6),(2,5¢ + 6),(2,5¢ + 8),(3,5¢ + 6), (5¢ + 6,5¢' + 8)}, we have
anr=n—{—1.
(i) When (r1,7m2) € {(1,50 + 7),(2,5¢ 4+ 7),(3,5¢ + 7),(5¢ + 7,5¢' + 8)}, we obtain oy, =

oy A3e+3
(n ¢ 1)+>\3z+1+>\3e+3'

Since the numerator of all these ay, 1 has only non-negative coefficients, from Lemma 4.12 it follows
that a; with 1 € J has only non-negative coeflicients.

If2€ J, I={ry,rebn}. For £, ¢ €{0,...,n—1}, by Lemma 4.8 c, 1 # 0 for following cases:
(i) When (rq1,72) = (1,2), we get oy, 1 = 1.
(ii) When (r1,72) = (2,3), we get oy, =n + m
(iii) When (r1,72) € {(1,5¢ + 6), (2,5 + 6), (2,5 + 8), (3,5 + 6), (5¢ + 6,5¢' + 8)}, we have
Asn
an’l - ( e ) + >\3n s‘i’)\;n 17
(iv) When (r1,72) € {(1,50 4+ 7),(2,5¢ + 7),(3,5¢ + 7),(5¢ + 7,5¢' + 8)}, we obtain «a, ; =

oy A3e+3 A3n—1
(TL ¢ 1) + A3e+1tA3043 + A3n—2+A3n—1"

Since the numerator of oy, ; in the above cases has only non-negative coefficients, using again
Lemma 4.12, we conclude that a; has only non-negative coefficients if 2 € J.
The second part of the proposition follows from case (iii) listed above and Lemma 4.12. O

Proposition 4.14 implies the following corollary.

Corollary 4.15. The polynomials agiy,agay, ag14y, 41,5}, @{2,3} 42,4} A{2,5), A{1,4,5}: O{2,3,5), and
aga 45y have non-negative coefficients for all n € N

Next, in Corollary 4.16 we show that ¢, satisfies the closure property (P2) and to show connec-
tivity it is enough to consider the following polynomial

b(h,A) :== (a@(ﬁ, N hsns1hsng2hsn s + agsy (b Nhsnyohsnrs + agay (b N hsn g1 hsn s

(42) ) ) A
+agsy(hy Nhsn1hsnz +agzs53(h, A hsny2 + aga sy (b, /\)h5n+1> hsn—_1hsn.

Corollary 4.16. For n > 2, g, satisfies the closure property (P2). Additionally, if b in (42) has
one negative connected component, then g, also has exactly one negative connected component.

Proof. To prove this result, we first claim that there exists a proper face of NP(g,) that contains
all the negative exponent vectors of g,. Since in all the terms of ¢, the variables hs,_1, hs, have
exponents either 0 or 1, it follows that

(esn—1+e€sn) - w <2 forallwéeo(q).
From Proposition 4.7, it follows that the above inequality is attained for some w’ € o(gy,). Since the
polynomial a3 51 is non-zero by Proposition 4.14, there exists w” € 0(g,) that is not contained in
the face NP, ,+e.. (gn). We conclude that NP.. ... (g,) is a proper face of NP(g,).
It is easy to check that g, restricted to NP., 1. (gn) is exactly the polynomial given by
b(h,\). From Proposition 4.9 and Proposition 4.14 it follows that each monomial of ¢, with

negative coefficient is divisible by hsp_1hs,. Therefore, 0_(gn) € NP, . te.,(¢n) = NP(b). The
corollary now follows from Theorem 2.9. O

Next we will consider different summands of b(h, A).

PropositiAon 4.17. For n > 2, there exists a strict separating hyperplane of the signed support for
both aggy(h, \)hsn—1hsnhsni2hsnts and agzsy(h, \)hsp—1hsnhsni2. Furthermore,

(a) (2agsni1ys 1) € 0—(agzy (b, Nhsn—1hsnhsniahsnis) for all € a(6,(N)).

(b) (Zasnt1,5n+3ys 1) € 0—(ags 53 (M, Nhsp—1hsnhsni2) for all p € o(0n(N)).
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Proof. It J = {3}, let I = {ry,72,5n + 1}. By Lemma 4.8, o, 1 # 0 in following cases, where
0,0 €{0,...,n—2}:
(i) When (r1,7r2) = (1,2), we have ay, 1 = 1.
(ii) When (r1,72) = (1,3) and (r1,r2) = (1,50 +8), we get oy = —n+1and a7 = —n+0+2
respectively.
(iii) When (r1,72) € {(1,50+4),(2,50+4),(3,50+4), (5¢+4,50'+8)}, we have o 1 = —n+L+1.
(iv) When (r1,72) € {(1,5¢ 4+ 5),(2,5¢ + 5),(3,5¢ + 5), (5¢ + 5,5¢' + 8)}, we obtain «a, ; =

(=nA+L+D)Azp 1+ (—n+0+2) N304 2
A3e4+1+TA3042 )

From Lemma 4.12, it follows

o4 (agzy(h, Nhsn—1hsnhsnsahsnys) = {(z(,2,5n513: 1) | 11 € 0(6,(N))}-
Since (eq + e2) - (z1,1) > 0 for all I C [bn+ 3], |I| = 3 and p € 0(6n(N)ay, 1), the hyperplane
Hei 40,0 i a strict separating hyperplane of the support of a{g}(iz, AN hsn—1hsnhsnt2hsnts.
Let J ={3,5}, and let I = {r1,5n + 1,5n + 3}. We only need to consider the following cases,
(i) When r; =1, we have o, 1 = 1.
(ii) When r; = 5¢+ 4, we have a, ; = —n+ £+ 1.

_ : _ (=) A3p4 1+ (—n4+04+2) X340
(iii) When 7 = 5¢ + 5, we obtain o, 1 =  WYIRES vy )

The only non-negative numerator is given by I = {1,5n+ 1,5n + 3} and hence, H,, o gives a strict
separating hyperplane.

To prove the second part of the proposition, we note that for I = {4,8,5n + 1} and I =
{4,5n + 1,5n + 3}, a, 1 = —n + 1 < 0. Additionally, since a, ; is an integer, (9, (\)on 1)
o(0n(N)). Hence, for I = {4,8,5n + 1} (resp. I = {4,5n + 1,5n + 3}) and for all p € o(d,(A)

(21,1) € U—(a{:s}(i% N hsp—1hsnhspyohsng3) (resp. o_ (a{3,5}(i7'7)‘)h5n—1h5nh5n+2))-

O |

Corollary 4.18. For n > 2, the polynomial
bo := (a{g}(h, Nhsni2hsnis + ags s (h, /\)h5n+2>h5n—1h5n
has one negative connected component.

Proof. Let bo1 := agsy(h, A\)hsprohsny3hsn—1hs, and b2 = ags 53(h, A)hspy2hsn—1hs,. The poly-
nomial by (resp. bo2) is the restriction of by to the face of NP, ,(bo) (resp. NP_.; . (bo)).
Since o(bg,1) and o(bg2) have strict separating hyperplanes (Proposition 4.17), bo; and bg 2 have
one negative connected component by Proposition 2.8.

Let 1 € 0(6n(N)) be a vertex of NP (0,(X)). By Proposition 4.17, (24850413, 1) € 0—(bo,1)
and (2{4,5n+1,5n+3}> #) € 0—(bo2). Moreover, by Proposition 2.12, Conv(z(48 sn+1}» Z{4,5n+1,5n+3})
is an edge of pr;(NP(by)) and by Lemma 4.13, p is a vertex of pry(NP(bg)). Using Proposition
2.13 we get that Conv((24,85n+1}s )5 (2{4,5n+1,5n+3}, 1)) 15 an edge of NP (bg). Since bg1 and b2
have exactly one negative connected component and NP (by) has an edge connecting two negative
vertices of NP(bp,1) and NP (b 2), we conclude by Theorem 2.10 that by has one negative connected
component. O

Proposition 4.19. Forn > 2, the supports a(a{4}h5n_1h5nh5n+1h5n+3), a(a{5}h5n_1h5nh5n+1h5n+2),
and o(agy 5y hsn—1hsnhsni1) have strict separating hyperplanes. For n > 3, we have

(a) (z(a5n+2y 1) € 0 (agay(hy Nhsn_1hsphsni1hsnis) for all € o(5,(N)),

(b) (2245m+3y: 1) € 0 (agsy (A, Nhsn_1hsnhsni1hsnta) for all € 0(5,(N)),

(¢) (2{apnrasniap 1) € 0—(aga5y(hy Nhsn_1hsnhsni1) for all i € o(6,(N).
Let n =2 and vy be as given in (39). Then,

() (z(1,412), v2) € o—(agay(h, Nhohiohiihis),
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(b°) (22,413}, v2) € 0 (agsy(h, \hohiohiihaz),
(¢’) (za12,13), v2) € 0—(aga5y(h, N)hohiohit).
Proof. Let J = {4} and I = {ry,r2,5n+ 2}. By Lemma 4.8, v, 1 # 0 in the following cases, where

0,0 e{0,...,n—2}
(i) When (rq,72) = (1,2) and (r1,72) = (1,3), we get ooy 1 = 1 and oy 1 = (7”“)?2::21&;:”))‘3”

respectively.
(ii) When (r1,72) € {(1,50+4),(2,50+4),(3,50+4), (5¢+4,5(' +8)}, we obtain the expression
_ (_n+€+1))\3n72+(_n+e+2))\3n
Qn,1 = A3n—2+A3n
(iii) When (r1,72) € {(1,5¢ + 5),(2,5¢ 4+ 5), (3,50 + 5), (5¢ + 5,50 + 8)}, we obtain a, ; =
(—n4+4+1) X341 230 —2+(—n+H0+2) A3p 122302 (—n+H4+2) X304 1 A3n +(—n+H0+3) Ag042A3n

(Aze+1+tA3042)(Asn—2+Asn)
(iv) Finally, when (ry,re) = (1,5 + 8), we get a,, 1 = (_HMH):\\;Z:ii(A;:HJrg)/\S"'

For all (Z[, M) S U(a{4}h5n_1h5nh5n+1h5n+3), we have
(43) (—ea) - (21, p0) = -1,

with strict inequality if and only if I = {1,4, 5n + 2} ,{2,4,5n + 2}, {3,4,5n + 2}, {4,5¢ + 8,5n + 2},
¢ € {0,...,n — 2}. Using above cases and Lemma 4.12 if the inequality is strict, (z7,u) €
J,(a{4}h5n,1h5nh5n+1h5n+3) for all i € 0(6n(X)ow,,1). Hence, H_., 1 is a strict separating hyper-
plane of a(a{4}h5n,1 h5nh5n+1 h5n+3).
Let J = {5} and I = {r1,r2,5n + 3}. By Lemma 4.8, it is enough to compute a,, ; for ¢,¢ €
{0,...,n — 2} in the following cases:
(i) When (r1,7r2) = (1,2), (r1,72) = (1,50+46), (r1,72) = (2,50+4), and (r1,r2) = (50+4, 5¢'+6)
we get a7 as 1,n — ¢, —n+{+ 1, and ¢ — ¢, respectively.
(ii) When (r1,7) = (1,504 7) and (ry, 7o) = (2,50 + 5), we get o, = 2=

—n—+Ll+1)Agp1+(—n+L€+1) A3 9 .
and ay, 1 = ( ) )\3411 +§\3z+2 JLSTAR , respectively.

(i) When (r1,72) = (50 +4,5¢' + 7) and (r1,72) = (5¢ + 5,5¢' + 6), we obtain the expression

Aoyt A .
— _y _ 73e'43 — _p 3042
anr=—10)+ PRI vra and a1 = (0 —10') + Nrar, respectively.

. . by Aoyt
(iv) Finally, when (ry,72) = (5¢+5, 50 + 7), we get Qn 1 = (€ — é,) + /\32+fi+>\23z+2 + A3£/+fi;zz/+3'

Azep1+H(n—€+1)A3043
A3e+1+A3043

To show that ays) has a separating hyperplane, we observe that:

(a) if 1 € I and 2 ¢ I then the numerator of o, 1 has only positive coefficients, and
(b) if 1 ¢ I and 2 € I then the numerator of o, ; has only negative coefficients.

Hence, He,—e,,0 is a strict separating hyperplane of a{5}h5n_1h5nh5n+1h5n+2 by Lemma 4.12.
Finally, let J = {4,5} and let I = {r,5n + 2,5n + 3}. Then by Lemma 4.8, oy, s is non-zero in
the following cases:

A377,72 +2>\3n
A3n—2+A3n °

(ii) When ry = 5¢ + 4, we have oy, 1 = (_"%H);\\g":zign#w))@”.
A3'n,

(iii) When m = 5¢ + 5, we obtain o, = (—n + ¢+ 1) Aot | Py v

Aze+1+Az042
where 4,0 € {0,...n —2}.
To show that a(a{475}) has a strict separating hyperplane, we note that:

(i) When r; =1, we have o, 1 =

(a) if 1 € I and 4 ¢ I then the numerator of o, 1 has only positive coefficients. and
(b) if 1 ¢ I and 4 € I then the numerator of o, ; has only negative coefficients.
Hence, He, 4,0 is a strict separating hyperplane of o (a4 51h5n—1h50h5n+1) by Lemma 4.12.
We now focus on the second part of the proposition. We only explicitly prove part (a), the
cases (b) and (c) follow the similar argument and observations. The coefficients of the numerator
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of a, 1 are negative for I = {1,4,5n + 2} and (2{174’5%_2},#) € U(a{4}(h, AN hsn—1hsnhsn+1hsn43)-
Moreover, the support of the numerator of «,, ; is same as the support of the denominator of «, s
for n > 3. Hence, 0(6,(X)) = 0(6n(X)an,1). Now, the statement follows from Lemma 4.12.

To prove (a’),(b’),(c’), we observe that

agr = ﬁ’ if I ={1,4,12} or I = {4,12,13}, and asr = —1, if I ={2,4,13}.

Thus, for I € {{1,4,12},{4,12,13},{2,4,13}}, A}A] is a monomial of d2(\)as; with negative
coefficients. This completes the proof. O

We now present the main result of this section.

Theorem 4.20. For alln > 2, both for reduced weakly irreversible phosphorylation network (Fa,p)
and for the weakly irreversible phosphorylation network (Nay,), the parameter region of multista-
tionarity is non-empty and path connected.

Proof. To prove that the parameter region of multistationarity is connected, it is enough to show
that the polynomial b in (42) has one negative connected component for all n by Corollary 4.16.
We relabel the summands of b as follows:

bo = (agay (b, Nhsni2hsnss + agz s (b, Nhsnt2)) hsn—1hsn,
(44) by = ag(h, Nhsp—1hsnhsni1hsnsohsnis,  bo = agay(hy N hsn—1hsphsniihn s,
by := agsy (b, Nhsn—1hsnhsniihsnsa,  and by := a5y (h, Nhsn—1hsnhsni1.
For all n > 2, we make the following observations:

(O1) Polynomials by and bg are the restrictions of the polynomial by + by to the parallel faces
NPe5n+2 (b1 + bg) and NP_e5n+2 (b1 + bg).

(O2) Polynomials b3 and by are the restrictions of the polynomial b3 + by to the parallel faces
NPe5n+2 (b3 + b4) and NP—e5n+2 (b3 + 54).

(O3) Polynomials by + ba and b3 + by are the restrictions of by + by + bs + by to the parallel faces
NPe5n+3 (b1 + by + b3 + b4), and NP—esn+3 (b1 + by + bg + b4).

(O4) Lastly, polynomials by and by + by + bs + by are the restrictions of b to the parallel faces
NP85n+1 (b)7 and NP—85n+1 (b)

From Proposition 4.19, it follows that the support of ba, b3, by have strict separating hyperplanes.
Thus, be, b3, by have one negative connected component by Proposition 2.8. Moreover, the polyno-
mial by satisfies (P1) by Corollary 4.18.

We will use these observations to first show that b has one negative connected component for
n = 2 and then use induction on n.

For n = 1, the critical polynomial g; only has positive coefficients. For n = 2, by Lemma 4.7, we
have

b = q1(h, ) (M + As)(Aa + X6)Adhohiohi1hiahis.
Therefore, o_(by + ba) € NP_.,,(b1 + b2). Since by has one negative connected component, by
observation (O1) above and Theorem 2.9, by + by satisfies (P1).

Let 1o = [5,0,0,5,0,0]". By Lemma 4.11, vy € Vert(NP(d2()\))). Let I := {4,11,13}, I :=
{1,4,12}, Is = {2,4,13}, I, := {4,12,13}. From Proposition 4.17 and Proposition 4.19 it follows
that

(ZIO,VQ) S U_(b()), (2’12,1/2) € J_(bl + bQ), (213,1/2) € (T_(bg), (214,1/2) € 0_(54).

Using Lemma 4.13, Proposition 2.12, and Proposition 2.13 we have the following edges joining
negative vertices of parallel faces in (02)-(04):

(i) Conv((zr,,1v2), (21,,2)) is an edge joining negative vertices of NP (b3 + ba),

(ii) Conv((zr,,12), (21,,V2)) is an edge joining negative vertices of NP(b; + by + b3 + by),
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(iii) Conv((z1,,12), (z1,,12)) is an edge joining negative vertices of NP(bg + by + bz + b3 + ba).
Since, by, by + ba, b3, by satisfy (P1), the cases above and repeated application of Theorem 2.10 gives
that b has one negative connected component for n = 2.

Let n > 3 and assume that g3 has one negative connected component for all 2 < k <n — 1. By
the inductive assumption ¢,_1 has one negative connected component and thus, by Proposition 4.7
so does b;.

Let Ip := {4,6n + 1,5n + 3}, I} := {1,4,5n — 3}, I, := {1,4,5n + 2}, Is = {2,4,5n + 3},
Iy :={4,5n + 2,5n + 3} and let v, as defined in (39). Note that v, € Vert(NP(d,()))) by Lemma
4.11. From Lemma 4.11, Proposition 4.17 and Proposition 4.19 it follows that

(219:Vn) € 0—(bo), (z1,,vn) € 0—-(b1), (21,,vn) €0—-(b2), (21,vn) € 0-(b3), (z1,,vn) € o_(ba).
Using Lemma 4.13, Proposition 2.12, and Proposition 2.13 we conclude that:

(i
(ii
(iii
(iv

Conv((z1,,vn), (215, ¥)) is an edge joining negative vertices of NP(b; + b2),

Conv((2r,, Vn), (21,,)) is an edge joining negative vertices of NP (b3 + bs),
Conv((z1,,vn), (21,,Vn)) is an edge joining negative vertices of NP (b1 4 bg + b3 + by),
Conv((z1y, Vn), (21,,vn)) is an edge joining negative vertices of NP(bg + by + ba + b3 + by).

— — — —

n
(
Using observations (01)-(0O4) and Theorem 2.10, we conclude that b has one negative connected
component.
Since gy, attains negative values, from [4, Theorem 1] it follows that the multistationarity region
is non-empty for the reduced network (F2,). From [12, Theorem 5.1], it follows that (N5,,) is
multistationary for some choice of the parameters. (]
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ON GENERALIZING DESCARTES’ RULE OF SIGNS TO
HYPERSURFACES

ELISENDA FELIU AND MATE L. TELEK

ABSTRACT. We give partial generalizations of the classical Descartes’ rule of signs to multi-
variate polynomials (with real exponents), in the sense that we provide upper bounds on the
number of connected components of the complement of a hypersurface in the positive orthant.
In particular, we give conditions based on the geometrical configuration of the exponents and
the sign of the coefficients that guarantee that the number of connected components where the
polynomial attains a negative value is at most one or two. Our results fully cover the cases where
such an upper bound provided by the univariate Descartes’ rule of signs is one. This approach
opens a new route to generalize Descartes’ rule of signs to the multivariate case, differing from
previous works that aim at counting the number of positive solutions of a system of multivariate
polynomial equations.

Keywords: semi-algebraic set; signomial; Newton polytope; connectivity; convex function

1. INTRODUCTION

Descartes’ rule of signs, established by René Descartes in his book La Géométrie in 1637,
provides an easily computable upper bound for the number of positive real roots of a univariate
polynomial with real coefficients. Specifically, it states that the polynomial cannot have more
positive real roots than the number of sign changes in its coefficient sequence (excluding zero
coefficients). In 1828, Gauss improved the rule by showing that the number of positive real roots,
counted with multiplicity, and the number of sign changes in the coefficients sequence, have the
same parity [22]. Since then, several different proofs were published e.g. [1, 17, 43|, and several
generalizations were made in several directions. In 1918, Curtiss gave a proof that works for real
exponents and even for some infinite series [17]. In 1999, Grabiner showed that Descartes’ bound
is sharp, that is, for every given sign sequence, one can always find compatible coefficients such
that the polynomial has the maximum possible number of positive roots provided by Descartes’
bound [25]. Generalizations of the Descartes’ rule to other types of functions in one variable are
also available [28, 42].

Efforts to generalize Descartes’ rule of signs to the multivariate case have focused on systems
of n multivariate polynomial equations in n variables, and on bounding the number of solutions
in the positive orthant using sign properties of the coefficients of the system. The first conjecture
for such a bound was published in 1996 by Itenberg and Roy [29]. They were able to show their
conjecture for some special cases. The first non-trivial example supporting the conjecture was
presented by Lagarias and Richardson [32] in 1997. Almost at the same time, Li and Wang
gave a counterexample to the Itenberg-Roy conjecture [33]. The first generalization was given
recently and identifies systems with at most one solution in the positive orthant [35], see also [15].
Afterwards, a sharp upper bound was given for systems of polynomials supported on circuits
[10, 11]. In these works, the bound is given in terms of the sign variation of a sequence associated
both with the exponents and the coefficients of the system. To the best of our knowledge, these
are the only known generalizations of Descartes’ rule of signs to the multivariate case.

Descartes’ rule of signs allows however for a “dual” presentation: it gives an upper bound on
the number of connected components of R<y minus the zero set of the polynomial, and if the
sign of the highest degree term is fixed, then it also gives an upper bound on the number of
connected components where the polynomial evaluates positively or negatively. Specifically, if
we write f(z) = ap + a1z + -+ - + apz™ with a, # 0, and let p be the Descartes’ bound on the
number of positive roots, then there are at most p + 1 connected components. If p is odd, the

1
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N\,
N\ TSN Y
(a) (b) (c) (d)

FIGURE 1. Graphs of polynomials p of degree three with coefficient sign sequence (+ —
+—). In each figure, the connected components of Rso minus the zero set of p, where p

evaluates positively or negatively, are shown in red and blue respectively. (a) 8 — 12z +
622 — 2. (b) 9 — 152 + 72?2 — 23. (c) 15 — 232 + 922 — 3. (d) 3 — Tz + 52% — 3.

upper bounds for the number of components where f is positive or negative agree, while if p is
even, then there are at most £ 4 1 connected components where f attains the sign of a,. For
example, if after ignoring zero coefficients, the sign sequence of the coefficients is (++ ——), then
there is one connected component where the polynomial evaluates positively and one where it
evaluates negatively. If the sequence is (+ —+—), then there at most two connected components
where the polynomial evaluates positively and at most two where it evaluates negatively, see
Fig. 1.

With this presentation, Descartes’ rule of signs may be generalized to hypersurfaces in the
following sense. Let f: RZ; — R be a signomial (a multivariate generalized polynomial, where
we allow real exponents, restricted to the positive orthant), and consider the sets

(1) Vao(f) :i={z € Ry, | f(z) =0}, So(f) =REp\ Vaolf).

We aim at bounding the number of connected components of V<,(f) in terms of the relative
position of the exponent vectors of each monomial of f in R", and the sign of the coefficients.
This leads to the formulation of the following problem for the gemeralization of Descartes’ rule
of signs to hypersurfaces.

Problem 1.1. Consider a signomial f: RZ) — R with f(x) = Z,ueo*(f) curt, and o(f) CR" a
finite set. Find a (sharp) upper bound on the number of connected components of V< (f), where
f takes negative (resp. positive) values, based on the sign of the coefficients and the geometry of

a(f)-

In this paper we address Problem 1.1 for generic n in some scenarios, which, in particular,
include the univariate Descartes’ rule of signs when the upper bound on the number of connected
components where f is negative is one, that is, when the sign sequence is one of (+---4+—--- =),
(_..._+...+)7 or (+...+_..._+...+).

Specifically, we show that V<, (f) has at most one connected component where f is negative
if f has only one negative coefficient (Theorem 3.4). The same holds if there exists a hyperplane
separating the exponents with positive coefficients from those with negative coefficients (Theo-
rem 3.6), or if the exponents with negative coefficient lie on a simplex such that the exponents
with positive coefficient lie outside the simplex in a certain way (Theorem 4.6). A detailed
account of our results is given in Section 5. We focus on finding upper bounds for the num-
ber of negative connected components, as statements about the number of positive connected
components of V<, (f) follows by studying — f.

If f is a polynomial, that is, o(f) C ZZ%, the set Vy(f) is semi-algebraic and hence it has a
finite number of connected components [7, Theorem 5.22]. Computing topological invariants of
semi-algebraic sets, such as the number of connected components, has been heavily studied in
real algebraic geometry. Upper bounds of the sum of the Betti numbers of a semi-algebraic set
in terms of the number of variables, the degree and the number of the defining polynomials can
be found for example in [4, Theorem 1], [21, Theorem 6.2], and [8, Theorems 1.8 and 2.7]. For
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the number of connected components of a semi-algebraic set, that is, the 0-th Betti number, an
upper bound was given in [6, Theorem 1], [3, Theorem 1.1].

There exist several algorithms to compute the number of connected components of a semi-
algebraic set. One algorithm is provided by Cylindrical Algebraic Decomposition, but it has
double exponential complexity (see [7, Remark 11.19]). A more efficient way to compute con-
nected components is using so-called road maps. In this way, one has an algorithm with single
exponential complexity. For more details about this algorithm, see [5, Section 3].

The Descartes’ rule of signs is of special importance in applications where positive solutions
to polynomial systems are the object of study. This is the case in models in biology and
(bio)chemistry where variables are concentrations or abundances. It is precisely in this setting,
namely the theory of biochemical reaction networks, where our motivation to consider Problem
1.1 comes from. In an upcoming paper, we show that the connectivity of the set of parameters
that give rise to multistationarity in a reaction network [14, 16, 30] relies on the number of
connected components of the complementary of a hypersurface. The hypersurface of interest
is large for realistic networks, with many monomials and variables, and hence not manageable
by algorithms from semi-algebraic geometry. The advantage of the techniques presented here is
that they rely on linear optimization problems, and can handle this application.

The paper is organized as follows. In Section 2, we provide the notation and basic results on
signomials. In Section 3, we give bounds answering Problem 1.1 using separating hyperplanes
(Theorem 3.6, 3.8), while in Section 4 bounds are found by providing conditions that guarantee
that the signomial can be transformed into a convex function, while preserving the number of
connected components of Vy(f) (Theorem 4.6). In Section 5, we compare the two approaches.
Throughout we illustrate our results with examples and figures, worked out using SageMath
[41].

Notation. R>p, Ry and R« refer to the sets of non-negative, positive and negative real
numbers respectively. We denote the Euclidean scalar product of two vectors v, w € R™ by v-w.
For a set 0 C R™, a matrix M € R™ ™ and a vector v € R"™ we write Mo + v for the set
{Ms+wv|s € o} Fortwosets A, B C R" theset A+ B={a+b|a€ A be B} is the
Minkowski sum of A and B. We let Conv(A) denote the convex hull of A. For aq,...,a, € R,
we write Conv(ay,...,an) := Conv({a1,...,an}). By convention, the maximum over an empty
set is —oo, and the minimum over an empty set is co. The symbol #5S denotes the cardinality
of a finite set S.

2. PRELIMINARIES

The central object of study is a function

(2) FRYG SR, f@)= ) . with e, € R\ {0},
neo(f)

where o(f) C R™ is a finite set, called the support of f. Here x* is the usual short notation
for z{* ... zh". To emphasize that we restrict the domain of f to the positive orthant, we call
f a signomial. That is, a signomial is a generalized polynomial on the positive orthant. The
term signomial was introduced by Duffin and Peterson in the early 1970s [19]. Since then, it is
commonly used in geometric programming [12, 39].

Given a signomial f as in (2) and a set S C o(f), we define the restriction of f to S by
considering the monomials with exponent vectors in S:

(3) fis(z) = Zcuﬂf“~
nes

With the notation in (1) and by continuity, the signomial f has constant sign in each connected
component of V< (f).
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2.01
159
1.0

054 p1(z) <0

1.0 15 20 25

(a) (b)

FIGURE 2. (a) Newton polytope of p;(z1,z2) from Example 2.2. Blue points are neg-
ative and red points are positive. (b) The positive and negative connected components of V< (p1).

Definition 2.1. Let f be a signomial in n variables.
e A connected component U of V< (f) is said to be positive if f(x) > 0 for every x € U.
We say U is negative, if f(x) < 0 for every x € U.
e The convex hull of o(f) is called the Newton polytope of f and denoted by N(f).
e A point a € o(f) is called positive, resp. negative, if the coefficient ¢, is positive, resp.
negative. The set o(f) is partitioned into the set of positive points and the set of negative
points:

or(f):={aca(f)lca>0} and o (f):={B€a(f)|cs <0}

Example 2.2. The support of the signomial

2.5 0.5.2 0.5 2.5 -2
pi(z1, x2) = 27 — 227x5 + 27° — 277w,

iso(p1) = {(2.5,0),(0.5,2), (0.5,0), (2.5, —2) }. The points (2.5,0), (0.5,0) are positive, while the
points (0.5,2), (2.5, —2) are negative. The Newton polytope of p; and the positive and negative
connected components of V<,(p1) are displayed in Fig. 2.

In what follows, it will be convenient to consider transformations of the support that do not
change the number of negative (resp. positive) connected components. Any invertible matrix
M € GL,(R) induces a function
(4) har: RZy — RY, zs ™M= (M M)
where My, ..., M, denote the columns of M. The function hj; is called a monomial change of
variables and it is a homeomorphism.

Lemma 2.3. For M € GL,(R), v € R", and a signomial f on RZ,, define the signomial
FMﬂ)’fZ RZO — R, FM’U,f(.Z‘) = x"f(hM(x))

There is a homeomorphism between the positive (resp. negative) connected components of V< (f)
and VSo(Farp,f). Furthermore,

U+(FM,v,f) :MO'+(f)+’U and O'_(FM’ny) :MJ_(f)+U.
Proof. If f(z) = 3" ,cq(s) cu", we have

Frp () = 2" f(hm(z)) = Z e (zM)H = Z ity
neo(f) nea(f)
From this, the second part of the lemma follows.
For the first part, clearly, the identity map induces a sign-preserving homeomorphism between
VEo(Faw, ) and Vo (f o har), and the map hys induces a homeomorphism between VS, (f o has)
and V<, (f), which also preserves the sign of each connected component. O
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In view of Lemma 2.3, we can for example assume that all exponent vectors belong to RY if
necessary. Moreover, if o(f) C Q", then f can be replaced by a polynomial and the number of
negative (resp. positive) connected components of V< (f) remains unchanged.

0.5 0.5
0.5 0
signomial p; from Example 2.2 to the polynomial Fys, p, (21, 22) = z122 — 222 + 1 — 1.

Example 2.4. The matrix M = and the vector v = (—0.25, —0.25) transform the

3. PATHS ON LOGARITHMIC SCALE

In this section, we provide the first results towards Problem 1.1. The idea behind the proofs in
this section relies on reducing the multivariate signomial to a univariate signomial, and applying
Descartes’ rule of signs. To this end, given v € R" and x € RY, we consider continuous paths

(5) Yozt [1,00) = RY, t— (t"xy,. .., t ).
In logarithmic scale, applying the coordinate-wise natural logarithm map
(6) Log: RY, — R", (z1,...,2p) = (log(x1),...,log(zy)),

each path 1, ; is transformed into a half-line 7, 1 o¢(2) : [0,00) — R"™, s+ sv+ Log(z), with start
point Log(z) and direction vector v. Specifically,

(7) LOg 0 Yu.e = Ty, Log() © 108, in [1, 00).

Since the logarithm map Log is a homeomorphism, the topological properties of f~'(R.) and
of its image under Log are the same. This observation gives us an easy geometric way to think
about paths v, 4.

Given a signomial f, each v € R" and x € RY induce a signomial function in one variable:

(8) fv,x: Rso — R, t— Z (Cuﬂiu)fviu.
pea(f)

Note that f, (1) = f(x). Since the restriction of f, , to [1,00) is the composition f o, ,
understanding the properties of f, , allows us to determine whether the path -, , is in the pre-
image of the negative real line under f. This motivates the study of signomials in one variable.
The following lemma will be used repeatedly in what follows. Its proof is a direct application of
Descartes’ rule of signs.

Lemma 3.1. Let g: Ryg = R, g(t) = >
g(1) <O0.
(i) If the sign sequence of the coefficients of g has at most two sign changes, and the leading
coefficient is positive, then there is unique p € (1,00) such that g(p) = 0, and it holds
that g(t) <0 for allt € [1,p) and g(t) > 0 for all t € (p,0).
(ii) If the sign sequence of the coefficients of g has at most one sign change, and the leading
coefficient is negative, then g(t) <0 for allt € [1,00).

veo(g) ayt’, be a signomial in one variable such that

Following the notation of [31, Section 2.3.1] and [26, Section 1.1], for every v € R" and a € R,
we define a hyperplane Hy o == {p € R" | v- p = a}, and two half-spaces

Hi,={peR"|v-p>a} and H,,:={peR"|v-p<a}.

We let ’H;rao, Hyo denote the interior of ’Hj’a, and H,, , respectively. Although H, o =H 4 —a,
the choice of sign determines which half-space is positive and which one is negative.

As we will see in Lemma 3.3, the relative position of a hyperplane H,, and the points in
o(f) gives valuable information about the behavior of the function f;, , in (8). To this end, we

introduce the following types of vectors v.

Definition 3.2. Let v € R".
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(i) We say that v is a separating vector of o(f) if for some a € R it holds
J—(f) - /Hz—!—,m 0+(f) - H;,a,'

The separating vector v is strict if o_(f) N Hin # 0, and very strict if additionally
o_(f)NHy,q = 0 for some a € R. Let S~ (f) denote the set of separating vectors of o(f).
(ii) We say that v is an enclosing vector of o(f) if for some a,b € R, a < b, it holds

o () CHI N Hyy o) CRUN(HIPOH, ).

We say that v is a strict enclosing vector of o(f) if additionally o (f) N Hea # 0 and
or(f)NH,; #0. We denote by £ (f) the set of enclosing vectors of o(f).

The sets of separating and enclosing vectors can be described algebraically as

9 S(f)=veR?| max v-a< min v-f¢,
©) () { |aea+(f) " pea—(f) B}

(10) ET(f)={veR" | Va€coi(f):v-a< min v-for max v-3<v-a}.
Bea—(f) Bea—(f)

For v € S7(f), setting a := max,e, (s v - @, Definition 3.2(i) holds. For v € £E7(f), we let
a:=minge, (s)v- [ and b:= maxge, () v - B and Definition 3.2(ii) holds.

Note that a separating vector is in particular an enclosing vector, that is, S™(f) C £ (f).
Using the algebraic description of S™(f) from (9), one can easily show that S™(f) is a convex
cone, i.e. it is closed under addition and multiplication by a nonnegative scalar [44, Ch. 1].

For a separating vector v to be strict, there must be a negative point in o(f) in HI , that is
not in the hyperplane H, ,. That is, there exists Sy € o (f) such that max,c,, (5 v-a < v-fp.
For it to be very strict, no negative point of o(f) lies on the hyperplane, or equivalently, the
inequality defining S™(f) in (9) is strict. Fig. 3(a) shows a strict separating vector.

Enclosing vectors enclose all negative points of o(f) between two parallel hyperplanes sepa-
rated from the positive points, but points of both signs are allowed to be in the two hyperplanes.
For an enclosing vector v to be strict, there must be positive points on the side of the hyperplanes
not containing the negative points, that is, there exist ay, s € o4 (f) such that the inequalities
in (10) are strict for that v respectively. See Fig. 4(a).

Enclosing and separating vectors order the exponents of f,, in (8), such that the negative
and positive coefficients are grouped. This has the following consequences.

Lemma 3.3. Let f: RY) — R be a signomial and x € RY,.

(i) If v € E7(f), then there are at most two sign changes in the coefficient sign sequence
of the signomial f, . If v is additionally strict, then both the leading coefficient and the
coefficient of smallest degree of f, . are positive.

(ii) If v € S (f), then there is at most one sign change in the coefficient sign sequence of
the signomial f, . If v is strict, then the leading coefficient of fy . is negative.

Additionally if f(z) <0, then the following statements hold:
(") Ifv e E7(f), then there is a unique p € (1,00| such that f, .(t) <0 for allt € [1,p) and
fo,z(t) >0 for all t > p (note that p might be co).
(i) If v e S (f), then fux(t) <0 forallt € [1,00).

Proof. (i) and (i"). For v € £~ (f), v orders the exponents v - 1 such that the sign sequence is
(+ -+ —---—+4---4), with potentially one or more of the three blocks of repeated signs not
present. The positive blocks are present if v is strict by definition, showing (i).

For f(z) < 0, if the leading coefficient of f, ; is positive, then Lemma 3.1(i) gives the existence
of a unique p € (1, 00) satisfying (i’) in the statement. If the leading coefficient of f;, , is negative,
then v € S7(f) and this case is covered next, and gives p = co.

(ii) and (ii’). From v € S7(f), it follows that the signomial f, , has at most one sign change
in its coefficient sequence, as max,eq,, (f)v - @ < Minge,_(pv - B. If v is strict, then for at
least one By € o_(f) we have max,¢,, (f)v - @ < v -, and hence the leading term is negative,
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showing (ii). If f,.(1) = f(x) <0, fy, must have some negative coefficient. Using v € S7(f),
we conclude that the leading coefficient is negative and v is strict. Lemma 3.1(ii) gives now
statement (ii’). O

Theorem 3.4. Let f: RY; — R be a signomial. If at most one coefficient of f is negative,
then f~Y(R<o) is a logarithmically convex set. In particular, V<, (f) has at most one negative
connected component.

Proof. Let x,y € f~Y(R<g), define v := Log(y) — Log(x), and let e denote Euler’s number.
Since f has at most one negative coefficient, v is an enclosing vector, c.f. Definition 3.2(ii).
Since fy2(1) = f(z) < 0 and fy(e) = f(y) < 0, Lemma 3.3(i’) implies that f, ,(t) < 0 for
all t € [1,¢€] and hence v, (t) € f~1(R<o) for t € [1,e]. Applying Log, equality (7) gives that
Ty Log() () € Log(f ' (R.p)) for all s € [0,1]. As Ty Log(z) in the interval [0,1] is simply the line
segment joining Log(x) and Log(y), Log(f~'(R<g)) is convex. This concludes the proof. |

We will now show that the existence of one strict separating vector implies that V<y(f) has
at most one negative connected component, which in addition is contractible. To this end, we
need an auxiliary proposition, that states that the existence of one very strict separating vector
is enough to guarantee that there is a basis of very strict separating vectors. The idea is simply
that the property of being a very strict separating vector is robust under small perturbations.

For a finite collection of vectors wy, ..., w; € R™ we write
k
(11) Cone(wy, ..., wg) ::{Z)\iwi \Al,...,AkGRZO}
i=1
for the convex cone generated by wy, ..., wg. If wy,...,w; are linearly independent, then the
relative interior of Cone(wy,...wy) is given by
k
(12) Coneo(wl, . ,wk) = { Z/\sz | My, A\ € R>0}.
i=1
Proposition 3.5. Let f: R%; — R be a signomial and v € R™ a very strict separating vector of
o(f). Then there exists a basis {w1,...,w,} of R™ consisting of very strict separating vectors,
and a constant ¢ € R such that
(13) o)) CHiper o)) CHpe  forevery i€ {L....n),
(14) v € Cone®(wy, ..., wy).
Proof. Define
a:= max v-aq, b:= min v-j, c::aT'H’.
acoy(f) Beo—(f)

AsveS(f), o-(f) CH, and o, (f) C H, . by (9). Since v is very strict, we have b > ¢ > a.
Choose a basis {v1,...,v,} of R” such that v € Cone®(vy,...,v,). By (12) this is equivalent
to the existence of A1,..., A\, € Ry such that v = Y | Ajv;. For this basis, we define

K := min min v; - py, L:= max max v;- 4.
i=L,...n peo(f) i=L,...n peo(f)

In the following, we show that it is possible to choose €; > 0 such that the vectors w; := v+e€; vy,
for i = 1,...,n, with the given ¢ satisfy (13). For § € o_(f) and i € {1,...,n}, using that
v;- 8> K and v- 3 > b, it holds that
>b>c if K > 0 and for ¢; > 0,

>b+ 42K =c if K<0andfor0<e < %2

(15) w;-B=v-B+e(vi-B)>b+teaK {

Similarly, for every « € o4 (f) and i € {1,...,n}, it follows that

<a<c if L <0 and for ¢ > 0,

16) wi-a=v-a+e(vi-a)<a+egl
(16) i i(vi-a) < ’ {<a+bgLaL:c ifL>0andfor0<e,-<b§Ta-
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Therefore, there exists an ¢ > 0 such that w; satisfies (15) and (16) for all 0 < ¢; < € and

i € {1,...,n}. Hence for sufficiently small €1,...,¢, the vectors wi, ..., w, are very strict
separating vectors satisfying (13).
To obtain (14), we specify a choice of €1,...,¢,. For each i € {1,...,n}, choose p; > 0 such
that ¢; := % < € and define P :=>"" | p;. By construction, we have that
n n n
Di_ . — Pi Aigy — _P 1 . —
D Fwi =) o+ fu) = v+ g ) A =,
i=1 i=1 i=1
which gives that v € Cone®(wy, ..., wy).
Finally, since v is a positive linear combination of v1,...,v, and €1,..., €, are positive, an
easy linear algebra argument shows that wi, ..., w, form a basis of R™. O

Theorem 3.6. Let f: RZ; — R be a signomial. If there exists a strict separating vector of
a(f), then

(i) f~1(R.g) is non-empty and contractible.

(i) The closure of f~1(Rq) equals f~(R<p).

In particular, V<o(f) has at most one negative connected component.

Proof. Let v € S~ (f) be a strict separating vector. Define
a:= max v-a, and M:={feco_(f)|v-f=a}=0_(f)"Hpa.

a€oy(f)
Since v is a strict separating vector, o_(f) \ M # (. Consider the restriction of f to o(f)\ M,
c.f. (3):

[ = fio(rmr-

As f is obtained from f only by removing monomials with negative coefficients, f(z) < f(x) for
all x € RZ; and hence Ji_l(R<0) C f~Y(R<p). By construction o_(f) # 0, and v is also a strict
separating vector of o(f), which additionally satisfies

max_ v-a< min_ v-pj.
acoi(f) Bea—(f)

Hence, v is a very strict separating vector of o(f). Note that for any x € RZ,, the leading
coefficient of fv,z is negative by Lemma 3.3(ii), and hence f~'(R.o) # 0. It follows that
FHRop) # 0 as well.

We show that f~1(R.g) is contractible, by showing that this is the case for Log(f~!(R<o)).
First, note that by Proposition 3.5, there exists a basis {w1,...,w,} of R consisting of very

strict separating vectors of o(f) such that v can be written as
n

(17) v=> Aw;  forsome A=(A,...,\)) € R
i=1

To show that Log(f '(R«g)) is contractible, we will show that for any ¢ € Log(f '(R<)),
it holds that & + Cone(ws,...,w,) is a strong deformation retract of Log(f~!(R<g)). As & +
Cone(wy, . .. wy,) is contractible, this will conclude the proof of (i), c.f. [27].

To this end, fix z € f~1(R<o) and let & = Log(z). For w € S~(f), the path 7, is con-
tained in f‘l(]R<o) by Lemma 3.3(ii’). Hence, by equality (7), the path 7, ¢ is contained in

Log(f'(R<p)). In particular, it holds that £ + w € Log(f '(R<g)) for all w € S=(f). As

S7(f) is a convex cone and contains wi, ..., wy, we have Cone(wr, ..., w,) € S™(f) [44, Ch.
1]. Tt follows that & + Cone(wy, ..., w,) € Log(f 1 (R<o)) € Log(f~1(R<)).
We now construct a homotopy map giving that & + Cone(ws, ..., w,) is a strong deformation

retract of Log(f~1(R«p)). To this end, we consider the map s*: R" — Rx( defined by
s*(¢) =min{s € R>g | (+sv € £+ Cone(wr,...,wy)}.
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2.54

2.04

1.51 >o(p2)

1.04

Ve o(p2)

0.51

FIGURE 3. Graphical representation of Example 3.7. (a) v = (1,—1) € S (p2) is a
strict separating vector, the vectors w; = (1.1, —1) and we = (1,—1.1) are very strict
separating vectors of the support of pp(x1,72) and form a basis of R2. (b) p; ' (R<)
shown in blue and its subset p, ' (R<o) shown in green. (c) The half-line Log(v, )
intersects the cone generated by wq, ws with apex £ = Log(x).

To see that s* is well defined and continuous, we note that

$°(Q) = max fo, - HEO VRO,
where W € R™ " is the matrix of the linear isomorphism that sends the i-th standard basis
vector of R™ to w;, and Ay,...,\, > 0 are from (17).
Consider the following continuous map
(18) p: [0,1] x Log(f~!(R<o)) = Log(f ' (R<0)),  (,€) = ¢+ 5" () v.

Since v is a strict separating vector of o(f), from Lemma 3.3(ii’) follows that p(t, ¢) € Log(f~'(R<))
for all (¢,¢) € [0,1] x Log(f~'(R<g)). Clearly, p(0,-) is the identity map, and by defini-
tion of s*, p(1,¢) € & + Cone(ws,...,w,) for all ¢ € Log(f~!(R<g)). Furthermore, if ¢ €
&+ Cone(ws, . . ., wy), then s*(¢) = 0 and p(t,¢) = ¢ for all ¢ € [0, 1].

We conclude that p is a homotopy showing that £ + Cone(ws, ..., wy) is a strong deformation
retract of Log(f~1(R<p)). This implies (i).

Finally, we show statement (ii). Let x € f~1({0}). Since v € S~ (f) and strict, Lemma 3.3(ii)
gives that f,,(t) < 0 for all ¢ > 1. Thus the sequence (7, (1 + %))neN belongs to f~}(R<o).

As 7y, 1s continuous and 7, (1) = z, the sequence (%,x(l + %))nGN converges to x. So each

z € f~1(R<p) is the limit of a convergent sequence in f~!(R.g). Hence f~1(R<g) C f~1(R<).
The other inclusion is clear by the continuity of f. |



10 ELISENDA FELIU AND MATE L. TELEK

Example 3.7. Consider the signomial

po(z1, 20) = —xfal + 3aday — 2dad — 22l + 2123 — 3x120 + 20,
Then v = (1, —1) € S~ (p2) is strict, see Fig. 3(a), and by Theorem 3.6, V<, (p2) has one negative
connected component which is a contractible set.
Fig. 3 displays the idea of the proof of Theorem 3.6. First, one considers the signomial obtained
by removing the negative monomials on the separating hyperplane H, —; from Fig. 3(a):

~ 4 2 2
polw1, x2) = 323xs — 2322 + 11235 — w120 + T2

Using Proposition 3.5, one can find strict separating vectors wy = (1.1,—1) and wy = (1, —1.1)
of o(p2) such that v € Cone(w;,ws). For a fixed z € ]52_1(]1%4)), the paths Yy, zs Yws,e turn
into half-lines with start point £ = Log(z) under the coordinate-wise logarithm map (see Fig. 3
(b,c)). For each point ¢ = Log(y) € Log(pz_l(R<0)), the half-line with start point ¢ and direction
vector v intersects Cone(wi,ws). By sending ¢ to the first such intersection point, we obtain
that Cone(wy,ws) is a strong deformation retract of Log(p; ' (R<g)).

The results provided so far guarantee that V<)(f) has at most one negative connected com-
ponent. With analogous techniques, the existence of strict enclosing vectors of o(— f) gives that
<o(f) has at most two negative connected components. Note that a strict enclosing vector of
o(—f) defines two parallel hyperplanes such that the positive points of o(f) are between them,
and the negative points of o(f) are on the other side of these hyperplanes.

Theorem 3.8. Let f: RY; — R be a signomial. If there exists a strict enclosing vector of
o(—f), then V<y(f) has at most two negative connected components.

Proof. Let v € £ (—f) be a strict enclosing vector. Then for 8 € o (—f) = o_(f), it holds
that either

v-f< min v-a or max v-a<uv-pf.
acoy(f) acoi(f)

As v is strict, the following sets are non-empty:

M:={B8eco_(f)] éna)((f)v~a<v-ﬁ}, N:={pe€o_(f)|v-f< min v-a}.
aco

agoy(f)

Consider the restriction of f to the sets M Uoy(f) and N Uoy(f):
Far = fiaruo, () N = fiNvos ()-

By construction, see (9), v and —v are strict separating vectors of o(fas) and o(fy) respectively.
Hence f;,l(]R@) and fj;jl (R<g) are path connected by Theorem 3.6. Additionally, as the sets

of negative points in o(fy) and o(fn) are included in o_(f), it holds f(z) < fy(x) and
f(z) < fau(x) for all 2 € R and hence

fil Reo) € FH(R), I (Roo) € fFHR<).

With this in place, if we show that for every # € f~1(R.g) there is a continuous path to a
point in f]\_j(R@) or to a point in f}gl(R@) and this path is contained in f~'(R.g), then the
number of connected components of f~!(R) is at most 2.

Fix # € f~'(R<g). As v is a strict separating vector of o(fys) and —v of o(fx), there exist
ty,dy > 1 such that v, »(t;) € f]\_/ll (Reo) and y—y »(ds) € f};l (R<p) by Lemma 3.3(ii).

By Lemma 3.3(i), fu ., has negative leading and smallest degree coefficients, and the coefficient
sign sequence has at most two sign changes. Hence either f, ,(t) < 0 for all ¢ > 1 or f, .(t) <0
for all ¢t < 1. If f, »(t) = f(w,(t)) < O for all ¢ > 1, then the path 7, , connects z to a point
in fi, (Reo). If fpu(t) <O for all t <1, then f_, ,(t) = fo.(t™") <0 for all t > 1. Hence the
path _, . connects x to a point in f];l(R<()). This concludes the proof. O
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051 V> 0(B3, 1)
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FIGURE 4. [Illustration of Example 3.9. (a) A strict enclosing vector for —ps is
shown. (b) The positive connected component of V< (ps) is shown in red, the negative
connected components of V< (ps) are shown in blue, the subset ﬁ;}w(R@) is shown in
green, and the subset ﬁ;}v(R@) is shown in purple. The path 7, , from z = (0.15,0.95)
to ﬁ;}\i(R@), shown dashed in red, is not contained in p3 *(Rg). The path v_,, ., shown
in solid green, connects = with p; ~(R<o) and does not leave p3 HR o).

Example 3.9. Consider the signomial

p3(w1, x2) = o325 — a3ad + xiad + adad — 2 — mx) — 2ty + 30l — 223 4z,
The vector v = (1, —1) is a strict enclosing vector of —ps, see Fig. 4(a). Hence, the number of
negative connected components of V<, (p3) is at most two by Theorem 3.8.
In Fig. 4(b), the idea of the proof of Theorem 3.8 is illustrated. The following two signomials
are considered

- 42 2 2
Pa.v(x1, x2) = :c:fa:g + zixs + x?m% - m? + 3ziz; + T129,

P3N (21, 22) = w3xd — 2xd + alad + 232 — xyah + 30323 + 2.
For each of these signomials, the pre-image of R is path connected and contained in p; 1(]R<0).
Using the paths 7,z or 7_y ., any point x € p3 ! (R<p) is connected to one of these two connected
sets.

Remark 3.10. The conditions of Theorems 3.6 and 3.8 can be checked computationally using
linear programming. Finding a separating vector of o(f) corresponds to finding a solution of
the linear inequality system

(19) v-a<a, OéEO'+(f), U'ﬁZC% ﬂea—(f)7

where v € R™,a € R are treated as unknown variables. Existing software like SageMath [41],
Polymake [23] and other linear programming software can find a solution to (19) even for large
number of variables and of inequalities.

Finding an enclosing hyperplane as in Theorem 3.8 can be more demanding computationally.
A naive approach is to consider all partitions of o_(f) into two sets o_1(f),o—2(f) and for
each partition decide the feasibility of the system of linear inequalities

U'ﬂgaa ﬁea—,l(f) (IS’U'O[S(L OéEO'+(f), ’U',ng, ﬁEO'_g(f).

Remark 3.11. One might be tempted to believe that in the situation of Theorem 3.8, V< (f) has
at most one positive connected component. However, Example 2.2 gives a counter example, as

<o(p1) has two positive connected components, and the vector v = (0, 1) satisfies the hypotheses
of Theorem 3.8, see Fig. 2.



12 ELISENDA FELIU AND MATE L. TELEK

A direct consequence of Theorems 3.6 and 3.8 applies to the case where the positive points
of o(f) belong to a hyperplane that does not contain all the negative points of o(f).

Corollary 3.12. Let f: RY; — R be a signomial. If for some v € R" and a € R
U+(f) CHya and o— (f) SZ Ho,a,

then V<o(f) has at most two negative connected components.

Proof. The conditions imply that either v is a strict enclosing vector of o(—f), or either v or —v
is a strict separating vector of o(—f). The statement then follows from Theorem 3.8 or Theorem
3.6. 0

Corollary 3.13. Let f: RY; — R be a signomial. If
Ho.(f) < dimN(f),

then V<o(f) has at most two negative connected components.

Proof. Since #o(f) < dimN(f) < n, the points o (f) lie on an affine subspace of dimension
at most dim N(f) — 1. Necessarily, this subspace cannot contain all points of o(f). Hence, there
exists an affine hyperplane H, , containing o (f) and not containing o_(f). Now, the statement
follows from Corollary 3.12. ]

Remark 3.14. The techniques used in this section rely on the observation that the paths
(5) become half-lines at the logarithmic scale. Studying images of algebraic sets under the
coordinate-wise logarithm map has a rich history. In 1994, Gelfand et al. [24] introduced the
amoeba of a Laurent polynomial f € Clzi!, ..., 2] which is the image of the set {z € (C*)" |
f(z) = 0} under the map (C*)™ — R"™, (z1,...,2,) — (log(|z1]),...,log(|zn])). Since then, many
results have been proved about the structure of the connected components of the complement of
the amoeba. It is known that these connected components are convex [24, Corollary 1.6], their
number is at least equal to the number of vertices of the Newton polytope N(f) and at most
equal to the total number of integer points in N(f) NZ™ [20, Theorem 2.8]. Furthermore, if the
polynomial is maximally sparse (i.e. every exponent of f is a vertex of N(f)), then the number
of connected components of the complement of the amoeba is equal to the number of vertices
of N(f) [36], and each of these components is unbounded [24, Corollary 1.8].

The logarithmic image of V5o (f) can be seen as the “positive real part” of the amoeba of f.
Therefore, one might hope that statements about amoebas can be translated directly to answer
Problem 1.1. However, logarithmic images of Vs (f) have been studied in [2], where the author
concluded that, in general, it is not possible to use properties of the amoeba to understand
the logarithmic image of Vso(f) [2, Section 5.1]. To illustrate that the amoeba of f and the
logarithmic image can behave differently, we recall the following example [38, Example 2.6].
Consider the maximally sparse polynomial f =1 — 27 — x9 + gm%m + gxlx%. The complement
of the amoeba of f has 5 connected components, which are convex and unbounded. However, it
is easy to see that the complement of Log(V~¢(f)) has a bounded connected component, which
is contained in the amoeba of f.

4. CONVEXIFICATION OF SIGNOMIALS

In Section 3, we used continuous paths (5), which are half-lines on logarithmic scale, to derive
bounds for the number of negative connected components of V< (f), where f is a signomial
function. In this section, we take a different approach to bound the number of negative connected
components of V,(f). We use the almost trivial observation that every sublevel set of a convex
function is a convex set (see e.g. [37, Theorem 4.6.]). Therefore, V<y(f) has at most one
negative connected component, if f is a convex function. With this in mind, we investigate
what signomials can be transformed into a convex function using Lemma 2.3.

From [34, Theorem 7], one can easily derive a sufficient condition for convexity of signomials.

Lemma 4.1. A signomial f: RZ; — R is a convex function if the following holds:
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(a) For each o € o (f), it holds that

(i) a; <0 foralli=1,...,n, or

(ii) there exists j € {1,...,n} such that a; <0 for alli#j and (1,...,1) - a > 1,
(b) For each B € o_(f), it holds that 5; > 0 for alli=1,...,n and (1,...,1) -8 < 1.

Proof. By [34, Theorem 7], hypotheses (a) and (b) imply that each term c 2%, o € o1 (f) and
cpr®, B € o_(f) is convex. The result follows from the fact that the sum of convex functions is
convex. ]

We proceed to interpret the conditions in Lemma 4.1 geometrically.

Definition 4.2. Given an n-simplex P C R" with vertices uo, ..., tn, we define for k €
{0,...,n} the negative vertex cone at the vertex uy as

Pk = g + Cone(pg — pro, - -, ke — fin)

:{Zn:)\iui|zn:)\i:1, /\i<0f0ralli7ék}.

=0 =0
We write P~ = (Jp_, P

Note that it follows that Az > 0 in the definition of P~*. The name 'negative vertex cone’
comes from [9, 13], where the authors refer to the vertez cone as the pointed convex cone with
apex pr and generators the edge directions pointing out of uy. Fig. 5(a) shows an example of
the negative vertex cones in the plane.

The next proposition provides another geometric interpretation of negative vertex cones. First
recall that every n-simplex P C R™ has n + 1 facets, each facet F' is supported on a hyperplane
Hopap, and it holds that P = (\pcp facet Howap 126, Section 4.1].

vp,ap

Proposition 4.3. Let P = Conv(ug, ..., tin) € R™ be an n-simplex. A point a € R™ belongs to
P~* fork e {0,...,n}, if and only if « € H} for all facets F' of P containing py. In that

VF,aF

case, it holds a € H;, for the facet F' not containing .

VF,aF

Proof. Denote by F; the facet of P that does not contain y; and H,, «; a supporting hyperplane.
In particular it holds that

(20) vjopi =a; for iF#j and vi - g < Qg for i=0,...,n.
The condition in the statement is equivalent to the existence of k € {0,...,n} such that
(21) vi-a>a; for i#k.

Write ov = 377 Ajpj for Ao, ..., A € R such that 377 ;A = 1. Then

n n
vica =Y Nj(viop) = Nilvio )+ Y Nag
j=0 =031
= Ni(vi - i) + (L= N)ai = a; + Ni(vi - i — a;).

(22)

Using this, condition (21) holds for some k if and only if

)\i(vi c g — ai) Z 0 for 7 75 k.
By (20), this holds if and only if \; < 0 for i # k, that is, if and only if « € P™F C P~. As
then, A\r > 0, (22) gives that vy - @ < aj and hence o € H., O

Vi, Ak "

We write A,, := Conv(eg,e1,...,e,) for the standard n-simplex in R"™, where eq,...,e, are
the standard basis vectors of R™ and ey denotes the zero vector.

Lemma 4.4. Let f: RL; — R be a signomial. If o_(f) € Ay and o (f) € A,,, then f is a
convez function.
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Proof. We show that the conditions in Lemma 4.1 are equivalent to o_(f) C A, and o4 (f) C
A,,. For g € R", find the unique Ag,..., A\, € R such that ;' jXie; = B and Y ;" (A = 1.
Note that (1,...,1)- 8 =>"", X\i =1 — Ay, which is at most 1 if and only if Ay > 0.

Lemma 4.1(b) holds if and only if \; > 0 for alli =1,...,n and >_" ; \; < 1. Equivalently,
ANi>0foralli=1,...,nand Ay > 0, that is, 5 € A,,.

We show now that § € A, if and only if Lemma 4.1(a) holds. By definition, 8 € A, if and
only if for some k,

(23) Ai <0 for i#k.

For k = 0, (23) holds if and only if 5; < 0 for all ¢, thus Lemma 4.1(a,i) holds. For k > 0, (23)
holds, if and only if all but the k-th coordinate of 8 are non-positive, and Ag < 0, equivalently
(1,...,1)- B > 1, which is Lemma 4.1(a,ii). This concludes the proof. O

We next look into what signomials can be transformed into a convex signomial using the
transformations from Lemma 2.3. Tt is well known that any two n-simplices are affinely isomor-
phic [44]. The next lemma shows that the negative vertex cones are preserved under such an
affine transformation.

Lemma 4.5. Let P,QQ C R™ be n-simplices. For every B C P and A C P~ there exist an
invertible matriz M € GL,(R) and a vector v € R™ such that MB+v C Q and MA+v C Q.

Proof. Denote by {po, - ..,pn} and {qo, ..., g} the vertex sets of P and @ respectively. Since P
and @ are simplices, there is an invertible matrix M € GL,(R) such that M (p; — po) = ¢ — qo
for i =1,...,n. Define v := —Mpy + qo. By construction, it holds that Mp; + v = ¢; for every
1 =0,...,n.

For each p € R™, write p = Y1 Aip; with Y ;" A = 1. It holds that

n n n n

Mp+v= Z/\iMpi +Z)\iv = Z/\Z-(Mpi +v) = Z)‘i%'
i=0 i=0 i=0 i=0

That is, the coordinates of i according to P and those of Mpu + v according to @) are the same.

From this the statement follows. ]

Theorem 4.6. Let f: R%) — R be a signomial. If there exists an n-simplex P such that
U—(f)gpv and U+(f)gP_7

then f~'(R<o) is either empty or contractible. In particular, V<y(f) has at most one negative
connected component.

Proof. By Lemma 4.5 with B = o_(f) and A = o4 (f), there exists M € GL,(R) and v € R"
such that Mo_(f)+v C A, and Mo (f)+v C A,,. By Lemma 2.3, 04 (Fir0, ) = Moy (f)+v
and o_(Fare,r) = Mo_(f) +v. Hence by Lemma 4.4, Fi,, ¢ is a convex function and thus
F A_J}v’ f(R<0) is either empty or contractible. By Lemma 2.3 again, f~!(R-g) is homeomorphic

to Fi' .(Rg), and the statement of the theorem follows. O
M, f

In view of Theorem 4.6, understanding P~ for a simplex P allows us to determine whether f
can be transformed to a convex function.

Example 4.7. Consider the signomial

pa(x1, 20) = 2503 + w2 — 2030d — 32223 + 22l + 25 — xya0 4+ 1
and the simplex P = Conv((1,1),(4,2),(1,3)). We have 0_(ps) € P and o4(ps) C P, see
Fig. 5. By Theorem 4.6, the set p; ' (R-p) is contractible, since py(1,1) = —1.

A direct consequence of Theorem 4.6 states that if all positive points of o(f) are vertices of
the Newton polytope and this is a simplex, then f~!(R.) is either empty or contractible. Let
Vert(N(f)) denote the set of vertices of N(f).
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FIGURE 5. Tllustration of Example 4.7. (a) A 2-simplex P, its negative cones P~ and
the support of ps(z1,72). (b) The set p; ' (R<g) is shown in blue.

Corollary 4.8. Let f: RZ; — R be a signomial. If o (f) C Vert(N(f)) and N(f) is a simplexz,
then f~1(Rg) is either empty or contractible.

Proof. Let d := dimN(f) and denote by eq,...,eq the first d standard basis vectors of R™.
Without loss of generality, we can assume that o(f) belongs to the linear subspace generated
by eq1,...,eq in R™, as this can be achieved via a change of variables as in Lemma 2.3. Hence
f depends only on the variables x1,...,2x4, and can be seen as a signomial in Rio with full
dimensional Newton polytope. Viewing V<,(f) in R‘io, the statement follows from Theorem 4.6,
since o (f) € Vert(N(f)) € N(f)~ and o (f) € N(J).

The proof is completed noticing that the pre-image of a contractible subset of R‘io under the
projection map (z1,...,2,) — (z1,...,24) is contractible in RZ. O

Remark 4.9. Finding a simplex P that satisfies the conditions of Theorem 4.6 might be chal-
lenging even in low dimensions. For a partition of o (f) into n + 1 sets o4 o(f),...,04n(f),
Proposition 4.3 give rise to a system of linear inequalities that the normal vectors of the facets
of P need to satisfy to ensure that o_(f) C P and oy ;(f) C P~ for i = 0,...,n. To verify
that a solution of this system gives indeed an n-simplex, one can employ Lemma 4.10 below,
whose proof is given for completeness.

Using these observations, the existence of a simplex P satisfying the conditions of Theorem
4.6 can be established by verifying the feasibility of a system of polynomial inequalities. This
can be for example achieved using quantifier elimination [18]; see [40] for an implementation.

Lemma 4.10. Let {Huwg.aq,- - - Hwn,an t be a set of hyperplanes of R™ such that:
(i) Ewvery proper subset of {wy, ..., wy} is linearly independent.
(i1) For everyi € {0,...,n} it holds that (\j_g j; Huw,a; © Huwla,-

Then (7o Hoyja; 15 an n-simplex.

Proof. First, note that (ii) implies
n
Y
(") ﬂ ij,aj =0.
j=0

As a finite intersection of closed half-spaces, P := ﬂ?:o H;jyaj is a convex polyhedron. Each
face of P has the form
Pr=PnH;,  H=()Hu.a
i€l
for some non-empty subset I C {0,...,n}. By (i) and (ii’), H; is zero dimensional if and only if
I has n elements. By (ii), for I = {0,...,n}\{i}, Pr # 0 and hence Py is a vertex of P, denoted
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by p;. Furthermore, the points py, ..., u, are affinely independent. This follows from (ii’), as
for each k, p1; € Huwya, for i # k and pp ¢ Huw,a,- Hence Conv(po, ..., py) is an n-simplex.
Finally, P = Conv(ug, ..., fin) as Huwj.qa, contains a vertex for each k. |

We conclude the section with Proposition 4.11, which states that if there are n — 1 linearly
independent non-strict separating vectors and the convex hull of the negative points does not
contain positive points, then a simplex satisfying the conditions of Theorem 4.6 exists. This case,
together with the scenario with one negative point in Theorem 3.4 or the existence of a strict
separating vector in Theorem 3.6, conform the situations where one can effectively conclude that

<o(f) has at most one negative connected component.

Proposition 4.11. Let f: R%; — R be a signomial, such that o(f) has at least two negative
points. Assume that there exist n — 1 linearly independent separating vectors of o(f), which
are not strict and that Conv(o_(f)) N oy (f) = 0. Then there exists an n-simplex P such that
o_(f) CP and oy(f) C P.

Proof. Let wy, ..., w,—1 be non-strict separating vectors. Then with a; := max{w; - a | « €
o+(f)}, it holds

n—1 n—1
(24) 04 (f) € () Huwpay and o (f) CL  with L:= () Hu,.a-
=1 =1

If o_(f) C L, then any simplex P having as edge Conv(o_(f)) satisfies the statement. Hence,
we assume that this is not the case. We prove the proposition by applying Lemma 4.10. We
introduce the following;:

n—1 n—1
v::ZwieRn_l, d::ZaieR, K :=max{v-a|acor(f), v-a#d} €R.
i=1 i=1

By assumption, € := d— K > 0 and we have o_(f) C H, 4. Let z € R" such that z, w1, ..., wp—1
are linearly independent, and denote by 3y, 81 the vertices of Conv(o_(f)) where the linear form
induced by z attains its minimum and its maximum respectively. These vertices are different,
otherwise each § € Conv(o_(f)) would be the unique solution of z - 8 = z - By, w; - B = ay,
t=1,...,n— 1. This would be a contradiction, since o_(f) contains at least two points.

We let M := max{z-a | a € o(f)}, choose A > p positive real numbers such that

(25) MM~z fy) <e=d—K, WM —z-p)<e=d— K,

and define wy 1= v + Az, wy, 1= —v — pz, ap := d+ Az - fp), and ap, := —d — p(z - B1). By
construction, By € H_wy,—qo and 81 € H_y,.—a,-

We show that P := (7, M, —a, 18 an n-simplex using Lemma 4.10, and satisfies the hy-
potheses of the statement. Lemma 4.10(i) holds by construction. To show Lemma 4.10(ii), we
consider first i € {0,n}. As

n—1 n
(26) m H—w]‘,—a]‘ - {BO}? m H—wj,—aj - {ﬁl}?

=0 j=1
it suffices to show that 8o € H_,, _, and 1 € H_j .. For each 8 € o_(f), it holds that
(27) wp-f=-v-B—p(z-B)>—d—p(z-f1)=a,, and
(28) wo-B=v-B+Az-B)=d+ Az Bo) = ao
as z attains its minimum resp. its maximum on Conv(o_(f)) at By resp. at 81 and A, u > 0.
From these we get that So € H_;, _, and 1 € H_; ., since z- 1 > z- f and hence the

inequalities in (27) and (28) are strict.
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FIGURE 6. Ilustration of Example 4.12. (a) Shows o(p5) with blue indicating negative
points and red positive points. The vector wy = (1, —1) is a non-strict separating vector
of the support of ps. (b) The negative connected component of V<y(ps) is shown in blue.

Consider now i € {1,...,n—1}and x € (] jz; H—w;,—a;- In particular, @ € Huy,aoNHuw,,an-

Solving the linear system wo -z =v -z + A(z-2) = ap and wy, - = —v -z — p(z - ) = ay, for
v-x and z - z and using the definition of ag, a,,, we obtain
z-x:%, v'x:aof)\-%:d+%(z-ﬂlfz~ﬂo)>d,
as A\, i, A — i,z - f1 — z - By > 0. Hence
n—1 n—1
ij-xzv-x>d=Zaj.
j=1 j=1
From this follows that w; - « > a;, since w; - x = a; for j # i. Therefore z € H_,) _, and

Lemma 4.10(ii) holds. We conclude that P is an n-simplex.

Finally, we show that o_(f) C P and o4(f) C P~. The inclusion o_(f) C P follows from
(24), (27) and (28).

Let o € 04 (f) and assume that v - a < d. By (25),

wopra=v-a+ANz-a) <K+AMM=d—e+ M <d+ Az fy) = ao,
which implies o € HT This together with (24) imply that & € P~ by Proposition 4.3.

—wo,—ag"’
Now, consider the case v -« = d. In this case, (24) implies that w; - & = a; for each
i=1,...,n—1. Thus, « € L and recall « ¢ Conv(c_(f)). Hence o € L\ Conv(o_(f)) C P,
where the last inclusion follows from the fact that the supporting hyperplanes of each cone P~

are supporting hyperplanes of P. O

Example 4.12. Consider the signomial
ps(x1, 2) = xizy + 222l + 22y® — 5adad — 3adad + zy20 + 23,

with o(ps) depicted in Fig. 6(a). The vector wy = (1,—1) is a separating vector of o(ps).
The convex hull of o_(p5) does not intersect o4 (ps) as we can see from Fig. 6(a). Hence, we
can use Proposition 4.11 to conclude that there exists a simplex P such that o_(ps) C P and
o+(ps) C P~. In fact, the proof Proposition 4.11 is constructive, the corresponding P is depicted
also in Fig. 6(a). Now, we can apply Theorem 4.6 to conclude that f~'(R.g) is contractible.

5. COMPARING THE DIFFERENT APPROACHES

Theorems 3.4, 3.6, 3.8, 4.6 cover some cases of a generalization of Descartes’ rule of signs
to hypersurfaces. In particular, we have shown that f~!(R.q) is contractible in the following
relevant cases:
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e f has at most one negative point in o(f).

e There exists a strict separating vector of o(f).

e There exists a simplex P such that negative points of o(f) belong to P and positive
points to P~ ; in particular if all positive points are vertices of the Newton polytope and
this is a simplex, or if there are n — 1 linearly independent non-strict separating vectors
and the convex hull of the negative points does not contain positive points.

The techniques to study the case where f~1(R.() is path connected could also be used to
derive a condition for f~!'(R.) having at most two connected components:

e There exists a strict enclosing vector of o(— f); in particular if the positive points belong
to a hyperplane that does not contain all negative points, or if the number of positive
points is smaller than dim N(f).

Theorem 4.6 covers all the cases where the classical Descartes’ rule guarantees that the number
of negative connected components of V<y(f) is at most one. These are the cases when the
coefficients of the one-variable signomial f has one of the following sign patterns:

(_..._+...+) (_|_..._|__..._) (+...+_..._+...+).

Although Theorem 3.6, and 4.6 build apparently on different techniques, we show in this
section that they are equivalent in some situations. Computationally, checking whether Theo-
rem 3.6 applies is less demanding than to verifying that the conditions of Theorem 4.6 hold.

We start by noting that Theorem 4.6 applies for the signomial ps in Example 4.7, but o(p4)
does not have any separating vector. However, under some assumptions, the existence of an
n-simplex as in Theorem 4.6 implies the existence of a separating vector.

Proposition 5.1. Let f: RY; — R be a signomial and let P C R"™ be an n-simplex such that
o (f) C P and oy (f) C P~. If there exists k € {0,...,n} such that P~*Na,(f) = 0, then
o(f) has a separating vector. Moreover, there is a strict separating vector if there is a negative
point in P\ Fy, where Fy, denotes the facet of P opposite to Pk,

Proof. Let Hy, .q, be a supporting hyperplane for the facet Fj. By hypothesis and from Propo-
sition 4.3 we obtain o (f) C H, , . By hypothesis we also have that o_(f) € P € H,, ..

Therefore, —vy, is a separating vector of o(f). If there is a negative point 8 ¢ Fy, then vg -8 < a,
giving that —uvy is strict. O

We inspect now whether or when Theorem 3.6 follows from Theorem 4.6, in which case we
obtain the additional information that f can be transformed into a convex signomial. The
existence of a strict separating vector does not imply the existence of an n-simplex satisfying
the condition in Theorem 4.6. To see this, we consider the signomial py in Example 3.7. The
positive point (3,4) lies in Conv(o_(p2)), and is not a vertex. Therefore, there is no n-simplex
P such that o_(p2) C P and (3,4) € P~.

However, if there exists a very strict separating vector, then there is an n-simplex satisfying
the conditions in Theorem 4.6 and Theorem 3.6 follows from it. For an example, see Fig. 7.

Proposition 5.2. Let f: RY, — R be a signomial. If there is a very strict separating vector
v € R™ of o(f), then there exists an n-simplex P such that o_(f) C P and o4 (f) C P~.

Proof. By Proposition 3.5 there exist n linearly independent very strict separating vectors
—wi, ..., —Wy, and ¢ € R™ such that

n n
(29) o () S [V Hupe and o4(f) S [\ Hb e

i=1 i=1
We consider minus the basis in Proposition 3.5, as separating vectors leave the negative points
on the positive side of the hyperplane, while the simplex P leaves them on the negative side of
the defining hyperplanes.
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101

FIGURE 7. The support of the signomial ps in Example 3.7 has a very strict separating
vector as in Proposition 5.2, namely v = (1,—1). The 2-simplex P shown in blue is

constructed following the proof of Proposition 5.2 with the choice v1,= (1,0),v2 =
(O7 *1), ag = 4.
We define wg := — ;" | w;, choose ag € R such that ag > max,c,(f) wo - 4 and define

n
P = H’l;o,ao ﬂ m H;}i,c'
i=1
It then holds that o_(f) and o4 (f) belong to H,, ,,- Thus, o_(f) € P, and o4 (f) € P~ by
Proposition 4.3.
All that is left is to show that P is an n-simplex. To this end, we apply Lemma 4.10. It is

clear that every subset of {wy, ..., wy} with n elements is linearly independent, so Lemma 4.10(i)
holds. From (29) follows that

30 n(—c) < max —w; - = max wpy-B < max wg - pu < ag.

(30) (o) < % ~ T peo(n nea(f)

For x € ﬂ;;l Hu, e, We obtain wy -z = —nc < ag, s0 & € Huwioao- I 2 € Hapg.ap N ﬂ?:L#i Hojes
again by (30) we have that

n

Wi T =—wWo-T — Z wj-r=—-ag—(n—1)c<nc—(n—1)c=c
J=Li#i
Hence = € Hy)% for each i € {1,...,n}. We conclude that Lemma 4.10(ii) holds, so P is an
n-simplex and this completes the proof. O

In the scenario where f has exactly one negative point neither the existence of a separating
hyperplane nor the existence of a simplex satisfying the conditions of Theorem 4.6 are guaran-
teed. In fact, if f has one negative point, then a strict separating hyperplane exists if and only
if the negative point is a vertex of the Newton polytope of f. The following example illustrates
a scenario where a simplex as in Theorem 4.6 does not exist, and f has only one negative point.

Example 5.3. Let f: R2; — R be a signomial with only one negative point By € o(f). If
o+(f) is equal to the vertex set of a regular m-gon for some m > 7 with circumcenter [y, then
there does not exist a simplex P such that o_(f) C P and o4 (f) C P~.

To see this, assume that such a simplex exists and write P = H;o,bo N H;17b1 N 7-[;271)2, with
wo, w1, wy € R2, and by, by, by € R. For a; := w; - fo, i = 0,1,2, the three lines Huwo,a0> Huwn,ars
and Hay, q,, intersect each other at Sy and divide the circumsphere of the m-gon into 6 regions.
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Let 70, 71,72 € [0, 7] be the angles of the regions cut out by Hu.ao and Huw,.ay, bY Huw, e, and
How,as, a0d by Hupy a, and Hay, q, respectively. Note that o + 1 + v2 = 7. Since o (f) € P,
the positive points are in alternating regions. Therefore one of the two regions cut out by Hu,a,
and H, o, with angle vy cannot contain any positive point. Since o4 (f) is the vertex set of a
regular m-gon, for each pair of consecutive positive point oy, ;11 (counted counterclockwise),

the angle £Lo;Bpa;41 equals % From this follows that vy < %“ A similar argument shows

that v < %’T, Yo < %’r We conclude that vg + v1 + 72 < %’r. Since m > 7, this contradicts
Yo + 71 + 72 = 7. Therefore, such a simplex P does not exist.

REFERENCES

[1] A. A. Albert. An inductive proof of Descartes’ rule of signs. Am. Math. Mon., 50(3):178-180, 1943.

[2] D. Alessandrini. Logarithmic limit sets of real semi-algebraic sets. Adv. Geom., 13(1):155-190, 2013.

[3] S. Barone and S. Basu. Refined bounds on the number of connected components of sign conditions
on a variety. Discrete. Comput. Geom., 47:577-597, 2012.

[4] S. Basu. On bounding the Betti numbers and computing the Euler characteristic of semi-algebraic
sets. Discrete. Comput. Geom., 22:1-18, 1999.

[5] S. Basu. Algorithms in real algebraic geometry: A survey. Panor. Synthéses, 51:107-153, 2017.

[6] S. Basu, R. Pollack, and M. Roy. On the number of cells defined by a family of polynomials on a
variety. Mathematika., 43(1):120-126, 1996.

[7] S. Basu, R. Pollack, and M. F. Roy. Algorithms in Real Algebraic Geometry (Algorithms and Com-
putation in Mathematics). Springer-Verlag, 2006.

[8] S.Basu and A. Rizzie. Multi-degree bounds on the Betti numbers of real varieties and semi-algebraic
sets and applications. Discrete. Comput. Geom., 59:553-620, 2018.

[9] M. Beck, C. Haase, and F. Sottile. Formulas of Brion, Lawrence, and Varchenko on rational gener-
ating functions for cones. Math Intell., 31:9-17, 01 2009.

[10] F. Bihan and A. Dickenstein. Descartes’ rule of signs for polynomial systems supported on circuits.
Int. Math. Res. Notices., 39(22):6867-6893, 2017.

[11] F. Bihan, A. Dickenstein, and J. Forsgard. Optimal Descartes’ rule of signs for systems supported
on circuits. Math. Ann., 2021.

[12] S. Boyd, S. J. Kim, L. Vandenberghe, and A. Hassibi. A tutorial on geometric programming. Optim.
Eng., 8:67-127, 2007.

[13] M. Brion. Points entiers dans les polyedres convexes. Ann. Sci. Ecole. Norm. S., 21(4):653-663,
1988.

[14] C. Conradi, E. Feliu, M. Mincheva, and C. Wiuf. Identifying parameter regions for multistationarity.
PLoS Comput. Biol., 13(10):e1005751, 2017.

[15] G. Craciun, L. Garcia-Puente, and F. Sottile. Some geometrical aspects of control points for toric
patches. In M Daehlen, M S Floater, T Lyche, J-L Merrien, K Morken, and L . Schumaker, editors,
Mathematical Methods for Curves and Surfaces, volume 5862 of Lecture Notes in Comput. Sci., pages
111-135, Heidelberg, 2010. Springer.

[16] G. Craciun, Y. Tang, and M. Feinberg. Understanding bistability in complex enzyme-driven reaction
networks. Proc. Natl. Acad. Sci. U.S.A., 103:8697-8702, 2006.

[17] D. R. Curtiss. Recent extentions of Descartes’ rule of signs. Ann. Math., 19(4):251-278, 1918.

[18] A. Dolzmann, T. Sturm, and V. Weispfenning. Real Quantifier Elimination in Practice. 01 1999.

[19] R. J. Duffin and E. L. Peterson. Geometric programming with signomials. J. Optimiz. Theory. App.,
11(1):3-35, 1973.

[20] M. Forsberg, M. Passare, and A. Tsikh. Laurent determinants and arrangements of hyperplane
amoebas. Adv. Math., 151:45-70, 2000.

[21] A. Gabrielov and N. Vorobjov. Approximation of definable sets by compact families, and upper
bounds on homotopy and homology. J. London. Math. Soc., 80:35-54, 2009.

[22] C. F. Gauf}. Beweis eines algebraischen lehrsatzes. J. Reine. Angew. Math., 3:1-4, 1828.

[23] E. Gawrilow and M. Joswig. polymake: a framework for analyzing convex polytopes. In Polytopes—
combinatorics and computation (Oberwolfach, 1997), volume 29 of DMV Sem., pages 43-73.
Birkhauser, Basel, 2000.

[24] .M. Gelfand, M.M. Kapranov, and A.V. Zelevinsky. Discriminants, Resultants, and Multidimen-
sional Determinants. Mathematics (Boston, Mass.). Birkh&user, 1994.



ON GENERALIZING DESCARTES’ RULE OF SIGNS TO HYPERSURFACES 21

[25] D. J. Grabiner. Descartes’ rule of signs: Another construction. Am. Math. Mon., 106(9):854-856,
1999.

[26] B. Griinbaum, V. Kaibel, V. Klee, and G. M. Ziegler. Convez Polytopes. Graduate Texts in Mathe-
matics. Springer, 2003.

[27] A. Hatcher. Algebraic Topology. Cambridge University Press, 2001.

[28] P. Haukkanen and T. Tossavainen. A generalization of Descartes’ rule of signs and fundamental
theorem of algebra. Appl. Math. Comput., 218:1203-1207, 2011.

[29] I Itenberg and M. F. Roy. Multivariate Descartes’ rule. Beitr. Algebra. Geom., 37(2):337-346, 1996.

[30] B. Joshi and A. Shiu. A survey of methods for deciding whether a reaction network is multistationary.
Mathematical Modelling of Natural Phenomena, 10(5):47-67, 2015.

[31] M. Joswig and T. Theobald. Polyhedral and Algebraic Methods in Computational Geometry. Uni-
versitext. Springer London, 2013.

[32] J. C. Lagarias and T. J. Richardson. Multivariate Descartes rule of signs and Sturmfels’s challenge
problem. Math. Intell., 19:9-15, 1997.

[33] T.Y.Liand X. Wang. On multivariate Descartes’ rule - a counterexample. Beitr. Algebra. Geom.,
39(1):1-5, 1998.

[34] C. D. Maranas and C. A. Floudas. All solutions of nonlinear constrained systems of equations. J.
Global. Optim., 7:143-182, 1995.

[35] S. Miiller, E. Feliu, G. Regensburger, C. Conradi, A. Shiu, and A. Dickenstein. Sign conditions for
injectivity of generalized polynomial maps with applications to chemical reaction networks and real
algebraic geometry. Found. Comput. Math., 16:69-97, 2016.

[36] M. Nisse. Maximally sparse polynomials have solid amoebas. arXiv, (0704.2216), 2008.

[37] R. T. Rockafellar. Convez analysis. Princeton University Press, 1972.

[38] J. M. Rojas and K. Rusek. A-discriminants for complex exponents, and counting real isotopy types.
arXiv, (1612.03458), 2017.

[39] I. Sahidul and A. M. Wasim. Fuzzy Geometric Programming Techniques and Applications. Springer,
2019.

[40] T. Sturm. Redlog online resources for applied quantifier elimination. Act. Acad. Ab., 67:177-191, 02
2007.

[41] The Sage Developers. SageMath, the Sage Mathematics Software System (Version 9.2), 2021.
https://www.sagemath.org.

[42] D. V. Tokarev. A generalisation of Descartes’ rule of signs. J. Aust. Math. Soc., 91(3):415-420, 2011.

[43] X. Wang. A simple proof of Descartes’s rule of signs. Am. Math. Mon., 111:525-526, 2004.

[44] G. M. Ziegler. Lectures on Polytopes. Springer, 2007.

DEPARTMENT OF MATHEMATICAL SCIENCES, UNIVERSITY OF COPENHAGEN, UNIVERSITETSPARKEN 5, 2100
COPENHAGEN, DENMARK
Email address: efeliu@math.ku.dk

DEPARTMENT OF MATHEMATICAL SCIENCES, UNIVERSITY OF COPENHAGEN, UNIVERSITETSPARKEN 5, 2100
COPENHAGEN, DENMARK
Email address: mlt@math.ku.dk






1V

Geometry of the signed support of a
multivariate polynomial and Descartes’
rule of signs

Maté L. Telek
Department of Mathematical Sciences
University of Copenhagen

Publication details

Submitted (2023)
Available on arXiv: https://doi.org/10.48550/arXiv.2310.05466

153






GEOMETRY OF THE SIGNED SUPPORT OF A MULTIVARIATE
POLYNOMIAL AND DESCARTES’ RULE OF SIGNS

MATE L. TELEK

ABSTRACT. We describe conditions on the signed support, that is, on the set of the exponent
vectors and on the signs of the coefficients, of a multivariate polynomial f ensuring that the
semi-algebraic set { f < 0} defined in the positive orthant has at most one connected component.
These results generalize Descartes’ rule of signs in the sense that they provide a bound which
is independent of the values of the coefficients and the degree of the polynomial. Based on how
the exponent vectors lie on the faces of the Newton polytope, we give a recursive algorithm that
verifies a sufficient condition for the set { f < 0} to have one connected component. We apply the
algorithm to reaction networks in order to prove that the parameter region of multistationarity
of a ubiquitous network comprising phosphorylation cycles is connected.

Keywords: semi-algebraic set, connected component, Newton polytope, reaction network

1. INTRODUCTION

Descartes’ rule of signs is a classical theorem in real algebraic geometry that provides an
upper bound on the number of positive real roots of a univariate real polynomial. The bound is
given by the number of sign changes in the coefficient sequence of the polynomial, therefore it
is easy to compute. Since Descartes’ bound is independent from the degree of the polynomial,
it shows a crucial difference between real and complex roots.

Since Descartes published his result in 1637, a lot of effort has been made to improve and
generalize his statement. It is known that the result is valid for polynomials with real exponents
[11], and the number of positive roots has the same parity as the number of sign changes in
the coefficient sequence [22]. Moreover, Descartes’s bound is sharp, that is, for every given sign
sequence there exists a polynomial matching the sign sequence that has as many positive roots
as provided by Descartes’s bound [25].

The research question of multivariate generalizations is still rather open. In his seminal book
Fewnomials [30], Khovanskii gave an upper bound on the number of positive solutions of a
polynomial system given by n real polynomials in n variables that depends only on n and the
number of monomials appearing in the polynomials. Khovanskii’s bound has been improved in
[7, 9]. For some specific systems there are also better bounds available [1, 2, 5, 31, 32]. These
works generalize Descartes’ rule of signs in the sense that they provide upper bounds which
are independent of the degree, however the signs of the coefficients are not taken into account.
Recently in [3, 4], for systems whose polynomials are supported on a circuit, a sharp upper
bound was given that depends on the number of sign changes of a given sequence associated
both with the exponents and the coefficients of the polynomials.

Descartes’ rule of signs allows also different types of generalizations. In a notorious one,
instead of focusing on a system of polynomials, one considers a single polynomial in n variables
and bounds topological invariants of the hypersurface given by the positive real zero set of
the polynomial. In [8], the authors provided upper bounds on the sum of the Betti numbers
of the hypersurface. Bounds on the connected component of the hypersurface were given in
[6, 21]. These bounds depend on the number of variables n and the number of monomials of the
polynomial.

In this work, we aim to bound connected components but in a slightly different setting. As
in [19], we consider connected components of the complement of the hypersurface. To make
it precise, let f: RZ, — R be a signomial (a generalized polynomial whose exponent vectors
are real) and let f~!'(R<g) be the set of points in RZ, where f takes negative values. In

1
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[19], the authors phrased the following problem as generalization of Descartes’ rule of signs to
hypersurfaces.

Problem 1.1. Consider a signomial f: RYy — R with f(z) = 3 e, s cuz”, and o(f) € R"

a finite set. Find a (sharp) upper bound on the number of connected components of f~1(R.q)
based on the sign of the coefficients and the geometry of o(f).

To avoid wordy sentences, we might call connected components of f~1(R.q) negative connected
components of f. In Section 2, we give new conditions on the set of exponent vectors o(f) that
ensure that f has at most one negative connected component. For instance, the existence of
two parallel hyperplanes, which enclose in a certain way the exponent vectors of f with positive
coefficients, implies that f has at most one negative connected component (Theorem 2.11). In
case f is multivariate (n > 2), we show that the number of negative connected components is
one if f has only one positive coefficient (Corollary 2.13), or the exponent vectors are separated
by a simplex in a specific manner (Corollary 2.15).

In Section 3, we show that the problem of finding the number negative connected components
can be reduced to the same problem for a signomial in fewer monomials, if all the exponent
vectors of f with negative coefficients are contained in a face of the Newton polytope (Theorem
3.1). A similar reduction is possible if the Newton polytope of f has two parallel faces containing
all the exponent vectors of f (Theorem 3.6). These statements lead to a recursive algorithm that
can verify connectivity of f~1(R.q) (Algorithm 1). Since the algorithm is based on polyhedral
geometry computations, its running time remains reasonable even for polynomials with many
variables and many monomials.

The motivation to consider Problem 1.1 came from chemical reaction network theory. In
[39], the authors associated with a reaction network (satisfying some technical conditions) a
polynomial function ¢: RZ, — R such that connectivity of ¢~ (R<o) implies that the parameter
region of multistationarity of the reaction network is connected. Using the results from [19],
for several reaction networks it was verified that the associated polynomial ¢ has one negative
connected component, so the parameter region of multistationarity is connected.

However, there were some biologically relevant reaction networks, where the results from [19]
did not suffice. In particular, one of these networks was the weakly irreversible phosphorylation
system with two binding sites [34]. Using numerical methods, the authors in [34] showed that its
parameter region of multistationarity is connected, however they did not give a rigorous proof.

Another, important family of reaction networks, where the connectivity of the parameter
region of multistationarity has been investigated, is the sequential and distributive phosphory-
lation cycles with m-binding sites, m € N. In [39], it has been showed that the parameter region
of multistationarity is connected for m = 2,3. Furthermore, it is known that the projection of
the parameter region of multistationarity to a subset of the parameters (reaction rate constants)
is connected for all m [16, 17]. In Section 4, we revisit these networks. We use Algorithm 1
to show connectivity of the parameter region of multistationarity for the weakly irreversible
phosphorylation system and for phosphorylation cycles with m = 4,5,6,7 binding sites.

Notation. R>p, Ry and R refer to the sets of non-negative, positive and negative real
numbers respectively. For monomials, we use the notation o# = " - - - z},", where x € R, 1 €
R™. For two vectors v,w € R™, v - w denotes the Euclidean scalar product, and v * w denotes
the coordinate-wise product of v and w. We denote the Euclidean interior of a set X C R”
by int(X). If X C R" is a polyhedron, relint(X) denotes the relative interior of X, that is the
Fuclidean interior of X in its affine hull. The symbol #5S denotes the cardinality of the finite

set S. We write S UT for the disjoint union of two sets S, T

2. SEPARATING AND ENCLOSING HYPERPLANES

2.1. Background and definitions. In this section, we investigate signomials and their nega-
tive connected components using certain affine hyperplanes that partition the exponent vectors
of the signomial. Recall that a signomial is a multivariate generalized polynomial with real
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exponents whose domain is restricted to the positive orthant RZ, [14, 36]. In other words, a
signomial is a function of the form:

fiRYy =R, z~ Z cuxt,
wea(f)

where o(f) C R" is a finite set, called the support of f, and the coefficients c,, are non-zero real
numbers. The negative connected components of f are connected components of the set:

fH(Reo) = {z € RY | f(z) <O},
We write By (f) for the set of negative connected components, and by(f 1 (R<)) for the cardi-
nality of B (f).
If ¢, > 0 (resp. ¢, < 0), we call o a positive (resp. negative) exponent vector of f. We write
or(f):={peo(f)lcu >0} and o (f):={peo(f)|cu <0}
for the set of positive and negative exponent vectors respectively. The convex hull of the support
N(f) := Conv(a(f))
is called the Newton polytope of f. For a set S C R", we define the restriction of f to S as
fisi REy = R, x> fig(z) = Z cuat.
pea(f)NS

Similarly to [19], our arguments will benefit from the existence of separating and enclosing
hyperplanes of the support of f. We briefly recall these objects. Each v € R™\ {0} and a € R
define a hyperplane

Hoa={pn€R"[v-pn=a},
and two half-spaces
Hi,={neR"|v-pu>a}, Heyo ={neR" |v-p<al.

The interiors of these half-spaces are denoted by ’H;r » and H, . If the support of a signomial
f satisfies
0_(f)§7-{;a and or(f) CSH,,

then we call H,, o a separating hyperplane of o(f) and v is called a separating vector. A separating
hyperplane is strict, if

o (HNHT #0,

meaning that the negative exponent vectors are not all contained in the hyperplane. We call a
vector v € R™ an enclosing vector of o (f) if there exist parallel hyperplanes Hy q, Hop, @ > b
such that

o (f) SHyuNHY,  and o (f) SR\ (K0 NHY).

In that case, we call the pair (Hy,q, Hop) & pair of enclosing hyperplanes of o, (f). A pair of
enclosing hyperplanes is strict, if

o_()NHTZ#0, and o_(f) ﬂ?—[;f # 0.
Example 2.1. To illustrate the above definitions, consider the polynomial
(1) flz,y) = —10123y* + 5022y + 21> + y* — 2%y — 9.5y> + 5122 + 30.5¢% — 37y + 12.
The set of positive and negative exponent vectors are given by:
o (f) = {(2,3), (1,3), (0.4), (2.0), (0,2), (0,0)},  o—(f) = {(3.2), (2,1),(0,3), (0, 1)}.
The pair (Hy,2, Hv0), v = (1,0) is a pair of enclosing hyperplanes of o (f), see Figure 1(a).



4 MATE L. TELEK

w0 |yt N, My Ho,2 Hoo vz (1,0)
A v, v, . \
v=(1,0) v=(1,0)
1 o 31 o 3@ () 0
’ ® 2 ° 20 N(fi)
1@ [ ) 14 ® 16
1 Y 3 1 Y 3 T 4 ]

FIGURE 1. Exponent vectors of f, f|4, fip from Example 2.1. Positive exponent vectors
are marked by red circles and negative exponent vectors by blue dots. (a) A pair of
enclosing hyperplanes of o, (f). (b) A strict separating hyperplane of o(f4). (c) The
Newton polytope of f|p and a non-strict separating hyperplane of o(f|5).

If we remove the two negative exponent vectors (0, 3), (0,1) which are contained in #,,, or
with other words we restrict f to A = (H,}, No_(f)) Uoy(f), then the support of

(2) fia(z,y) = —1012%y> + 502%y° + z® + y* — 2%y + 512% + 30.5y% + 12

has a strict separating hyperplane given by #, 2, v = (1,0), see Figure 1(b).
By restricting f to B = (H, (N o_(f)) Uoi(f), we have

(3) fip(z,y) = 502y® + 2y + y* — 9.5y + 512® + 305y — 37y + 12.

The hyperplane H, o is a non-strict separating hyperplane of o(f), see Figure 1(c). The face of
N(f;p) with inner normal vector v = (1,0) equals N(f|z) N #H, o and contains all the negative
exponent vectors of f|p.

The relevance of separating and enclosing vectors arises from the following observation. Each
v € R" and x € RY induce a univariate signomial

(4) Rog =R, t— f(t'xx) = Z ettt
uea(f)

If v is a separating (resp. enclosing) vector, then f(t” x z), viewed as a signomial in ¢, has at
most one (resp. two) sign changes in its coefficient sequence.

Recall that a coefficient of a univariate signomial g is called the leading coefficient LC(g)
(resp. trailing coefficient TC(g)) if the corresponding exponent is the largest (resp. smallest).
If LC(g) < 0 (resp. TC(g) < 0), then g attains negative values for large (resp. small) enough
t € Ryg. This simple observation and the univariate Descartes’ rule of signs give the following
statement.

Lemma 2.2. Let g: Ryg = R, g(t) = Z?Zl a;t"" be a univariate signomial such that g(1) < 0.

(i) If LC(g9) < 0 and g has at most one sign change in its coefficient sign sequence, then
g(t) <0 forallt > 1.
(ii) If TC(g) < 0 and g has at most one sign change in its coefficient sign sequence, then
g(t) <0 for allt <1.
(iii) If g has at most two sign changes in its coefficient sign sequence and LC(g) < 0 or
TC(g) < 0, then g(t) <0 for allt <1 or g(t) <0 for all t > 1.

Lemma 2.2 played a crucial role in the proof of the following theorems in [19].

Theorem 2.3. Let f: RY) = R, x> Zp&a(f) curt be a signomial.
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(i) If there exists a strict separating hyperplane of o(f), then f~'(R.q) is non-empty and
contractible [19, Theorem 3.6].
(ii) If there erists a pair of strict enclosing hyperplanes of oy (f), then bo(f~*(R<o)) < 2
[19, Theorem 3.8].
(iii) If f has at most one negative coefficient, then f~1(Rg) is either empty or logarithmically
convex [19, Theorem 3.4].

In addition to Theorem 2.3, another condition on the signed support of the signomial f
implying that f has at most one negative connected component, is that the negative and positive
exponent vectors of f are separated by a simplex and its negative vertex cones [19, Theorem
4.6]. We postpone recalling this result to Section 2.3, and continue with investigating separating
and enclosing hyperplanes.

2.2. Non-strict separating and non-strict enclosing hyperplanes. In the following propo-
sitions, we investigate what happens when o(f) (resp. o4 (f)) has a separating (resp. enclosing)
hyperplane that is not necessarily strict. In these cases, a bound on by(f~!(R<g)) is given by
the number of negative connected components of restrictions of f to certain subsets of o(f).
These technical statements serve as the core part of the proofs in Section 2.3 and Section 3.1.

The first such statement considers subsets of the support containing all negative exponent
vectors and those positive exponent vectors which lie on the separating hyperplane.

Proposition 2.4. Let f: RY; — R, z Zuea(f) curt be a signomial whose support has a

separating hyperplane My o. For any subset R C o(f) such that o_(f) € R and HyNo4(f) C R,
we have:

(i) For allU € By (fir), there exists a unique V € By (f) such that U N f~1(Ro) C V.
(ii) The map

connected component of f~1(Rq)

¢: By (fir) = By (), U+ that contains U N f~H(R<)
is well defined and bijective. In particular, it holds
bo(f|},1(R<o)) =bo(f ' (Rp)).
Proof. First observe that
(5) F(R<o) € fi7 (Reo),
because fr(r) < f(z) for all € RY,,.
If 0.(f) € R, then R = o(f) and we are done. So we assume that there exists ag € o (f)
such that ag ¢ Hy,q. Since H, 4 is a separating hyperplane of o(f), we have
(6) v-f>a>v-« for all B € o_(f), a € o4 (f), and a>v-ap.
For x € RY , consider the path
You: [1,00) = Ry, t—t"xx

and the univariate signomial f(t¥ % ) as in (4). Note that f(v,z(t)) = f(t" *z) for all ¢t > 1.
If v is a strict separating vector of o(f), then f(t” *z) has a negative leading coefficient. If v
is not strict, then

LO(f(t" x2)) = fiu, . (%), and  flr(z) = fl, . (z) + > Cat®.
acoy (FINRNHy Y

Thus, if fir(z) <0, then LC(f(t" * x)) < 0.
By (6), f(t"+x) and fir(t"*x) have at most one sign change in their coefficient sign sequence.
By Lemma 2.2(i), we have:

(7) im Yo,z - f_l(]R<0)> for all z € f_l(R<0)7
(8) im-~y, . C flj{l(Rd)) and  y,.(t) € f1(Rp), for all z € f‘;%l(R@) <0,t>1.
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This gives that each connected component of f‘;bl(Rd)) has a non-empty intersection with

7 (R<).
To prove (i), let U € By (f|r), v,y € UN f1(R-o) and consider a continuous path

e [Oa 1] - RT;O

such that v(0) =z, v(1) = y and 7(s) C f@l(R@) for all s € [0,1].

We construct now a path between x and y that is contained in f~!(R.g). For a fixed s € [0, 1],
since fir(7(s)) < 0, and the signomial f(#"  y(s)) has exactly one sign change in its coefficient
sign sequence, Descartes’ rule of signs implies that f(t”*~(s)) has exactly one positive real root
7(s), which is simple. Now, the Implicit Function Theorem [15] implies that the function

7:10,1] = Rsg, s+ 7(s)
is continuous. So 7' := max¢y 1) 7(s) exists, and we have:
ftg*~(s)) <0 for some t9 > max{1,7} and all s € [0, 1].

Thus, the path

[0,1] = RY,, s—t5*7(s)
connects t§+z and t3*y, and is contained in f~1(R<g). By (7), the paths v, », ., are contained
in f~1(R-g) and join = and tq * z, resp. y and ty * y. Thus, if 2,y are in the same connected
component of flj%l (R<p), then they are also in the same connected component of f~1(R.g),
which gives (i).

By (i), the map ¢ is well defined. Now we show that ¢ is bijective. From (5), it follows that
every W € B, (f) lies in a connected component of f‘; (R<p), which is a preimage of W under
¢. Thus, ¢ is surjective.

To show injectivity of ¢, consider Uy,Us € By (f|g) such that ¢(U1) = ¢(Uz) and let x1 €
Ui,x9 € Us. By (8)

im’Yv,zl - fﬁ%l (]R<0)7 im Yv,xo - fﬁgl (R<O)> and
Yo,1 (o) € f_l(R<0), Yoo (t0) € f_l(R<0) for some tg > 1.

Since Uy N f~H(R<p) and Us N f~}(R<p) are in the same connected component of f~(Rg),
there exists a continuous path 3 between v, ., (to) and .4, (to) such that im~y3 C f~1(R<p).
By (5), we have im~3 C fﬁil (R<o). Thus, vy z,,7v3 and 7, 2, give a continuous path between x;

and x9 contained in fﬁ;:l (R<g). Thus, z,y lie in the same connected component of fﬁ{l (Reo),
which implies that U; = Us.

In the following, we generalize the proof of Theorem 2.3(ii) to the case, where the enclosing
hyperplanes are not necessarily strict. To ease the reading of the proofs, we discuss first the
notation we are going to use. Given a pair of enclosing hyperplanes (Hyq, Hyp) of 04 (f), we
define

9) A=HNo(f)Uow(f),  B=(H,,No-(f)Uo(f)

That is, both A and B contain all the positive exponent vectors of f. The set A (resp. B)
contains the negative exponent vectors from one (resp. the other) side of the area enclosed by
the hyperplanes H, 4, ", p. Note that by definition, H, 4 (resp H_, ) is a separating hyperplane
of the support of the restricted signomials fi4 (resp fig). If (Hya, Hop) is a pair of strict
enclosing hyperplanes, then #H,, and H_, are strict separating hyperplanes of o(fj4) and
o(f|p) respectively. In this case, by Theorem 2.3(i) we have:

(10) bo(f|;‘1(IR{<0)) =1, bo(f‘j;(R@)) =1.
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For example, for the signomial (1) from Example 2.1, the sets A, B are given by
(11) A= (HIZ N U—(f)) U U+(f) = {(37 2)7 (27 1)7 (27 3)7 (17 3)7 (074)7 (27 0)7 (07 2)7 (07 0)}
(12) B = (/H;,O N U—(f)) U U+(f) = {(0’ 3)’ (0’ 1)’ (27 3)7 (17 3>7 (07 4>7 (27 0)7 (0’ 2)’ (0’ O)}

The supports of the restricted signomials f|4 and f|p are depicted in Figure 1(b),(c). For fixed
x € RZ;, the induced univariate signomials as in (4) equal

f(ttz, %) = (—10123y?)t3 + (5122 — 2%y + 5022y>)t% + 293! + y* — 9.59° + 30.5y% — 37y + 12,
f|A(t1:v, toy) = (—101x3y2)t3 + (511‘2 - ny + 50m2y3)t2 + :cy3t1 + y4 + 30.5y2 + 12,
fis(t e, %) = y* — 9.5y 4+ 30.5y% — 37y + 12 + 2zt ! + (5122 4 50a2y3)t 2.
\
The leading coefficient of fi4(t'z,%) is —1012%y?, which is negative for all (z,y) € RZ,.
This phenomenon always happens. If v is a strict separating vector of o(f), then the leading

coefficient of the induced signomial in (4) is negative. On the contrary, this might not be true
for non-strict separating vectors. For the above example, we have

LC(fip(t "2, t%)) =y — 9.5y +30.5y* — 37y + 12 <0, if y* —9.5y° + 30.5y% — 37Ty + 12 < 0,
LO(fip(t "2, 1)) = 2y® > 0, if y* — 9.543 + 30.5y2 — 37y + 12 = 0,
LC(fip(t "2, t%)) =y — 9.5y +30.5y* — 37y + 12 >0, if y* — 9.5y° + 30.5y> — 37Ty + 12 > 0.

In the next proposition, we consider subsets R C A, S C B such that fj4 and R (resp. /B
and S) satisfy the hypothesis of Proposition 2.4.

Proposition 2.5. Let f: RY, = R, 2= 3 o) cua’ be a signomial and (Hy,a, Hop) be a pair
of enclosing hyperplanes of o (f). Let A,B C o(f) be as in (9) and let R C A, S C B such
that

ORﬂOL(f):AﬂU,(f), Hv,aﬂa+(f)ng
e SNo_(f)=Bno-(f), HopNoi(f) CS.

Then the map
o: By (fir) U By (fis) — By (f),
- connected component of f~1(R<g) that contains U N f‘;ll (R<o), ifU € By (fir)s
—
connected component of f~1(Rg) that contains U N f‘; (R<o), #fU € By (fis)-

s well defined and surjective. In particular, we have
bo(f ' (Rep)) < bo (f|}¢1(R<0)) + bo(f[g1 (R<o)),

Proof. The idea of the proof follows closely the arguments in [19, Theorem 3.8]. Since flaand fip
are obtained by removing some of the monomials with negative coefficient from f, f(x) < fja(z)
and f(z) < fip(z) for all z € RZ,. This implies:

f|,_41(R<0) C 1 (Reo), and fl_Bl(R<0) C 1 (Reo).
Thus, every connected component of f@l (R<p) and fljgl (R<p) is contained in a unique connected
component of f~!(R.g). By this observation, the map
Y By (fia) UBy (fig) = By (f), V = connected component of fY(R<g) that contains V
is well defined.
From Proposition 2.4 applied to fj4 and R or fip and S, it follows that the map
¢: By (fir) U By (fis) = By (fia) U By (f18),
U connected component of f|j41 (R<p) that contains U N f‘;‘l (Reo), iU € By (fir)
connected component of flg,l (R<p) that contains U N f“;l (Reo), iU € By (fis)-
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is well defined and bijective. Since ¢ is the composition of ¢ and ¥, it is enough to show that
1) is surjective.

To prove that 1 is surjective, for W € By (f) and any « € W, we show that one of the two
paths

Yoi [1,00) = RYy, t—t"xzx, Y—v: (0,1] 5> RY), t—=t "%z

(a) connects x to a point y € f‘;‘l (Rep) U f‘; (R<p), and
(b) the image of the path is contained in f~1(R<).
Then, any connected component V' € By (fja) U By (fip) that contains y will be a preimage of
W under 1. To see this, we define
> cuxttUt if a # b

Sialt) = Z cut i, Sep(t) = HGU(%U.HS BB if g = b
nea(f),alv-p Hea(f),v-u<bCMx e

and consider the signomials
fa(t) = flat’ *x) = Spalt) + Z U
JLASIeR (f)7'u<u<a
f) = fip(txa) = Yttt 4 Spp(t).
neo (f),b<v-p

A simple argument shows that
If LC(fA) < 0, then fA(tA) < 0 for some t4 > 1 and -, connects z to f‘qu(R@).
If TC(fB) < 0, then fp(tg) < 0 for some tp < 1 and y_, connects = to f‘;(Rd)).

Since (Hoy,a Hop) is a pair of enclosing hyperplanes of o (f), the univariate signomial

f(t) = f(t"xx) = Sy q(t) + Z cuxhtt + S5 (1)

peo(f),
b<v-p<a

has at most two sign changes in its coefficient sign sequence. We denote the number of sign
changes by #signvar(f). By Lemma 2.2, we have:

im(v,) € f~HReg)or im(y_,) € f~HR<g),  if LC(f) < 0and TC(f) <0
(14)  im(y) € f~' (R<o), if LO(f) <0 and #signvar(f) <1,
im(v_,) € fH(Ro), if TC(f) <0 and #signvar(f) < 1.

In view of (13) and (14), to obtain (a) and (b) all we need is to show that one of the following

holds:
(I) LC(f) = LC(f4) < 0 and TC(f) = TC(fp) <
(II) LC(f ) LC(fA) < 0 and #signvar( ) <1,

(IIT) TC(f) = TC(fp) < 0 and #signvar(f) < 1.

The leading and trailing coefficients LC(f), LC(f4), TC(f) and TC(f5) depend on the signs
of Spa(t), Spp(t). If Spa(t) (resp Sz (t)) is not the zero polynomial, then LC(f) = LC(fa) =
LC(S.4) (resp. TC(f) = TC(fg) = TC(S4p)). As f(1) < 0, we have that at least one of Sy 4(t)
and S, (t) is not the zero polynomial, furthermore LC(S, 4) < 0 or TC(S;p) < 0. We have the
following cases:

o If LC(S:,0) <0 and TC(S;5) <0, then S, 4 #Z 0, Sy # 0 and (I) is satisfied.
o If LC(S;,4) < 0 and TC(S;p) > 0 or Sy p = 0, then (II) holds.
o If TC(S,) < 0 and LC(S;,4) > 0 or Sy q =0, then (III) holds.
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If (Hy,a,Hop) is a pair of enclosing hyperplanes of o (f), then by Proposition 2.4(iii), for
every R, S C o(f) as in Proposition 2.5 the number of negative connected components of f|r
respectively f|g is the same. So to reduce the computational cost of finding bo( f|}1(R<o)) and
bo(flg1 (R<o)) one might choose the sets R, S as small as possible, that is R = H,", N o(f) and

S=H,,N o(f). However, if R and S are as large as possible, that is R = A and S = B, then
one can refine the bound from Proposition 2.5 by identifying negative connected components of
fla and fp that intersect. To make this precise, consider the bipartite graph with vertex set
and edges defined as

Ba,p = By (fia) U By (fiB):
Eap ={(UV)|U€B;(fla),V €By(fin): UNV # 0}
Proposition 2.6. Let f: RY) — R, z — Zuéa(f) cuxt be a signomial, (Hya, Hop) a pair of
enclosing hyperplanes of o1 (f), and let A, B C o(f) be as in (9). Then
bo(f 1 (Reo)) < C < by (f@l(Rw)) + bo (f[gl(R<0))7
where C' denotes the number of connected components of the graph (Ba,g,€a,B) from (15).

Proof. The inequality C' < bo( flle (]R<0)) + bo ( f“_B,1 (R<o)) follows from the fact that a graph
cannot have more connected components than the number of its vertices.

Let ¢ be the surjective map from Proposition 2.5 with R = A, S = B. If the intersection of
two connected sets is non-empty, then their union is connected. This gives that if U,V € B4 p
lie in the same connected component of the graph (B4 p,£a.p), then U and V' are contained in
the same connected component of f~!(R.q). This yields a well defined map

(15)

¢: Bap/~— By (f), [Ul— ¢(U)= connected component of f~!(Rg) that contains U.

where ~ denotes the equivalence relation that identifies two elements of B4 g if they lie in the
same connected component of the graph (Ba p,€a,p), and [U] denotes the equivalence class of
U under this relation. Since ¢ is surjective, so is ¢, which gives b (f_l(]R<0)) <C. O

Remark 2.7. If (Hy,q, Hyp) is a pair of strict enclosing hyperplanes of o (f), then from (10)
and Proposition 2.6 follows that

bo(f ' (Reo)) <2,
which recovers the bound from Theorem 2.3(ii).

Example 2.8. We revisit the signomial f in (1) from Example 2.1, whose support and a pair
of enclosing hyperplanes (Hy,2,Hvo0), v = (1,0) of o4 (f) are depicted in Figure 1(a). We
determined the corresponding sets A, B in (11), (12).

Using the Maple [33] function IsEmpty (), one can check that f|j41 (R<0)ﬂf|;1(R<o) = (). Thus,

the graph (Ba p,€a ) does not have any edges and the bound C on by (ffl(R<0)) provided by
Proposition 2.6 equals

C =1y (f|j41(R<o)) + bo (f“}l (R<o)).
Since o(fj4) has a strict separating hyperplane, bo(f|;‘1(R<0)) = 1 by Theorem 2.3(i). In
Example 3.2, we show that by (fljg1 (R<o)) = 2. Thus, Proposition 2.6 gives the bound C' = 3.
In this case, C equals the number of negative connected components of f. In Example 3.5, we

will consider a signomial where the bound C' is not sharp.
The sets f~'(R<o), f‘;ll (Reo) and f|1_31 (R<g) are depicted in Figure 2(a),(b).

One might wonder if, for other choices of R and S, the bound from Proposition 2.5 could
be refined using a similar idea as in the proof of Proposition 2.6. We will show that such a
refinement is possible in the special case where all the exponent vectors are contained in the
enclosing hyperplanes, or with other words the exponent vectors lie on parallel faces of the
Newton polytope (Proposition 3.3). The next example shows that Proposition 2.6 might fail for
other choices of R and S.
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£<0 L f<o izl |/ fa<o fs<0 |/ fir<0
£20 S N N E—

(a) (b) (c)

FIGURE 2. Negative connected components of f,f|a,fi5,f|r.f|s from Example 2.8 and
Example 2.9. For better visibility, the figures show the images of these sets under
the coordinate-wise natural logarithm map R, — R?, (z,y) — (log(x), log(y)).

Example 2.9. Consider again the signomial f in (1) from Example 2.1 and choose
R={(32),(2,1),(2,3),(1,3),(2,00}, 5={(0,3),(0,1),(1,3),(0,4),(0,2),(0,0)}.
Similarly to (15), we investigate the graph whose vertices are
Brs = By (fir) U By (fis), and edges
Ers ={(U, V)| U € By (fir),V € By (fis): UNV # 0}.

Since o( Ji r) has a strict separating hyperplane, J|r has one negative connected component.
From Theorem 3.1, it will follow that f|g has two negative connected components. Thus, the

graph (Brs,Ers) has three vertices. One can check that (2,1) € flj%l(Rd)) N f‘gl(R@) # 0.

This implies that the graph has at most two connected components. Since by(f~'(R-g)) = 3,
the number of connected components of the graph (Br s, Er,s) cannot be an upper bound on

bo(f~1(R<p)). In Figure 2(c), we depicted the sets f‘;{l (R<o), f|§1(R<0).

To compute the bound C' in Proposition 2.6, one should check whether the negative con-
nected components of two signomials intersect. We finish this subsection with a criterion on the
signed supports of two signomials guaranteeing that the intersection of their negative connected
components is non-empty.

Proposition 2.10. Let f,g: R%) — R be signomials. If there exist negative exponent vectors
B1 € o_(f), B2 € o_(g) such that

Conv ({81, f2}) N Conv (04 (f) Ua(g)) =0,
then f~1(R<o) Ng~ (R<o) # 0.
Proof. We start by observing
(16) f(@) < florpugsiy (@), and  g(x) < g0, (g)ufpey(®) for all z € RY,

since f, fio. (pyugs}y (resp. g, g\mr(g)u{ﬁz}) differ only in monomials with negative coefficients.
As non-intersecting closed convex sets can be separated by an affine hyperplane see e.g. [26,

Section 2.2, Theorem 1], from Conv ({1, f2}) N Conv(o4(f) Uoi(g)) = 0 it follows that there
exists w € R"™ such that

w-f>w-a w-Po>w-a forallae€oi(f)Uor(g).

For a fixed z € RZ,, both univariate signomials
>0 g

Slor (ot (% 2), gloy (guisa} (Y * @)
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have negative leading coefficients. Thus, there exists ty > 0 such that
flow(nugay 8 *2) <0 and  gjq, (Ui} (6 * ) < 0.

By (16), we have tj x x € f‘;}»(f)u{ﬁl}(R<0) N gﬁi(g)u{ﬁQ}(R@) C f 1 (Reo) N g (Rep), which
completes the proof. O

2.3. One negative connected component. Building on the results of Section 2.2, we describe
conditions on the signs of the coefficients of f and its support o(f) that guarantee that f has
one negative connected component. Similarly to Theorem 2.3(i), for polynomials satisfying these
conditions the number of negative connected components does not depend on the values of the
coefficients but only on their signs.

Theorem 2.11. Let f: RZj = R, z — Zuea(f) cuxt be a signomial such that o (f) has a pair

of strict enclosing hyperplanes (Hy.q, Hyp). Assume that there exist megative exponent vectors
B, B2 € o_(f) such that

® 61 GH:—,(Z) ﬂZ GH;b and
e Conv({f,B2}) NConv(oy(f)) = 0.
Then f~1(R<o) is non-empty and connected.

Proof. Let A,B C o(f) as in (9). Since (Hu,q, Hop) is a pair of strict enclosing hyperplanes of
o+(f), by (10) we have:

bo(f|;;1(R<o)) =1, bo (fﬁgl(R«J)) =1
The assumptions of the theorem are equivalent to 81 € 0—(f4), B2 € 0—(f|p) and Conv({p1, B2})N
Conv(o4(fla)Uoy(fi)) = 0. Thus, by Proposition 2.10, f|;‘1(R<o) ﬂf@l (R<o) # 0. Now, from
Proposition 2.6 it follows that by(f~1(R<g)) = 1. O

Example 2.12. Consider the signomial f = —2%y* + 102%y> — 102* — 10y* + 72y + 52 — 1.
Figure 3(a) displays the exponent vectors of f. The pair (Hy35, Ho05), v = (1,0) is a pair of
strict enclosing hyperplanes of o (f), furthermore

(17) Conv({(0,4), (4,4)}) N Conv(c(f)) = 0.

Thus, f~!(R<o) is connected by Theorem 2.11. Figure 3(b),(c) show f~!(Rq), f|;‘1(R<0) and
f‘;(R@), where fi4 = —atyt 410233 —10 2447 zy+52 and fis=10 23 =10y +7oy+52—1.

By Theorem 2.3(iii), f~!(R<o) is either empty or logarithmically convex, if the signomial f
has at most one negative coefficient. In particular, in that case f has one negative connected
component. A natural question to ask is what happens for signomials with at most one positive
coefficient. For a univariate signomial f, it is easy to construct examples where f has one
positive coefficient and f~!(R.g) is disconnected, take for example f = —2% + 3z — 1.

If n > 2 and the positive exponent vector lies in the interior of the Newton polytope, then
f1(R<p) is homeomorphic to the complement of a bounded convex set [38, Corollary 3.5] [19,
Theorem 3.4], therefore f~1(R.g) is connected. This argument does not work if the positive
exponent vector lies on the boundary of N(f), but the conclusion is still true.

Corollary 2.13. Let f: Ry — R, z+— Zp&a(f) cuxt be a signomial. If dimN(f) > 2 and
#o(f) =1, then f~1(Ro) is non-empty and connected.

Proof. Write {a} = 0+ (f). Since dim N(f) > 2, there exist £1, 82 € o_(f) such that §1, 52 and
« do not lie on a line. In that case,

Conv({B1, B2}) N Conv({a}) = 0.
Pick a hyperplane H,, that contains a such that Bi, 2 lie in different open half-spaces
determined by Hy q. Thus, (Hy,q, Hoq) is a pair of strict enclosing hyperplanes of o (f).
Using Theorem 2.11, we conclude that f~'(R.g) is non-empty and connected. ]
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f|A<0

(b) (c)

FIGURE 3. Ilustration of Example 2.12 (a) Negative and positive exponent vectors of
f=—zty* +1023y> —102* =10 y* + 72y + 52 — 1, blue dots are negative, red circles are
positive. The black solid lines are strict enclosing hyperplanes of o4 (f). The gray dashed
line separates Conv((0,4), (4,4)) from Conv(o(f)). (b) Negative connected component
of f. (c) Negative connected component of fj4 = —ztyt + 1023y — 102t + T2y + 52
and fip = 1023y —10y* + Ty + 5z — 1.

Corollary 2.13 shows that one can flip the signs in Theorem 2.3(iii) if dimN(f) > 2, i.e.
if f has one negative coefficient then both f~!(R.() and (—f) !(R.o) are (possibly empty)
connected sets. As discussed at the end of Section 2.1, a signomial has at most one negative
connected component if its positive and negative exponent vectors are separated by a simplex
and its negative vertex cones [19, Theorem 4.6]. We proceed by recalling this statement, and
show that it is possible the flip the signs also in that case under some mild assumptions.

First we recall the definition of the negative vertex cone of a simplex. For an m-simplex
P C R™ with vertices po, - . ., in, the negative vertex cone of P at the vertex uy is defined as

Pk .= pg + Cone(fg — [0, - - - fbk — fin)-

Thus, P~ is the cone with apex at py, which is generated by the edges pointing into py. For
the union of the negative vertex cones P~0,..., P™", we write P.

Theorem 2.14. [19, Theorem 4.6] Let f: Ry — R, @ = 32, (5 cu@” be a signomial. If there
exists an n-simplex P C R™ such that

o (f)CP, and oi(f)C P,
then f~1(Rg) is either empty or contractible.
As another consequence of Theorem 2.11 we have the following result.

Corollary 2.15. Let n > 2 and let f: Ry = R, z — Zueo(f) curt be a signomial. Assume
that there exists an n-simplex P C R™ such that

or(f)CP and o_(f)CP".
If o_(f) Nint(P~) # 0, then f~1(R.g) is non-empty and connected.

Proof. Denote pyg, ..., pu, the vertices of P and write P as

n
(18) P =My
j=0
for a choice of normal vectors vy, ...,v, € R™ and scalars ag,...,a, € R such that u; equals

the intersection point of the hyperplanes Hy, 4;,7 € {0,...,n} \ {k}. By [19, Proposition 4.3],
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each negative vertex cone has the form:

n
—.k
Pr= () M. kE=0,....n
7=0,5#k

Note that if 5 € P~F, then 3 is contained in Hogu,- Since o (f) € P and o_(f) C P, we
have

(19) vpB>ap>vpra>vopup >, and vp o> v S

forall Bco (f)\P* aco (f), co (f)nP~* k=0,...,n.
Let B9 € o_(f) Nint(P~) and assume without loss of generality that 3y € int(P~), so

20 ag > vg - Bo and vi-Bo>a;, forj=1,...,n.
j j

If o_(f) NP~ =0, then o_(f) € H; ... Since By € Hiy% > Huyay 15 a strict separating

vi,ar
hyperplane of o( f), which implies that f~1(R-¢) is non-empty and connected by Theorem 2.3(i).
Assume now that o_(f)N P~ £, let 1 € o_(f) N P! and b; € R such that

v1-a>by > for all € o4 (f).

From (19), it follows that (M, 4, Hv,,) is & pair of enclosing hyperplanes of o (f). By (20),
we have [y € H;'_l’:fll. Thus, (Huv,,a;, Ho, b, ) s a pair of strict enclosing hyperplanes.

Every element p € Conv(fy,81) \ {51} has the form p = t8y + (1 — t)3;1 for some t € (0,1].
By (19) and (20), we have
vg - p=t(vz - fo) + (1 —t)(v2- f1) > as.
Thus, Conv(Bo, 61) \ {#1} C Hay%,, which implies that

Conv({f, f1}) N Conv(o1(f)) = 0.

From Theorem 2.11, it follows that f~!(R-g) is non-empty and connected. O

Example 2.16. (a) Consider the signomial
f= —m5y% — x5y2 + :):2y2 - my?’ — y4 +2 ny% +2 :IsyQ —xy.

The simplex P = Conv((1,1),(4,2),(1,3)) contains o4 (f), and the negative exponent vectors
are contained in the union of the negative vertex cones P~. By Theorem 2.14, we have that
(—f)"Y(R<p) is connected. From Corollary 2.15, it follows that f~!(R.g) is connected as well.
The exponent vectors of f, the simplex P and its negative vertex cones are depicted in Figure
4 (a),(b).

To write P as an intersection of half-spaces as in (18) in the proof of Corollary 2.15, one can
choose vg = (—1,0), v1 = (0.5,1.5), v2 = (0.5, —1.5). With this choice we have:

P - H;o,—l ﬂ H’le,f) ﬂ H_

v2,—1°

(b) The following example shows that the assumption o_(f) Nint(P~) # @ in Corollary 2.15
is necessary. If we remove the exponent vectors (0,4), (5,2) € relint(P~) from the support of f,
the signomial
g= —x5y% + 2?y? — 2y® + Zny% +2xy® — 2y

satisfies that o, (g) € P and o0_(g) C P~, however g~ !(R.o) has two connected components.
Figure 4(c),(d) displays o(g) and g~'(Rg).
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2.04

54 Hv(,, -1

1.5

1.04

0.51

3.59
3.01
2.51
2.04

1.5

m+ g<0

" &@\
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FIGURE 4. Tlustration of Example 2.16 (a) A simplex P, its negative vertex cones, and
the support of f = f:c5y§ —22y? +2%y? —xy® —yt 42 w2y% +22y% —zy (c) The support
of g = —aPys + 2%y? — 2y + 222y5 + 229 — a1y

3. REDUCTION TO FACES OF THE NEWTON POLYTOPE

3.1. Negative and parallel faces. In this section, we present two criteria to reduce the prob-
lem of finding the number of negative connected components of a signomial to the same problem
for a signomial in less variables and monomials. The approach is based on how the exponent
vectors of the signomial lie on the faces of the Newton polytope. A face of the Newton polytope
of a signomial f is a set of the form
N(f)o :={weN(f) |v-w mex v o

for some v € R™. The vector v is called the outer normal vector of the face N(f),. A polytope
has finitely many faces [29, Theorem 3.46]. For a fixed face F' C N(f), the set of vectors v € R"
such that N(f), = F is called the outer normal cone of F. For more details about polytopes
and their faces, we refer to the books [28, 29, 43]. To compute faces and outer normal cones of
polytopes, one can use e.g. Polymake [23] or SageMath [40].

Theorem 3.1. Let f: R:y — R,z — )
F CN(f) such that o_(f) C F, then

bo(f ™ (R<0)) = bo(f;7 (R<o))-
Proof. Tt follows directly from Proposition 2.4 with R = o(f) N F. O

pco(f) Cu® e a signomial. If there exists a face

Example 3.2. Consider the signomial
fip(x,y) = 502%y® + 2y® + y* — 9.5y + 512° + 30.5y% — 37y + 12

from Example 2.1 whose Newton polytope is shown in Figure 1(c).
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fJB<0 f\F<0

fi<0 fir<O

FIGURE 5. Images of the negative connected components of f|z and fip from Example
3.2 under the coordinate-wise natural logarithm map.

The face F = Conv ((0,0), (0,4)) € N(f|p) contains all the negative exponent vectors of fiz.
Since f|p is univariate, it is easy to conclude that f|}1 (R<g) has two connected components. By
Theorem 3.1, f|;31(R<0) has also two connected components.

The next proposition refines the bound from Proposition 2.5 in the special case where the
pair of enclosing hyperplanes (Hy,q, Hy ) of 04 (f) is non-strict and all the exponent vectors of

f lie on the union of the two hyperplanes. In this case, the hyperplanes H, q, H, cut out two
parallel faces of the Newton polytope of f, i.e.:

N(f)v = N(f) N Hv,a: N(f)—v = N(f) N ,Hvyb'
Similarly to (15), we define a bipartite graph whose set of vertices and edges are
B, := By (fins).) U By (fine)-.)s
& :={(U,V) U € By (finp.),V € By (finep)_,): UNV # 0}

Proposition 3.3. Let f: RY) — R, z +— Zu@r(f) cux* be a signomial. Assume that there exists
v € R™ such that o(f) CN(f)y UN(f)—y. Then

bO(f_l(]R<0)) <D< bO(fﬁvl(f)v (R<O)) + bO (fﬁvl(f)fv (R<O))a

where D denotes the number of the connected components of the graph (By,&,) from (21).

(21)

Proof. Let a := max,c,(s)v - p and b= min,c,s) v - p. Since a(f) € N(f)y UN(f)_y, the pair
(Ho,a, Hop) is a pair of enclosing hyperplanes of o (f). Let A, B C o(f) be as in (9) and let ¢
be the map from Proposition 2.5 with R = o(f) NN(f), and S = o(f) N N(f)—,. Recall that
A=RUoy(f), B=SUoy(f).

We show that the map

& (B i) UB Uinp )/~ — By (), U] = ¢(U)

is well defined and surjective. Here ~ denotes the equivalence relation that identifies two ele-
ments in B, if they lie in the same connected component of the graph (B,,&,).

Let U and V be in the same connected component of the bipartite graph (B,,&,) and let
Ui = UV1,Uz, ..., Vin—1,Un, Vi, = V be a path in the graph such that U; € By (fin(y).,),
Vi € By (fingp)_,), UinVi # @ for i = 1,...,mand V; NU;pq # 0 for i = 1,...,m — 1. Tt
is enough to show that, for all 4 = 1,...,m and 7 = 4,7 + 1 it holds that U; N f|;11 (R<o) and
Vin f|1_91 (R<p) lie in the same connected component of f~!(R-g). We show this by constructing
a path v between U; N fqul(Rd)) and V; N fﬁ; (R<g) such that im(y) € f~1(Rg).

For a fixed x € U; NV}, consider the univariate signomial

f@xz) = ( Z ™)t + ( Z cuat)tt = fin). (@)t + f|N(f)7U(:v)tb.
nea(fINN(f)v n€o(fINN(Sf) —v
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Since fin(s),(r) < 0 and fines)_, () < 0, we have f(t¥ * z) < 0, fin(sp, (" *z) < 0 and
fin(p)_, (t"*x) <0 for all t > 0, and therefore the image of the path

"}/:R>O%R”;0, thv*x
is contained in U; NV, N f~H(R<p).

Since LC(fla(t” x x)) = fin(p).(x) < 0 and TC(f|p(t" * x)) = fin(s)_,(¥) < 0, there exist
t1 > 1 and 0 < t2 < 1 such that v(t;) € f|j41(R<0) and ~(t2) € fﬁ;(R@). Since im(vy) C U;
and im(y) C Vj, it follows that ~(t1) € U; N f|21(R<0) and y(t2) € V; N f‘j_gl(Rd)). Since
x,7(t1),7v(t2) lie in the same connected component of f~!(Rg), it follows that U; N flgl(]Rd))

and V; N fﬁgl (R<p) lie in the same connected component of f~1(R.g). Thus, the map @ is well

defined.
From the surjectivity of ¢ follows that ¢ is surjective, which gives by(f~!(R<g)) < D. O

Remark 3.4. Let f be a signomial satisfying

o(f) S N(f)o UN(f) -

for some v € R as in Proposition 3.3 and let A, B the sets as in (9). By Theorem 3.1, there is a
bijection between the sets

By (fines),) U By (fing_,) ¢ By (fla) U By (fB).

Thus, the graphs (Ba, g, £a,p) from (15) and (B,, &,) from (21) have the same number of vertices.
Since

f|j41(R<0) - fﬁ\fl(f)v (R<O) and f‘jgl(R<O) - fﬁ\]l(f)fv (R<0),
every edge of the graph (B4 g,€a,p) corresponds to an edge of the graph (B,,&,). Thus, the

bound provided in Proposition 3.3 is always smaller or equal than the bound given in Proposition
2.6.

Example 3.5. The bound on by(f~'(R.g)) in Proposition 2.6 and in Proposition 3.3 can be
different, even though the two statements look similar.

To demonstrate this, consider the signomial f = 73z — 5522 — 2% + y — 202y + 2*y. The
Newton polytope of f is shown in Figure 6(a). We have that o(f) C N(f), UN(f)_,, for
v =(0,1). The restrictions of f to these two faces are given by:

N =32 =552 — ', fy, =y — 20y + 2y

The pair (o1, Ho,0) is a pair of enclosing hyperplanes of o (f). Let A, B C o(f) be as defined
in (9):

A= M no () Uor(f) ={(1,1),(1,0),(0,1), (4, 1)},

B=H,oNo-(f)Voi(f) ={(2,0),(4,0),(1,0),(0,1),(4,1)}.
Since fin(y), and f|4 only have one negative coefficient, the sets fl&l(f)u(R<0) and flgl(R@) are
connected by Theorem 2.3(iii). Since the supports of Jin(p)_, and fjp have strict separating
hyperplanes, Theorem 2.3(i) implies that fﬁ\]l( f)_U(R<O)’ fljgl (R<g) are connected.

One can also verify that f|1_41(]R<0) N fljgl(Rd]) = (, e.g. using the Maple [33] function
IsEmpty(). Thus, the bound on the number of connected components of f~!(R.q) provided
by Proposition 2.6 is two. The negative connected components of f4, fip are shown in Figure
6(c).

On the other hand, (1,1) € f|€\11(f)v(R<0) N fliNl(f)fU (R<g). Thus, Proposition 3.3 gives that
F1(R<g) is connected.

From Proposition 3.3, we derive a criterion to ensure that a polynomial has at most one

negative connected component. This criterion can be interpreted as a version of Theorem 2.11
where we replace strict separating hyperplanes by non-strict ones.
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fla<0

v=(0,1)

FIGURE 6. Illustration of Example 3.5 (a) Newton polytope of f = 73z — 5522 — 2* +
y — 20xy + xty. (b) The negative connected component of f (c)Negative connected
components of fj4 (purple) and f/p (green), where A = {(1,1),(1,0),(0,1),(4,1)}, B =
{(2,0),(4,0),(1,0),(0,1), (4,1)}.

Theorem 3.6. Let f: RY; — R, x — Zuea(f) cut be a signomial. Assume that there exists
v € R"™ such that o(f) C N(f)y UN(f)—y and

bo (f|_Nl(f)v (R<O)) = bo(f|_Nl(f)_u (R<0)) =1

If there exist negative exponent vectors 31 € N(f), and B2 € N(f)—, such that Conv (31, B2) is
an edge of N(f), then by(f~'(R<o)) = 1.

Proof. Throughout the proof we assume that N(f), # N(f)_,, otherwise the statement is ob-
vious. First, we show that Conv(531,82) No(f) = {f1, 52} For a € Conv(f1,B2) No(f), if
a ¢ {1, B2}, then there exists t € (0,1) such that a = t8; + (1 —t)B2. Let H, 4 and H,p be the
supporting hyperplanes of N(f), and N(f)_, respectively. As N(f), # N(f)—v, @ > b. Thus,
we have
vea=tv-B)+ (1 —t)(v-B2) =ta+ (1 —1t)b#a,b if t € (0,1).

which contradicts a € Hy o U Hoy p-

Proposition 2.10 implies that f|_Nl(f)U(R<0) N f|_Nl(f)_v (R<p) # 0. Thus, by Proposition 3.3 we

have bg (f_l(R<o)) =1. O

Remark 3.7. In the last step of the proof of Theorem 3.6, instead of Proposition 3.3 one could
use Theorem 3.1 and Proposition 2.6 as well to conclude that b (f_l(R<0)) =1.

Example 3.8. For each ci,...,c9 € Ry, the Newton polytope of
f(z,y,2) = c1x + comy — c3y — ¢4 + C5yz — C62 — CTTZ — CQTYZ

is the cube depicted in Figure 7. The top and the bottom faces of the cube are parallel to each
other and contain all the exponent vectors of f. Choosing v = (0,0, 1), we have that o(f) C
N(f)o UN(f)-y. Since both o(f|n(s),) and o(fjn(s)_,) have a strict separating hyperplane,

bo ( fﬁ\}( 1. (R<0)) = bo( f|—Nl( .. (R<0)) = 1 by Theorem 2.3(i).
The vertices of the edge Conv ((0,0,0), (0,0, 1)) correspond to negative exponent vectors,
thus f~!(R.g) is connected by Theorem 3.6.

3.2. Algorithm for connectivity. Based on Theorem 3.1 and Theorem 3.6, we give a recursive
algorithm that checks a sufficient condition for having a signomial f one negative connected
component. Using Theorem 3.1, we reduce f to a face of its Newton polytope that contains all
the negative exponent vectors, if possible. Using Theorem 3.6, we split up f to parallel faces of
its Newton polytope whose union contains all exponent vectors of f. We repeat this reduction
until the polynomials are simple enough, and we can apply one of the following criterion:

(i) f has one negative coefficient, Theorem 2.3(iii),

(ii) f has one positive coefficient and n > 2, Corollary 2.13,
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e ——

—

FIGURE 7. Newton polytope of f(z,y, z) = cix+coxy—csy—ca+csyz—cez—crxz—coxyz
from Example 3.8. Red (resp. blue) dots correspond to positive (resp. negative) exponent
vectors. The blue squares are parallel faces of N(f) whose union contains o(f). The blue
thick edge Conv((0,0,0),(0,0,1)) joins the two blue parallel faces and its vertices are
negative exponent vectors.

(iii) the support of f has a strict separating hyperplane, Theorem 2.3(i),
(iv) the exponent vectors of f lie in and outside of a simplex as in Theorem 2.14 or in
Corollary 2.15.

We define a submethod CheckConnectivity() that checks these conditions. If one of (i)-(iv)
holds, CheckConnectivity(f) returns true, and we know that f~!(R.g) is connected. If none
of the conditions (i)-(iv) is true, CheckConnectivity(f) returns false. Checking (i) and (ii)
is simple. Deciding whether o(f) has a strict separating hyperplane can be done using linear
programming. Therefore, condition (iii) can be checked even for signomials in many variables
and many monomials. Checking condition (iv) is a significantly harder problem, and in practice
we might avoid it.

The submethod IntersectionNonempty () checks whether there exists an edge of the Newton
polytope between two parallel faces such that both vertices of the edge correspond to a negative
exponent vector.

To compute the smallest face F' C N(f) such that o_(f) C F, one proceeds as follows. First,
one finds all the facets of N(f) (using Polymake [23] or SageMath [40]). If N(f) does not have
any facet containing o_(f), then N(f) is the smallest face that contains o_(f). Otherwise, the
intersection of the facets containing o_(f) give the smallest face that contains o_(f).

One possible way to compute all proper faces N(f), C N(f) such that o(f) € N(f), UN(f)—y
is the following:

(1) Compute the outer normal fan F of N(f) and the common refinement 7 A\ —F of F
and —F ([43, Definition 7.6]). Here, —F is the inner normal fan of N(f), i.e. the fan
obtained by taking the negative of each cone in F.

(2) Collect a vector from the relative interior of each cone in F A\ —F. These vectors are the
normal vectors of the parallel faces of N(f).

(3) Consider all the parallel faces and check whether their union contains o(f). This can be
done by taking each vector v from step (2) and computing their scalar product with the
exponent vectors. The vector v gives a pair of parallel faces containing o(f) if and only
if {fv-p|upea(f)} has exactly two elements.

If the Newton polytope has many faces, computing F A —F might become too expensive. In
our implementation, we use the following simplification. For a facet F© C N(Jf), there exist a
unique v € R™ such that FF = N(f),. We consider all the facets N(f), and check whether
o(f) € N(f)y UN(f)—y. Thus, our code runs through only a sublist of the list in the for-loop in
line 8 in Algorithm 1.
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Algorithm 1 CheckConnectivityRecursive

Input: a signomial f
Output: true if f~!(R.g) is connected, false if the method is inconclusive
1: if CheckConnectivity(f) = true then
2 return true
3: end if
4: F <« smallest face of N(f) that contains o_(f)
5. if F C N(f) is a proper face then
6: return CheckConnectivityRecursive( f|p)
7: end if
8: for every proper face N(f), C N(f) such that o(f) € N(f), UN(f)_, do
9: if IntersectionNonempty( fn(y),, fiN(f)_, ) then

10: v_connected < CheckConnectivityRecursive( fin(y),)

11: vminus_connected ¢ CheckConnectivityRecursive ( f\N(f),U)
12: if v_connected and vminus_connected then

13: return true

14: end if

15:  end if

16: end for

17: return false

Using 0SCAR [12, 35] and Polymake [23], we implemented Algorithm 1 in Julia. The code
can be found at the Github repository [37].

Example 3.9. To demonstrate how Algorithm 1 works, consider the polynomial

f(x, Y, 2, w) = C1T + C2xY — C3Y — C4 + C5YZ — CgZ — C7TZ — C9TYZ + 010w3 + cr1rw,
where ¢1,...,c11 € Ryg. Since #o_(f) > 2, #04+(f) > 2 and o(f) does not have a strict sepa-
rating hyperplane CheckConnectivity(f) returns false. Following the algorithm, we compute

the smallest face F' C N(f) containing o_(f). This is a 3-dimensional face with normal vector
v =(0,0,0,—-1). Then the algorithm calls CheckConnectivityRecursive(f|r), where

f‘F = C1ZT + oY — C3Y — C4 + C5YZ — C2 — CTTZ — CYTYZ,
which is the same polynomial as in Example 3.8.
Since fjp have more than one positive and more than one negative exponent vectors and
o(fir) does not have a strict separating hyperplane, CheckConnectivity(fjz) returns false and
the algorithm continues with computing the smallest face of N(fr) = F' containing o_(f|r).

Since this smallest face is F' itself, the algorithm proceeds with the for-loop in line 8.
The faces

G =F,, v=1(001-1), Go =F,,, wv2=1(0,0,—1,-1)

are parallel and contains all the exponent vectors of fir. As discussed in Example 3.8, there
is an edge with negative vertices between GG; and G2, thus IntersectionNonEmpty(fiq, s fig,)
returns true and the method CheckConnectivityRecursive is called again for fig, and fg,.
Since o(f|g,) and o(fiq,) have strict separating hyperplanes, both CheckConnectivity(fiq,)
and CheckConnectivity(fg,) return true, and the algorithm terminates with the result that
f1(R.p) is connected. The steps taken by the algorithm can be found in Figure 8.

3.3. The closure property. We finish the section with a statement that will allow us to apply
Algorithm 1 for reaction networks in Section 4. We say that a signomial f satisfies the closure
property, if the closure of f~1(R.o) equals f~!(R<p).

Proposition 3.10. A signomial f: R%) — R, z — ZuGa(f) cux? satisfies the closure property,
if one of the following holds:
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#04(f) =5, #o0-(f)=5, dimN(f)=4

restrict f to the smallest face F' containing o_(f)
#oi(fir) =3, #o_(fir) =5, dmF=3
restrict fip to parallel faces G, Gy of F containing o(f|r)
intersection f‘all (Reo) N f|z‘12 (R<p) is non-empty
#0i(fic,) =1, #0-(fie,) =3, dimG =2 #04+(fic,) =2, #0-(fig,) =2, dimGy=2

o(fic,) has a strict separating hyperplane o(fia,) has a strict separating hyperplane

FIGURE 8. Depiction of the steps taken by Algorithm 1 as in Example 3.9.

(i) o(f) has a strict separating hyperplane.
(i) o_(f) C F, for a proper face F C N(f).

Proof. (i) has been showed in [19, Theorem 3.6]. (ii) follows by almost the same argument.
We recall it for the sake of completeness. Since f~1(R<g) is closed, it contains the closure of
f~Y(R<p). To show the reverse inclusion, we pick a point z € f~1({0}) and show that it can be
written as a limit of elements from f~!(R.g).

Let v € R™\ {0} such that N(f), = F. Consider the univariate signomial

Reg—= R, t— f(t'xx) = ( Z cux”)td + Z cpatt't,
HEFNa(f) nea(fI\F

where d = max,,c, () v-p. The leading coefficient of f(#"+x) is negative since otherwise f(z) > 0.
Since F is a proper face, o(f) \ F' # @, therefore the trailing coefficient of f(t¥ * x) is positive.
By Descartes’ rule of signs, 1 is a positive real root of f(tV+ ) and (1+ 1)V s 2 € f~}(R<) for
all n € N. Furthermore, the sequence {(1+ 1) x z},cy converges to z. O

4. APPLICATION TO REACTION NETWORKS

A reaction network is a collection of reactions between (bio)chemical species. The species are
represented by formal variables and the reactions by arrows between non-negative integer linear
combination of the species. The goal of reaction network theory is to study the evolution of
the concentration of the species in time, which is usually modeled by an ordinary differential
equation system (ODE). For an introduction to reaction network theory, we refer to [13]. Here,
we consider some specific reaction networks, where Algorithm 1 can be applied to verify that
the parameter region of multistationarity is path connected.

Remark 4.1. An open subset of an Euclidean space is connected if and only if it is path
connected. Thus, for negative connected components of a signomial these two notions of con-
nectivity coincide. As the parameter region of multistationarity might not be an open set,
path-connectivity is a stronger property than connectivity.
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4.1. Weakly irreversible phosphorylation cycle. First, we consider the reaction network
that was studied in [34]:

S+E4Y1 Yzﬁs +EﬁY3 Y4V~Spp+E

(22)
Spp +F+= Y5 % Yo == S, + F == Y; % Yy == S +F,
K12 K15 K17 K20

which represents the two-site phosphorylation cycle of a substrate S, where both the phospho-
rylation and dephosphorylation processes follow a weakly irreversible mechanism. The reaction
network has 13 species and 20 reactions. Under the assumption of mass action kinetics, the
evolution of the concentration of the species is modeled by an ODE system of the form:

T = f/i(x)ﬂ
where Kk = (k1,...,Ko0) are positive parameters, called reaction rate constants, and f, is a
polynomial in 13 variables. One can find the exact form of f, in the accompanying Jupyter
notebook [37].
The set of all positive steady states of the ODE system equals the variety

V= {z € RY | fu(x) =0}
For a given initial condition, the trajectories of the ODE are contained in stoichiometric com-
patibility classes that are defined as

Po:={z e RY | Wz = ¢},

where ¢ € R? is the so-called total concentration parameter and W € is a matrix whose
rows give the conservation laws of the network. A pair of parameters (k,c) enables multista-
tionarity if V, N P. contains at least two points. The parameter region of multistationarity is
the set of all pairs (k, ¢) enabling multistationarity.

By sampling parameters and using a connectivity graph, connectivity of the parameter region
of multistationarity had been studied for the weakly irreversible phosphorylation cycle (22) in
[34]. Based on that numerical observation, it was conjectured that the region is path connected.

In [39, Algorithm 2.5], the authors gave an algorithm that certifies that the parameter region
of multistationarity is path connected for reaction networks satisfying some technical conditions.
The algorithm is based on the following result.

RSXIS

Proposition 4.2. [39, Theorem 2.4] For a conservative reaction network without relevant
boundary steady states, there exists a polynomial

q: R’nJrf SR

such that if q satisfies the closure property and ¢~ *(Ro) is path connected, then the parameter
region of multistationarity is path connected.

n [10, 39], it was described how to check whether the network is conservative, does not have
any relevant boundary states and how to compute the polynomial q. To check if ¢ satisfies
the closure property and ¢~!(R-g) is path connected, the authors in [39] used strict separating
hyperplanes [19, Theorem 3.6]. Using this strategy, it was verified for a large number of reaction
networks that the parameter region of multistationarity is path connected.

The weakly irreversible phosphorylation cycle (22) satisfies the technical conditions of Propo-
sition 4.2, i.e. it is conservative and does not have any relevant boundary steady states. The
polynomial ¢ from Proposition 4.2 associated with the network (22) is a large polynomial with
1248 monomials.

The method in [39, Algorithm 2.5] was inconclusive, because o(q) does not have a strict
separating hyperplane. In the following, we go through Algorithm 1 step-by-step and show that
q satisfies the closure property and ¢~ !'(R.g) is path connected, which implies by Proposition
4.2 that the parameter region of multistationarity for the weakly irreversible phosphorylation
cycle (22) is path connected. The computations were done using 0SCAR [12, 35] and Polymake
[23]. The code can be found at the Github repository [37].
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#04(q) = 1020, #o_(qo) =228, dim N(q) =16
restrict ¢ to the smallest face F' containing o_(q)
#oy(qr) =212, F#o_(qr) =228, dimF =12
restrict ¢ to parallel faces G'1, G2 of F' containing o(q|r)
intersection qulJ (R<o) N an (R<p) is non-empty
#04(qa,) =120, #o0_(qc,) =80, dimG; =11 #o(q6,) =92, #0_(qc,) =148, dimGy =11

0(q|,) has a strict separating hyperplane 0(q|@,) has a strict separating hyperplane

FIGURE 9. Steps taken by Algorithm 1 with input polynomial ¢ from Proposition 4.2
associated with the weakly irreversible phosphorylation cycle (22).

The Newton polytope of ¢ has dimension 16, 1020 out of its 1248 monomials are positive,
and 228 are negative. The smallest face ' C N(q) that contains o_(g) has dimension 12 and
contains 212 positive exponent vectors of q. Using Proposition 3.10, we conclude that ¢ satisfies
the closure property.

Following Algorithm 1, we study the restricted polynomial gz. The Newton polytope N(qr)
has 37 facets. We choose the first facet G; = N(g), that is provided by Polymake. For the
face G = N(f)—, it holds that o(¢r) € G1 U G2. Furthermore, there exists a pair of negative
exponent vectors 31, 2 such that 81 € G and 2 € G2 and Conv(f, B2) is an edge of N(q|p).
Thus, by Theorem 3.6, it is enough to show that qul1 (R<p) and qEQ (R<o) are connected. This
holds by Theorem 2.3(i), since the support of 9|, and ¢|g, have strict separating hyperplanes.
For an overview of the steps taken by Algorithm 1, we refer to Figure 9.

Theorem 4.3. The parameter region of multistationarity of the weakly irreversible phosphory-
lation system with two binding sites (22) is path connected.

4.2. Strongly irreversible phosphorylation cycles. A well-studied family of reaction net-
works is the family of m-site phosphorylation cycles, where it is assumed that each phosphoryla-
tion step follows the Michaelis-Menten mechanism. This is also referred to as strong irreversibility
in [41]. For a fixed m € N, the m-site phosphorylation cycle is given by the reactions:

K@i it K61 i+6 .
SZ‘-O-EHESI‘ ot Sit1+E, Si+1+Fﬂ\FSi+1 Rt Siv¢ +F, i=0,...,n—1.
K6i+2 K6i+5

Questions about the existence of multistationarity and the number of steady states are well
understood [18, 20, 24, 27, 42] Tt is known that the projection of the parameter region of
multistationarity onto the space of reaction rate constants (the x’s) is path connected for all
m > 2 [17]. In [39], it was shown that the full parameter region (the region in the x’s and ¢’s)
of multistationarity is path connected for m = 2,3, which led to the conjecture that this might
be true for every m > 2.

Let g,,, denote the polynomial from Proposition 4.2 associated with the m-site phosphorylation
cycle. Algorithm 1 can be successfully applied to show that g,,!(R<g) is path connected for
m = 4,5,6,7. The computation can be found in the accompanying Jupyter notebook [37]. Since
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in these cases, the negative monomials are contained in a proper face of N(g,,), the polynomial
gm satisfies the closure property by Proposition 3.10. We conclude that the parameter region of
multistationarity for the m-site phosphorylation cycle is path connected for m = 4,5,6,7.

The steps taken by Algorithm 1 are similar for each m = 4,5,6,7, thus Algorithm 1 might
provide a strategy to prove the conjecture about the connectivity of the parameter region of
multistationarity for all m > 2. This will be explored in future work.
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REAL TROPICALIZATION AND NEGATIVE FACES OF THE NEWTON
POLYTOPE

MATE L. TELEK

ABSTRACT. In this work, we explore the relation between the tropicalization of a real semi-
algebraic set S = {f1 < 0,..., fk < 0} defined in the positive orthant and the combinatorial
properties of the defining polynomials fi,..., fx. We describe a cone that depends only on the
face structure of the Newton polytopes of fi,..., fr and the signs attained by these polynomials.
This cone provides an inner approximation of the real tropicalization, and it coincides with the
real tropicalization if S = {f < 0} and the polynomial f has generic coefficients. Furthermore,
we show that for a maximally sparse polynomial f the real tropicalization of S = {f < 0}
is determined by the outer normal cones of the Newton polytope of f and the signs of its
coefficients. Our arguments are valid also for signomials, that is, polynomials with real exponents
defined in the positive orthant.

Keywords: logarithmic limit set, signomial, semi-algebraic set, signed support

1. INTRODUCTION

Real algebraic varieties, or more generally, semi-algebraic sets, play a central role in applica-
tions, e.g. in chemical reaction network theory [7] or in robotics [29]. In practice, the polynomials
defining these sets involve many variables and many monomials, which makes using standard
techniques from real (semi-)algebraic geometry infeasible.

Tropicalization is the process of associating a polyhedral complex to an algebraic variety.
This can be used to answer questions about the variety, such as computing its dimension [20,
Structure Theorem], or to compute Gromov-Witten invariants, that is, to count the number
of curves of given degree and genus passing through a given finite number of points in the
complex projective plane [21]. Moreover, using tropicalizations one can find the generic number
of solutions of a parametric polynomial equation system [12].

One of the roots of tropical geometry goes back to 1971 when Bergman [3] studied the loga-
rithmic limit of an algebraic variety V in the complex torus (C*)™. The logarithmic limit of V'
is defined as the limit in the Hausdorff distance of the images of V' under the coordinate-wise
logarithm map with base ¢t > 0

Log;: (C7)" = R", 2 (logy(|z1]), - -, 1ogy(|znl)

as t — oo. If V is a hypersurface, i.e. it is defined by one polynomial f, the logarithmic limit of
V equals the (n— 1)-skeleton of the outer normal fan of the Newton polytope of f [22, Corollary
6.4].

The logarithmic limit of a real semi-algebraic set S C RZ, was first studied by Alessandrini
[1] in 2013. The author showed that the logarithmic limit of S is a closed polyhedral complex
of dimension at most the dimension of S [1, Theorem 3.11]. In [4, 5], the authors called the
logarithmic limit of S the real tropicalization of S. In this manuscript, we follow this notation
and write

Trop(S) := tlgrolo Log,(5).

Computing the real tropicalization of a semi-algebraic set S C RZ is known to be hard. The
Fundamental Theorem [17, Theorem 6.9] implies that Trop(.S) is described as an intersection of
outer normal cones as follows: For a polynomial f € R[x1,...,z,], we call an exponent vector
negative if the coefficient of the corresponding monomial is negative. Similarly, a face F' of the
Newton polytope NP(f) is a negative face if F' contains a negative exponent vector. The union

1
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of the outer normal cones of NP(f) that correspond to negative faces is denoted by N I Using
this notation, we have:

M Trop(S) = [ A,

f<0on S
where the intersection is taken over all polynomials f € R[z1,...,2;,] which are nonpositive on
S

In [17, Theorem 6.9], it was also shown that the intersection in (1) can be taken over finitely
many such polynomials, but to the best of our knowledge, no algorithm is known to find such
a finite set of polynomials. However, in certain cases, there exist good approximations of the
real tropicalization. From [17, Proposition 6.12], it follows that the real tropicalization of a
semi-algebraic set S of the form S = ﬂle fH(R<o) satisfies

k k
(2) int ([ V,) € Trop(S) € [N
i=1 i=1

If the set on the right-hand side in (2) is regular (it is equal to the closure of its interior), then the
real tropicalization of S equals the intersection of the cones ./\/'_i,z' =1,...,k [2, Corollary 4.8].
In Proposition 3.2, we characterize when regularity happens. As a consequence of this, we show
that if S is defined by one polynomial f, i.e. S = f~1(Rg), then Nf_ is regular if and only if the
faces of NP(f) that contain a negative exponent vector have also a negative vertex. This seems
to be a quite restrictive assumption, but it is automatically satisfied for polynomials whose set
of exponent vectors equals the set of vertices of the Newton polytope. Such polynomials are
called maximally sparse in the literature [23]. Thus, if f is maximally sparse, then the real
tropicalization of S = f~1(Rg) is easy to compute as it equals Nf_ (Corollary 3.5).

Our main result is Theorem 3.3, where we give an elementary proof of the inclusions in (2),

while we also refine them. We associate a cone X(fy,..., fi), called the actual negative normal
cone of f1,..., fr (see Section 2) that provides a better inner approximation of Trop(S):

k k
(3) int ((YN7) S (f1,---, fr) € Trop(S) € [N .

i=1 i=1

The proof of Theorem 3.3 is valid also in the case where the defining polynomials of the semi-
algebraic set have real exponents.

Theorem 3.3 has two main consequences. In the case when S is defined by one polynomial,
ie. S = f"1(R.p), we show that 3(f) equals the real tropicalization of S when the coefficients
of f are generic (Corollary 3.10).

Specifically, to compute X(f), one needs to determine all faces of the Newton polytope of f for
which the restriction of f to the face takes negative values over RZ,. Deciding if a polynomial
is nonnegative is an NP-hard problem [19]. To address this difficulty, several sufficient criteria
implying nonnegativity have been introduced. For instance, one approach, going back to Hilbert
[15], is to express the polynomial as a sum of squares (SOS); this decomposition can be found
by semidefinite programming, see [19] and the references therein. Another approach is to write
the polynomial as sums of nonnegative circuits (SONC) [8, 16], see also [6, 25].

The set of all nonnegative polynomials is a closed convex cone, called the nonnegativity
cone. The sets of SOS and SONC polynomials are also convex cones, clearly contained in
the nonnegativity cone. The genericity assumption in Corollary 3.10 is that neither f nor its
restrictions to the faces of the Newton polytope lie on the boundary of the nonnegativity cone.
To the best of our knowledge, there are no complete descriptions of the boundary neither of the
nonnegativity cone nor of the SOS cone. On the contrary, the boundary of the SONC cone has
been characterized in [11]. This characterization together with Corollary 3.10 provide a method
to compute the real tropicalization of semi-algebraic sets defined by one polynomial.

In [14], the authors introduced the DSONC cone, which is a cone contained in the interior
of the SONC cone. A remarkable property of the DSONC cone is that it is possible to check
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membership using linear programming. This might give a more efficient method to compute
3(f) and to verify the genericity condition in Corollary 3.10.

Finally, an additional consequence of Theorem 3.3, which is an interesting result on its own,
is that any logarithmic image of f~!(R.g) is a bounded set if the boundary of NP(f) does not
contain any negative exponent vector (Corollary 3.6).

Notation. R>q, Ry and Reg refer to the sets of nonnegative, positive and negative real num-
bers respectively. For two vectors v,w € R", v - w denotes the Euclidean scalar product, and
v x w denotes the coordinate-wise product of v and w. We denote the interior of a set X C R”
by int(X). If X C R" is a polyhedron, relint(X) denotes the relative interior of X. The symbol
#.S denotes the cardinality of a finite set S.

2. NEGATIVE FACES OF THE NEWTON POLYTOPE

Following [9, 27], a signomial is a function

f: Ry =R, x> fx) = Z cuxt,
wea(f)
where o(f) C R" is a finite set, called the support of f, and the coefficients ¢, € R are non-zero.
We use the notation z# for z{" --- 2", Thus, a signomial is a polynomial with real exponents

whose domain is restricted to the positive orthant. For a set § C R"™, we define the restriction
of fto S as

fis(z) = Z curt.

pea(f)NS

Furthermore, we divide the support of f into the set of positive and negative exponent vectors:

or(f)={uealf)lew>0),  o_(f):={uca(f) e, <0}.

Thus, a positive exponent vector u is an exponent vector of a monomial z* of f such that the
corresponding coefficient ¢, is positive.

The Newton polytope of f is the convex hull of the support
NP(f) := Conv (co(f)).

We refer to Figure 1(a) for an illustration of the Newton polytope of f = 23 — x1 + 1 — 3.
The set of negative exponent vectors is o_(f) = {(1,0), (0,2)} and the set of positive exponent
vectors is o4 (f) = {(0,0),(2,0)}.

We recall some basic notions in polyhedral geometry that are relevant to the study of real
tropicalizations (see [13, 18, 30] for details). Each vector v € R™ cuts out the face of NP(f) [13,
Section 15.1.1] given by
(4) NP(f)oi={n €NP(f) [v-p= max v-v}

The vector v is called an outer normal vector of NP(f),, or normal vector for short. A face is
proper if it is not the entire polytope.

For a face F' C NP(f), the set of all vectors v such that F' C NP(f), form a closed convex
polyhedral cone, called the normal cone of F' [13, Section 15.2.2]:

(5) Ni(F) ={v e R" | F C NP(f),}.
Furthermore, for v € N3 (F), it holds:
(6) NP(f)y =F <= v € relint Np(F).

The collection of the normal cones of all faces forms a complete fan Ny [30, Example 7.3].
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Taking normal cones induces an inclusion reversing correspondence between faces and their
normal cones, which behaves well with dimensions. Hence, for any two non-empty faces F,G C
NP(f), it holds that:

(7) FCG <<= NyF)2DNt(G),
(8) dim F = n — dim Ny (F).
To study several signomials fi,..., fi at the same time, it will be beneficial to consider the

common refinement of the normal fans Fy,, ..., Fy, [30, Definition 7.6], which is the fan defined
as

(9) /k\./\/'fz IZ{ﬁCHCiENfi}.
i=1 i=1

It is easy to see from (9) that full-dimensional cones in the common refinement are intersections
of full-dimensional cones. Note that for every pair of vectors v,v’ in the relative interior of a
cone in the common refinement, it holds that

(10) NP(fi)o = NP(fi)w foralli=1,... k.

Several arguments in this work rely on the following easy observation. Each v € R™ and
z € RY, induce a signomial in one variable

(11) Roo =R, t f(tUxz)= Y cuat",
pueo(f)
where ¢V is short for the vector (t"1,...,t""). We call a coefficient of a univariate signomial the

leading coefficient (LC) if the exponent of the accompanying monomial is the largest. From (4)
it follows that for fixed x € R%,

LC(f(t"xx)) = Z cuxt,

nea(FYNNP(f)y

if we view f(t” x x) as a univariate signomial in the variable ¢. This implies the following
well-known fact (see e.g. [10, Proposition 2.3])

Lemma 2.1. Let f: RZy — R be a signomial and v € R™. If fin(s),(x) <0 for some x € R,
then there exists T € Rsq such that for allt > T':

ft"xx) <0.

To find all vectors v € R™ for which Lemma 2.1 applies, we have to decide for which faces
F C NP(f), the signomial f|r takes negative values. A necessary condition for fr to take
negative values is that the face F' contains negative exponent vectors of f. Motivated by this
observation, we call a face F' C NP(f) a negative face if F No_(f) # 0. Furthermore, we
define the negative normal cone of NP(f) as the union of the normal cones corresponding to the
negative faces:

= U M) ={veR"|NP(f),No_(f)#0}.
FCNP(f)
negative face
Note that N 7 is a cone, i.e. it is closed under multiplication by positive scalars, but N i does
not need to be convex.

Even if the face F' contains negative exponent vectors of f there is no guarantee that fp
actually takes negative values. For an example, take the signomial f = x% —x1+1-— x% from
Figure 1 and the face F' = Conv ((0, 0), (2, 0))

For a signomial f, we define the actual negative normal cone as

S(f) = {v € R | sy, (Reo) # 0} S AT
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b 4
(a) NP(f) (b) 2(f) () Ny
(d) f~(R<o) (e) Log, (f~*(R<o)) (f) Logy (f " (R<o))

FIGURE 1. (a) Newton polytope of f = 22 — x; + 1 — 22. Blue dots correspond to
negative exponents vectors, red circles correspond to positive exponent vectors. (b),(c)
actual negative normal cone and negative normal cone of f, (d) semi-algebraic set defined
by f, (e),(f) logarithmic images of f~(R<o).

In Proposition 2.2, we show that X(f) is the union of normal cones corresponding to faces
F C NP(f) such that fir takes negative values. The actual negative normal cone and the
negative normal cone of f = 22 — z1 + 1 — 23 are depicted in Figure 1(b)(c).

Define the actual negative normal cone of a collection of signomials fi, ..., fi as:
k
(12) S(f1ses fi) = {0 € R [ () ks, (Reo) # 0}
i=1
In the proof of Theorem 3.3, we need that the negative normal cones Ng,i =1,...,k are

closed subsets of R™. This property follows easily from the fact that a polytope has finitely
many faces [18, Theorem 3.46] and the cones N¥,(F), F is a face of NP(f;), are closed. The
actual negative normal cone X(f1, ..., fi) is also closed, as the following argument shows.

Proposition 2.2. Let f1,..., fi be signomials on RZ, let C' be a cone in the common refinement

/\lej\/'fi and v € relint(C). Ifv € X(f1,...,fx), then C C 3(f1,...,frx). In particular,
Y(f1,---, fx) is a closed subset of R™.

Proof. Let C; € Ny, i =1,...,k such that C = ﬂfZIC’i. Since v € relint(C), from [26, Theorem
6.5.] follows that v € relint(C;) for all i =1,... k.
Let F; := NP(f;)v,i =1,...,k. Since v € relint(C), for any w € C we have that

foralli=1,...,k by (5) and (6).
Consider z € ﬂle fi‘_; (R<q), which exists since v € X(f1,..., fr). By Lemma 2.1, there

exists T > 0 such that
k

thxz e ﬂ fiTliIP(fi)w (R<o), fort > T,
i=1
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which implies that w € X(f1,..., fr). Hence, C C X(f1,..., fr).
This argument shows that 3(f1, ..., fx) is the union of the cones in /\f:1 Ny, whose relative

interior intersects X(f1, ..., fx). Since there exist only finitely many cones in /\f:1 Ny, and they
are closed, it follows that X(f1,..., fx) is a closed set. |

Proposition 2.2 ensures that to compute the actual negative normal cone X(f1,..., fr), it is
enough to check for finitely many v € R™ whether

k
(13) ﬂ fiﬁ]p(fi)v (R<O) ?é (Z)
=1

To be precise, for each cone C € /\f:1 Ny, pick v € relint(C) and check whether (13) is empty.
This observation provides a way to compute X(f1,. .., fr). Note that, computing the negative
normal cone N 7 is significantly simpler and in some cases still gives enough information about
the real tropicalization (Theorem 3.3, Corollary 3.5).

We conclude the section with a bound on the roots of a univariate signomial that will be used
in the proofs of Theorem 3.3 and Theorem 3.9. The statement is a generalization of Cauchy’s
bound [24, Theorem 8.1.7] to signomials. Although the idea of the proof is almost the same as
in the polynomial case, we recall it for the sake of completeness.

Lemma 2.3. Let g: Ryg — R, g(t) := Z?:l a;t"" be a univariate signomial such that vy < - <
vgq. If there exist p € {1,...,d} and € > 0 such that (ag — €)t"* + Z?:_pl a;t¥i > 0 for all t > 0,
then for all 0 < § < vy — vp_1 it holds:

max{tg € Rxo | g(to) = 0} < max{ ( Z|al|)§}

Proof. Let tg > 1 be such that g(tg) = 0. Then,

d p—1 p—1
etpl <D aity == aitfi < lailtfi < Z|az|tyd 2,
i=p i=1 i=1

The first inequality follows from (aq — €)t;? + Z‘fl/*l a;ty’ > 0. The last inequality follows from
vg—08>v;foralli=1,...,p— 1. Dividing both sides by e3¢ d , the statement follows. O

Remark 2.4. In Section 3, Lemma 2.3 will be used to ensure that for a signomial f and a
convergent sequence w(m) — w in R™, the roots of f(t*("™)) converge to the roots of f(t*).

This statement might fail for some signomials not satisfying the assumptions of Lemma 2.3 as
the following example shows. Consider the signomial f(z1,x2) = 2 — 21 + 1 — 23 from Figure 1
and the sequence w(m) = (1,1 — L) — w = (1,1). The induced functions are given by:

2
f)y=—t+1,  f)) = —*Tm —t+ 1.

The function f(t*) has a unique root t = 1. The function f(t*(™) has two positive real roots,
one of which converges to 1 and the other goes to infinity as m — oco.

3. REAL TROPICALIZATION

The goal of this section is to relate the real tropicalization of the set
(14) S(flv"'v mf IR<0
where fi,..., fr are signomials on RZ;, to the negative normal cones Nﬁ, ce ,Nﬁ, and to

the actual negative normal cone X(f1,..., fx). In the case that (14) is described by a single
polynomial f, we show that the real tropicalization and the actual negative normal cone coincide
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for generic coefficients of f. Furthermore, Trop(S(f)) equals the negative normal cone of f if f
is maximally sparse (all exponent vectors of f are vertices of the Newton polytope).

As indicated in the Introduction, following [4, 5], the real tropicalization of S C RZ is defined
to be
(15) Trop(S) := Jim Logy(S) = Jim Lo Log,(S),
where Log, denotes the point-wise logarithm with base ¢, and e is Euler’s number. This con-
struction is also called the logarithmic limit set of S. For a precise definition and for some basic
properties, we refer to [1, Section 2]. Since it will be used frequently, we recall the following
results from [1]:

Proposition 3.1. [1, Proposition 2.2] For any set S C RZ, it holds:

(i) Trop(S) is a closed subset of R™.
(ii) For w € R™, w € Trop(S) if and only if there exist sequences {x(m
{t(m)} men & (1,00) such that t(m) — oo and Logy(, (z(m)) — w.
(iii) Trop(S) C {0} if and only if Log,(S) is bounded for all t > 0.

)}mGN C S and

As discussed in the Introduction, if fi,..., fr are polynomials, that is their exponents are
nonnegative integer vectors, it is known that

k
(16) Trop (S(f1,---, fx)) :ﬂ/\ﬁ
i=1

if the set on the right is a regular set (it is equal to the closure of its interior) [2, Corollary 4.8].
The following proposition characterizes the cases when the intersection of the negative normal
cones in (16) is regular.

Proposition 3.2. Let f1,..., fi be signomials on RY,. A point w € ﬂf:(] J\/Z 15 in the closure

of int (ﬂ?:o NJ{) if and only if there exists v € R™ such that NP(f;), is a negative vertex of
NP(fi)w for alli=1,... k.

Proof. First, we show the if part. For each i = 1,...,k, let 5; := NP(f;), be the negative vertex
of NP(f;)w. It follows that w is contained in

k
(17) (V5 (8)-

i=1
In the following, we show that the interior of (17) is non-empty. As vertices correspond to
full-dimensional normal cones by (8), the interior and the relative interior of Ny, (3;) coincide.
By (6), v € relint(Ny,(5;)) = int (N, (B;)), which implies that there exists an € > 0 such that the
ball with radius € and center v is contained in the interior of N, (8;) for all i =1,... k. Thus,
the interior of (17) is non-empty.

As the finite intersection of interiors equals the interior of the intersection [28, Section 1.1],
we have
k k

(18) int (N5 (8:)) = [ int (M, (8) €

i=1 i=1 i

Dw

WV ):int(o./\/ﬁ),

where the inclusion in the middle holds since §; is a negative vertex of NP(f;) for alli =1,... k.
Since (17) is a polyhedral cone with non-empty interior, it is regular and w is contained in
the closure of the interior of (17). Using (18), one concludes that w is contained in the closure

of int (N N).

1

To show the reverse implication, we assume that w is in the closure of int (ﬂf:o N £ ). In that
case, for every € > 0 we have that B.(w) N int (ﬂfzo /\/'fj) # (), where B(w) denotes the ball
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with radius e and center w. We choose € small enough such that B(w) does not intersect the
cones of the (n — 1)-skeleton of /\f:1 Ny, that do not contain w.

The (n—1)-skeleton of A¥_, AV, is not full-dimensional, so there exists v € B, (w)Nint ( NN f )
which is not contained in the (n — 1)-skeleton.

Let C' be the smallest cone in /\f:1 Ny, that contains v in its interior, and let C; € Ny,
i=1,...,k such that C = N¥_,C;. From v € int(C) follows that v € int(C;) for all i = 1,... k.
From (6) and (8) it follows that NP(f;), is a vertex for all i = 1,..., k. Moreover, NP(f;), is a
negative vertex, since v € Nﬁ

Since B.(w) intersects only the cones of the (n — 1)-skeleton of /\f:1 Ny, that contain w, it
follows that w lies in C. Using (7), we conclude that NP(f;), C NP(f;)w- |

For an example of a signomial whose negative normal cone is not regular, we refer to Figure 1.

The negative normal cone of f(z1,z2) = 23 — 71 + 1 — 23 has a ray in southern direction, but

the closure of int(N 7 ) does not contain this ray. One can also use Proposition 3.2 to conclude
that N is not regular: The face Conv ((0,0),(2,0)) € NP(f) is negative, but does not contain
any negative vertex.

In [2, 17], to prove (2) the authors worked with polynomials over the field of real Puiseux
series. In the following theorem, we give an elementary proof of (2) that applies to signomials
and extend (2) by relating the real tropicalization to the actual negative normal cone as defined
in (12).

Theorem 3.3. For signomials fi,..., fr on RY,, it holds:
k k
int ((\N;) S (i, fr) € Trop (S(f1,---, fr)) € [\ NF,-
i=1 i=1

Proof. Let S = S(f1,..., fx). Toshow the first inclusion, let w € int (ﬂi-g:l Nf_z) By Proposition
3.2, there exists v € R™ such that NP(f;), is a negative vertex of NP(f;),, for all i = 1,... k.
For any fixed z € RZ;, we have

fi|NP(fi)w (t"+xz) <0 for t>0
by Lemma 2.1. Thus, w € 3(f1,..., fi)-

For the proof of the second inclusion, let w € X(f1,..., fi), and let x € ﬂle i‘_ﬁlp(fv)w(R@).

By Lemma 2.1, f;(t¥ *x) < 0 for alli =1,...,k and ¢ > 0. Therefore, t* xx € S for ¢t > 0.
Choose a sequence (t(m))men such that t(m) — oo and ¢(m)* xx € S for all m € N. Then
Logy () (E(m)" * ) = logy () (H(m))w + Logy(m)(z) = w + m Log,.(x) — w.
Proposition 3.1 implies that w € Trop(.S).
The third inclusion remains to be shown. For that, let w € Trop(S). By Proposition 3.1,

there exist sequences {x(m)}men C S and {t(m)}men € Rsg such that ¢(m) — oo and w(m) :=
Log;(m)(2(m)) — w. Note that with this notation we have

t(m)“™ = 2(m),  for all m € N.
Ifwé¢ N, N, then there exists i € {1,...,k} such that w € R" \ ;. In the following, we
show that it is possible to choose a subsequence {w(m)}men of {w(m)}men such that
[ty >0 forall ¢>T,

where T' > 0 can be chosen independently from m. This yields to a contradiction, since for large
m, t(m) > T and f;(t(m)?™) < 0.

Since the relative interiors of the cones in Ny, form a partition of R™ and there are only finitely
many such cones, there exists a face F' C NP(f;) such that relint(Ny,(F)) contains infinitely
many elements of {w(m)}m,en. Thus, we can pass to a subsequence {w(m)}men such that
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F = NP(fi)g(m) for all m € N. Since w(m) — w and Ny, (F) is closed, w € Ny, (F). Therefore
F C NP(f;)w. Note that equality holds if and only if w € relint (N, (F)) by (6).

Since w € R™\ W} and this set is open in R", it follows that @(m) € R™ \ W for all m > 1.
Since NP(fi)g(m) = F' for all m € N, it follows that @w(m) € R" \ N for all m € N and the face
F' does not contain any negative exponent vector of f;. This implies:

(19) FiNGaen (LD = Y eu= D> eu>0,
pea(fi)NF peot(fi)NF
where ¢, for 1 € o(f;) are the coefficients of f;. Thus, by Lemma 2.1 for each w(m) there exists
T'(m) > 0 such that
Fi(t®Yy >0, forall ¢ > T(m).

In the following, we show that T'(m) can be chosen independently from m. The leading
coefficient of f;(t®(™) is as given in (19), which is positive, so there exists ¢ > 0 such that
filN(fi)ﬁ;(m)(:l’ ..., 1) —€>0. Since w € R" \N:, all the exponent vectors on the face NP( ;)
are positive, i.e.

cu > 0, for all € NP(f;)w No(fi)-
Thus, the expression

(fi|N(fi)u";(m) (1, R 1) — €)td + Z Cut,u-u?(m)’
RENP(fi)w\F)No(fi)
where d = max,cnp(f,) W(m) - p, is positive for all £ > 0 and m.
Note that there exists & > 0 such that
wop—w-v>09 forall peo(fi) NNP(fi)w, veEa(fi)\NP(fi)w-
Since w(m) — w and the scalar product is continuous,
@(m) - p—d(m)-v>5 forall pea(f) \NP(fu, v €a(fi)\NP(fi)u

holds for m large enough. By passing to a subsequence if necessary, we may assume that the
above inequality holds for all w(m). Lemma 2.3 gives a bound 7" > 1 on the positive roots of
f;(#®(™) that depends only on €,§ and Cu, i € o(f;). In particular, this bound is independent
of m. Since the leading coefficient of f;(t®(™) is positive for all m € N by (19), we conclude
that i

fi(t“’(m)) > 0.
forallmeNand ¢t > T. O

Remark 3.4. Some of the inclusions in Theorem 3.3 can be generalized to semi-algebraic sets
over a real closed field R with a compatible non-trivial non-Archimedean valuation val: R* — R,
for instance the field of real Puiseux series R{{t}}.

Let fi1,..., fx € R|z1,...,x,) be polynomials and consider the semi-algebraic set

S’R(flv"'?fk) = {ZERT;O | fl(z) <07"'7fk‘(z) <O}

Here, > denotes the unique ordering on the real closed field R. The real tropicalization of a
semi-algebraic set is defined as

Trop (SR(fl,...,fk)) = {(—Val(z),...,—val(z)) | z € Sn(fl,...,fk)},

where the closure is taken in the Euclidean topology of R™.

This construction generalizes the definition of real tropicalization as a logarithmic limit in
the following sense. If R is a non-Archimedean real closed field of rank one extending R (e.g.
R = R{{t}}) and the coefficients of fi,...,fr € R|z1,...,z,] are real numbers, then by [1,
Corollary 4.6] we have,

Trop (S(f1,---, fx)) = Trop (Sr(f1,- -, fx)),

where S(f1,..., fi) is defined as in (14) and Trop(S(fi,..., fx)) denotes the logarithmic limit
of S(f1,..., fr) as introduced in (15).



10 MATE L. TELEK

N W A U O N ® ©
-

1@ O
1 2 3 4 5 6 7 8 9 10 1

(a) NP(f) (b) S(f)
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(c) Log, (S(f)) (d) Logyq (S(f))

FIGURE 2. (a) The Newton polytope of f = x{25 + 2829 — 2727 — 42728 + 52520 +
5z123 — bx1m9 + 1 from Example 3.7 (b) The set S(f) = f~*(R<o) is bounded. (c)(d)
Logarithmic images of S(f) for t = 2 and ¢ = 10.

By replacing the negative normal cones J\/’Jg with a “signed part” of the tropical hypersurface
defined by f; (see [17, Section 5.2] or [5, Section 2.1] for a precise definition), the inclusions in
(2) remain true [17, Proposition 6.12].

To the best of our knowledge, there is no known generalization of the actual negative normal
cone X(f1,..., fr) in the non-trivial valuation case, such that the generalized objects would
satisfy similar inclusions as in Theorem 3.3. The techniques used in the current paper do not
allow immediately to find such a generalization. However, it is an interesting problem that might
be addressed using alternative approaches.

Corollary 3.5. For a maximally sparse signomial f, it holds:
Trop(S(f)) =N .

Proof. Tf all the exponent vectors of f are vertices of NP(f), then every negative face of NP(f)
must contain a negative vertex. Thus, NV 5 equals the closure of its interior by Proposition 3.2.

Using that Trop(S(f)) is closed and Theorem 3.3, we conclude that Trop(S(f)) = N} . O

For a signomial f, it might be worth to know when S(f) is bounded from the coordinate
planes in R” and from infinity. Note that this happens if and only if Log,(S(f)) is bounded for
t > 0, as the map Log;: RY; — R is a homeomorphism.

Corollary 3.6. Let f be a signomial on RZ,. If o_(f) C int(NP(f)), then Log,(S(f)) is
bounded for all t > 0.

Proof. If the boundary of NP(f) does not contain negative monomials, then N’ + € {0}. Theorem
3.3 implies that Trop(S(f)) C {0}. Now, the statement follows from Proposition 3.1(iii). O

Example 3.7. The boundary of the Newton polytope of f = 292§ + 2829 — 272 — 4272§ +
52319 + 5r175 — 52172 + 1 does not contain any negative exponent vector of f. By Corollary
3.6, Log, (S(f)) is bounded for all ¢ > 0. For an illustration, we refer to Figure 2.
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To conclude, we show that for a semi-algebraic set of the form S(f) the second inclusion in
Theorem 3.3 is an equality if the coefficients of f are generic. First, we clarify what we mean
by generic coefficients. For a fixed finite set A C R™, we consider the space of signomials whose
support is contained in A:

A:{f:Zcﬂm“\o ) C A}

uea(f)

Interpreting the coefficients of signomials as vectors, one has an isomorphism R4 = R#4.
The set of nonnegative signomials in R4,

’PX:{feRA|f(x)ZO for all z € R},

is a full-dimensional closed convex cone, called the nonnegativity cone [11, 14]. Using this ter-
minology, the genericity condition we will assume is that for all faces F' C NP(f), the signomial
Jir does not lie on the boundary of the nonnegativity cone, i.e.:

(NB) f\F c P:(f)ﬁF — f\F € int(P:(f)ﬂF)'

As a consequence of the non-boundary assumption (NB), we will be able to perturb the coeffi-
cients of a nonnegative signomial while preserving nonnegativity.

Remark 3.8. If a signomial, which is nonnegative over the positive real orthant, has a positive
real root, then this root is degenerate and the signomial lies on the boundary of the nonnegativity
cone. However, there exist signomials contained in the boundary of the nonnegativity cone that
do not have any positive real roots as the following Well—known example shows.

The signomial g = 2323 — 2z170 + 1+ ml (r120 — 1)% + ml is positive for all (z1,29) € ]R>0,
but for any € > 0 the signomial g. = 2323 — (2+¢)z122+ 1+ 27 takes negative values in R2, e.g.
gE(L, %) = 25 < 0. Thus, even if a nonnegative signomial does not have any roots, i.e. it is

strictly positive, we might not be able to perturb its coefficients while preserving nonnegativity.

Theorem 3.9. Let fi,..., fi be signomials on RZ, such that condition (NB) holds for all f;
and all faces F CNP(f;), i =1,...,k. Then:

k
Trop (S(f1,.- -, fx)) € () Z(f0).
=1

Proof. We use a similar argument to the proof of Theorem 3.3. Let w € Trop(S). By Proposition
3.1, there exist sequences {x(m)}men C S, and {t(m)}men € Rsg such that ¢(m) — oo and
w(m) = Logy () (z(m)) — w.

Assume that w ¢ ﬂ X(f;), and let i € {1,...,k} such that w ¢ 3(f;). In the following,
we write ¢, u € o(f;) for the coefficients of f; and G := NP(f;)y for the face of NP(f;) which
is cut out by w. By an argument as in the proof of Theorem 3.3, we may pass to a subsequence
if necessary and assume that there exists a face F' C G of NP(f;) such that F' = NP(f;), ) for
all m e N.

Since w cuts out the face G, there exists § > 0 such that

(20) w-p—06>w-v, forall p e GNo(fi), veo(fi)\G.

By continuity of the scalar product, (20) holds also for w(m) for large enough m. Thus, we can
pass to a subsequence again to assume that (20) holds for all w(m).

Since w ¢ X(f;), the signomial f; ¢ is in the nonnegativity cone P:(fi)mF' By the condition
(NB) fic is in the interior and hence there exists € > 0 such that

(21) S -+ Y >0 forall zeRY
pneEFNo(fi) ne(G\F)No(fi)
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1 W 1
1

(a) S(9) (b) Log, (S(9)) () Logyg (S(9))

FIGURE 3. The semi-algebraic set S(g) defined by g = 23 — 227 + 1 — 23 (a), and its
logarithmic images for ¢t = 2 (b) and ¢ = 10 (c).

In particular, it holds:
(22) Yo (ep—aretmry N ™ >0 forallt € Rug and m € N.
HEFNa(fi) HE(G\F)Na(fi)
From (20) and (22) follows that for each m € N the univariate signomial
FEemy = ( > cﬂ)td D S L A N AR
HEFNa(fi) HE(G\F)No(fi) nea(fi\G
where d = max,,c,(f,) w(m) - p, satisfies the conditions in Lemma 2.3 with € = 3 c po(s,) € > 0
and ¢ as in (20). Thus, there exists 7" > 1 which is independent of m such that
fit ™) > 0, for all t > T.
Since t(m) — oo, t(m) > T for m > 1. Thus,
0 < fi(t(m)*™) = fi(z(m)) < 0.
which is a contradiction. The last inequality holds as x(m) € S(f1,..., fx)- O
Corollary 3.10. Let f be a signomial on RZ. If all faces FF C NP(f) satisfy (NB) then:
Trop (S()) = 2(f).

Proof. By Theorem 3.9, Trop (S( f)) C 3(f). The reverse inclusion follows from Theorem
3.3. O

Example 3.11. Consider the signomials f = 23 — 21 + 1 — 3 from Figure 1 and g = 27 — 221 +
1—x3. Note that f and g have the same negative/positive exponent vectors and NP(f) = NP(g).
The only difference between f and g is the coefficient of z;. Furthermore, we have:

S()=2(), Ny =N,

For the faces F; = Conv((2,0), (0,2)), F2 = Conv((0,0), (0,2)) of NP(f), the restrictions f|z,
and g|r,, i = 1,2 take negative values by Lemma 2.1. Thus, f|r, and g|f,, i = 1,2 are not in the
nonnegativity cone.

For the face F' = Conv((0,0),(2,0)), fir = 22 — 21 + 1 is contained in the interior of the
nonnegativity cone. So the coefficients of f are generic in the sense of Corollary 3.10, thus:

Trop(S(f)) = =(f)-
The sets S(f),2(f) and Log,(S(f)) for ¢t = 2,10 are shown in Figure 1. The negative normal
cone N~ (see Figurel(c)) is strictly larger than Trop(S(f)) as N~ has aray in southern direction

that Trop(S(f)) does not have. This example illustrates that the negative normal cone might
not coincide with the real tropicalization.
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(c) Log, (S(f)) (d) Logs (S(f))

FIGURE 4. Tllustration of Example 3.12 (a) The Newton polytope of f = 22 — 2x5 +
1 — 2312973 + 712273 + 2275 . The exponent vector (1,1, 1) lies in the interior of NP(f).
(b) Negative normal cone of f (blue shaded area) and the real tropicalization of S(f)
(pink shaded area) (c),(d) Logarithmic images of S(f) for ¢ = 2 and ¢ = 5 respectively.

As gip = x% — 2r1 + 1 is nonnegative but has a positive real root, gr lies on the boundary
of the nonnegativity cone. Thus (NB) is not satisfied, and we cannot apply Corollary 3.10. In
fact, it holds that

Trop(S(g)) =N,

g ?
which is strictly larger than the actual negative normal cone ¥(g), see Figure 1 (b),(c). This
illustrates that if the condition (NB) is not satisfied, Corollary 3.10 might not hold. Logarithmic

images of S(g) with base t = 2,10 are shown in Figure 3.

Example 3.12. Consider the signomial

f= x% —2x9 + 1 — 2x12073 + mlmgmg + x%mg.
The Newton polytope of f is shown in Figure 4(a). The only negative exponent vector of f that
lies on the boundary of NP(f) is (0,1,0). This negative exponent vector is contained in the 1-
dimensional face F' = Conv ((0,0,0), (0,2,0)). The negative normal cone of f is 2-dimensional,
and it is spanned by the vectors (0,0, —1) and (—1,0,2), see Figure4(b). Since ./\ff_ is not full
dimensional, we have that int(N;) = 0.

The restricted signomial fjrp = x% — 2z9 + 1 is non-negative but it has a positive real zero.
Thus, fir does not satisfy the condition (NB). Since f(0.5,1,0.5) = —0.125 < 0 and fis is
non-negative for all proper faces G C NP(f), we have X(f) = {0}.

The real tropicalization of S(f) is a 2-dimensional cone, spanned by the vectors (—1,0,0) and
(=1,0,—1). This example shows that Trop(S(f)) is not always a subfan of the outer normal fan
of NP(f), and that all the inclusions in Theorem 3.3 might be strict:

int (N'f_) C X(f) € Trop (S(f)) QN]?
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VIRO’S PATCHWORKING AND THE SIGNED REDUCED
A-DISCRIMINANT

WEIXUN DENG, J. MAURICE ROJAS, AND MATE L. TELEK

ABSTRACT. Computing the isotopy type of a hypersurface, defined as the positive real zero set
of a multivariate polynomial, is a challenging problem in real algebraic geometry. We focus
on the case where the defining polynomial has combinatorially restricted exponent vectors and
fixed coefficient signs, enabling faster computation of the isotopy type. In particular, Viro’s
patchworking provides a polyhedral complex that has the same isotopy type as the hypersurface,
for certain choices of the coefficients. So we present properties of the signed support, focussing
mainly on the case of n-variate (n+3)-nomials, that ensure all possible isotopy types can be
obtained via patchworking. To prove this, we study the signed reduced A-discriminant and show
that it has a simple structure if the signed support satisfies some combinatorial conditions.

Keywords: exponential sum, signed support, Viro’s patchworking, isotopy type

1. INTRODUCTION

Tropical geometry bridges the worlds of algebraic and polyhedral geometry. The key idea
is to transform algebraic varieties into polyhedral objects, turning their algebraic structure
functorially into a combinatorial structure. This approach has been fruitful in the case of
varieties over algebraically closed fields [17, 22]. Recently, the tropicalization of semialgebraic
sets over the real numbers (or more generally over real closed fields) has received increasing
attention [4, 5, 18, 29, 31].

In the early 1980s, Oleg Viro showed that it is possible to associate a polyhedral complex
with a parametrized polynomial in such a way that there exists some choice of coefficients such
that the polyhedral complex and the positive real zero set of the polynomial with that choice of
coefficients have the same isotopy type [33]. This result is known as Viro’s patchworking in the
literature and was one of the first examples of tropical geometry.

Classifying the isotopy type of real hypersurfaces is a challenging question in real algebraic
geometry, tracing its origins to Hilbert’s 16th problem [34]. In his original formulation, Hilbert
asked for a classification of isotopy types of plane real algebraic curves. Based on his patchwork-
ing method, Viro provided such a classification for curves of degree 7 [32].

Using Viro’s method, under certain conditions, one can determine the possible isotopy types
for hypersurfaces defined by the positive roots of polynomials of the form f(z) =) c 4 caz?,
with A C Z" a finite set and ¢, real and nonzero for all a € A. We call A the support of f, let
e=(e, | a€ A) € {£1}4 denote the vector of signs of the coefficients c,, and call the pair (A, ¢)
the signed support of f. To know whether one can build all possible isotopy types for a given
(A, ) via Viro’s patchworking one must first understand how the isotopy type of a hypersurface
changes while varying the coefficient vector c. We will abuse notation slightly by calling ¢, the
sign of the exponent vector @ when the underlying polynomial and support are clear. Hence we
will sometimes speak of positive or negative exponents in this sense.

It is known that using discriminant varieties, one can decompose the coefficient space into
a disjoint union of open connected sets — called chambers — such that in each chamber the
topological type of any corresponding hypersurface is constant [3, 14]. More specifically, such
a chamber decomposition is given by connected components of the complement of the union of
the signed A-discriminants V4, ., for the faces F' of Conv(A). In [26], a reduced version of
the signed A-discriminant, denoted I'c(A, B), was introduced. The complement of the union of
the signed reduced A-discriminants has the same property as its non-reduced counterpart, but

1
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has the advantage of reducing the number of parameters. We will review these constructions in
Section 2.3.

When considering chambers (reduced or non-reduced), there will sometimes be chambers
where the isotopy type of the hypersurfaces can not be obtained by Viro’s patchworking (see,
e.g., [11, Example 2.9] and [3, Theorem 7.8]). These chambers are called inner chambers, and
reduced inner chambers are usually bounded sets.

Our main goal is to give conditions on the signed support (A, €) enabling Viro’s patchworking
to find all isotopy types, i.e., conditions that obstruct the existence of inner chambers. For
instance, we show that the signed A-discriminant is empty if and only if the exponent vectors in
A with positive signs can be separated from those with negative signs by an affine hyperplane
(Theorem 3.5). In that case, all hypersurfaces with signed support (A, ) have the same isotopy
type, and the isotopy type can be obtained by Viro’s patchworking. Moreover, for a given set
of exponent vectors A, we give an upper bound on the number of sign distributions ¢ € {:I:I}A
such that the signed support (A, ) does not have a separating hyperplane (Proposition 3.4).

As we will see, it will be convenient (and natural) to assume Conv(.A) has dimension n and
cardinality n + k + 1, and then consider k as a measure of the complexity of the resulting family
of isotopy types. The special cases k € {0,1} are addressed in [2, 8], so we will contribute to
the case k=2: We show that the complement of the signed reduced A-discriminant has exactly
two connected components if A contains exactly one negative exponent vector (Theorem 4.11)
or if the positive and the negative exponent vectors of A are separated by an n-simplex in a
certain way (Theorem 4.12). Under the additional assumption that the signed A-discriminants
associated to proper faces of Conv(A) are empty, one can use Viro’s patchworking to find all
possible isotopy types (Corollary 4.13).

Signed supports with a separating hyperplane or a separating simplex have previously been
studied in [9]. In that work, the authors used these conditions to show that the set of points
where the polynomial takes negative values has, at most, one connected component.

For n = 2 and A consisting 5 points, we show that if the negative and positive exponent vectors
are separated by two pairs of affine lines (Theorem 4.10), then the complement of I'. (A, B) has at
most two connected components, which are unbounded. In Section 5, we study further bivariate
5-nomials and show that for a bounded chamber to exist in the complement of T'c (A, B), the set
of exponent vectors must satisfy very restrictive inequalities, see Theorem 5.5 and Remark 5.6.

We will work in the more general context of exponential sums on R", instead of polynomials
on R%,, and this will in fact simplify some of our arguments. Note that any real polynomial
can be transformed into a real exponential sum while preserving topological properties of the
corresponding zero sets: Any polynomial f: RZ; — R give rise to an exponential sum R" —
R, (z1,...2p) — f(e"',...,e"). Since the map Exp: R" — RZ, (21,...2y,) — (e",...,€")
is a homeomorphism, two subsets of R have the same isotopy type if and only if their images
under Exp have the same isotopy type.

Notation. For two vectors v,w € R", v - w denotes the Euclidean scalar product, and v % w
denotes the coordinate-wise product of v and w. The transpose of a matrix M will be denoted
by M. We denote the interior of a set X C R” by int(X). If X C R is a polyhedron, relint(X)
denotes the relative interior of X. By #S we denote the cardinality of a finite set S. For a
differentiable function f: R™ — R™, the Jacobian matrix at € R™ is denoted by Jy(z).

2. PRELIMINARIES

2.1. Signed support of an exponential sum. Let A = {a1,...,an1k11} € R” be a finite
set. We think about the elements of A as the exponent vectors of an exponential sum:
n+k+1
(1) e R" =R, 0 fo(x)= Z c;e®
i=1

where ¢ € (R\ {0})"**+1. We call ¢ = sign(c) € {£1}" T+ a sign distribution, and (A, ) a
signed support. For a fixed order of the exponent vectors a, ..., aptr+1, there is an isomorphism
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between the vector spaces R4 22 R"*+1 We might use these two notations interchangebly. For
a fixed sign distribution e € {£1}"*+1 we write

RA = {c € R* | sign(c) = e}.

for the orthant in R4 containing the coefficients matching the signs given by e.
We split the support set A into the sets of positive and negative exponent vectors, that is, we
define

Ar i ={a; € Alg =1}, A_i={a; € Al g =—1}.

We call A full-dimensional if Conv(A) has dimension n. For a set S C R"™, we denote the
restriction of f. to S by

fysiR" =R, o fol@)= Y cie™™.
a; EANS

Furthermore, we set Ag := AN S, and define eg to be the sign distribution containing the signs
corresponding to the elements in Ag.
The real zero set of f. is denoted by

Z(fc) = {x eR" | fc(37> = 0}'

We are interested in the possible isotopy types of Z(f.) when ¢ € R"***1 varies over all coef-
ficients such that sign(c) = e. Two subsets Zy, Z1 C R™ are isotopic (ambient in R™) if there
exists a continuous map H: [0,1] x R® — R™, called an isotopy, such that

e H(t,-) is a homeomorphism for all ¢ € [0, 1],

e H(0,-) is the identity on R",

o H(I,Zo) = Zl.
Being isotopic gives an equivalence relation on subsets of R™ [20, Chapter 10.1], which allows us
to talk about their isotopy types.

2.2. Viro’s patchworking. Viro’s patchworking method provides possible isotopy types of
Z(f.), ¢ € RA for a fixed signed support (A,e). In this section, we recall this method. We
follow the notation used in [7].

Let A= {a1,...,0pp41} C Z™ be a finite set and h € R™*+1 We consider the lifted points

.Ah = {(ai,h,’) € R™F! | o; € .A}
A face F' C Conv(A") is called an upper face if there exists a vector (vg, 1) € R"*! such that
F={zec Conv(A") | (vp,1) -z > (vp,1) -y for all y € Conv(Ah)}.

For a generic choice of h € R"#+1 each upper face F C Conv(A") contains exactly n+ 1 points
of A". The projection of upper faces of Conv(A") onto R™ gives a polyhedral subdivision P of
Conv(A). If h is generic, each polyhedron in P is a simplex.

The tropical hypersurface associated to A and h € R4 is defined as

Trop(A, h) :={veR"| 1ma§k+1(v - + h;) is attained at least twice. }.
i

Ly

It is dual to the (n — 1)-skeleton of the subdivision P induced by h. For a sign distribution
e € {£1}4, we define the signed tropical hypersurface

Trop.(A, h) := {v eR" | . Tflgﬁ}{ﬂ(@ - + h;) is attained for some o € Ay and o € A_}.

Example 2.1. Consider the following set of exponent vectors

R R A )
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Trop.-(A,h)

() ()

FIGURE 1. (a) Upper convex hull of the lifted points from Example 2.1 and the induced
polyhedral subdivision. (b) Signed tropical hypersurface associated to the points in (a).

the sign distribution ¢ = (1,1,1,—1,—1) and h = (5,4,4,5,5). The upper faces of the convex
hull of the lifted points

5 4 A 5 5
Ah={0,1,0,4,1},
0 0 1 1 4

are shown in Figure 1(a). The induced subdivision of Conv(A) contains 3 triangles, 7 edges,
and 5 vertices. The tropical hypersurface Trop(A,h), which is dual to the 1 skeleton of the
subdivision, contains 3 vertices and 7 edges. We depicted Trop(A, h) and the signed tropical
hypersurface Trop, (A, k) in Figure 1(b).

Viro’s patchworking is usually stated for polynomials and their zero sets in the positive orthant
RZ, however using the coordinate-wise exponential map Exp: R" — RZ it possible to translate
Viro’s theorem to exponential sums.

Theorem 2.2. [33][14, Ch.11 Theorem 5.6/[17, Theorem 2.19] Let (A,¢) be a signed support
such that A C Z" and let h € RA be generic. Fort € R, consider the exponential sum

ntk+1
g:R" >R, z+— E gielite®i,
i=1

Then the signed tropical hypersurface Trop. (A, h) is isotopic to Z(gi) for t > 0 sufficiently
large.

2.3. Signed A-discriminant. The goal of this subsection is to recall the notion of the A-
discriminant from [3, 14, 26]. Let f. be an exponential sum as in (1). A point x € R" is a
singular zero of f. if and only if

3) oty = ) _ 0

We denote the set of singular zeros of f. by Sing(f.). For a fixed signed support (A, €), we define
the signed A-discriminant as

Ve = {c e RA | Sing(f.) # 0}
Thus, V 4. contains all coefficients ¢ € Rg“ such that the exponential sum f. has a singular zero
in R™.
For the sake of completeness, we recall that the signed A-discriminant does not change under
affine transformations of the exponent vectors.
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Proposition 2.3. Let f. be an exponential sum with support A= {ay,...,antk+1} € R". For
an invertible matric M € R™*"™ and v € R™ consider the exponential sum

n+k+1
ge: R" =R, =+ g.(x) = Z cie(MaH-U)'z.
i=1
Then we have:
(i) If det(M) > 0, then the hypersurfaces Z(f.) and Z(g.) are isotopic.
(ii) Sing(fc) =MT Sing(gc)'
(iii) For all x € Sing(g.) the Hessian matrices Hessy, (M "x) and Hess,, (x) have the same
number of positive, negative and zero eigenvalues.

Proof. Note that g.(z) = e”*f.(M ") for all z € R™. Since e"® # 0, we have

n+k+1 .
Z(ge) = Z(fo(MTz)) ={z e R" | Y e M o) =0}
i=1
(4) n+k+1
={(M") 'y er"| Z eV =0} = (M) Z(f.)

Since the group of invertible real n x n matrices with positive determinant is path-connected (see,
e.g. [36, Theorem 3.68]), there exists a continuous path from the identity matrix to (M T)~!,
which induces an isotopy. This shows (i).

Applying the product and the chain rule from calculus, we have

Jo(x) = v fo(MTx) + e Jp (M 2)M .
Using (4) and that M is invertible, for € Z(g.) it follows that J, (z) = 0 if and only if
Jt,(MTz) = 0, which implies (ii).
For the rest of the proof, we assume that x € Sing(g.). From [28, Corollary 1] it follows that
Hessy () = e" "M HeSSfC(MTJZ)MT.

Thus, Hessy, (z) and Hessy, (M ") have the same number of positive, negative and zero eigen-
values by Sylvester’s law of inertia [25, Chapter 7.
]

Corollary 2.4. Let (A, ¢) be a signed support, M € R™™™ an invertible matriz and v € R"™. For
MA+v={Ma+v|aec A}, we have

V.A,E = VMA+U,E-
Proof. The statement follows directly from Proposition 2.3(ii). ]
Remark 2.5. Using Proposition 2.3, one might transform any full-dimensional support A C R"
to a support containing the standard basis vectors ey, ..., e, € R™ and the zero vector without

changing the isotopy types of the corresponding hypersurfaces.
To be more precise, from dim Conv(A) = n it follows that A4 contains n+1 affinely independent

vectors ai,...,an41. Thus, there exists an invertible matrix M € R™ ™ such that M (o —
Ont1) = €1y, M(ay, — apt1) = e,. If det(M) < 0, we change the order of ay,...,a, such
that the corresponding matrix M has positive determinant. For v := —Ma,, 1, the affine linear

map L: R" - R", a+— Ma + v satisfies {0, e1,...,e,} C L(A).
For each face F' C Conv(.A), we define V 4, ., in a similar way, and set

@AFﬁF = {(Coci)izl,-..,n+k+1 € R?HHI | (Cai)aiEAF € V-AF’EF}'

In [3], the authors proved the following statement regarding the topology of hypersurfaces
corresponding to different connected components of the complement of the union of the signed
A-discriminants V 4, <.
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Proposition 2.6. [3, Proposition 2.9] Let (A, ¢€) be a full-dimensional signed support such that
ACZ™ Ifc and ¢ are in the same connected component of

R;‘ \ ( U @AF,EF)7
FCConv(A) a face
then the zero sets Z(f.) and Z(fy) are homeomorphic.

Finding the defining equalities of the signed A-discriminant is challenging, but an explicit
parametrization is much simpler to find. First, let diag(c) denote the #.4 x #.4 diagonal matrix
with (a,a)-entry cq, and let us rewrite the equalities in (3) as:

A : ( aiw) :A : ( ai-m) =0,
(5) diag(c) (e i=1,. k41 = diag(lel){ e i=1,...n+k+1 0
where the matrix A is given by
6) Aot - 1 € RHDX(ntk+1)
a1 .. Qpgktl ’

e =sign(c) € {£1}"*+1 and A, = Adiag(e). We refer to the equation system (5) as the critical
system of (A,e). Note that the assumption dim Conv(A) = n is equivalent to rk(A) = n + 1
[38]. If rk(A) = n + 1, the kernel of A has dimension k, which is usually called the codimension
of A.

If z € R™ is a singular zero of f., then diag(c) (eai'm)i:1 ikt € ker(A). Choose a basis

of ker(A) and write these vectors as columns of a matrix B € R(***+1xk  Such a choice of B
is called a Gale dual matriz of A. With slight abuse of notation, we might call B a Gale dual
matrix of A. Since im(B) = ker(A) for each = € Sing(f.) there exists A\ € R¥ such that

(7) B = diag(c) (eai.z)izl,...,n—i-k—i—l'
Since e®'® is positive for all x € R™ and all aq,..., @, k11, the signs of the vector in (7) are

given by sign(c) = €. Therefore, it is enough to look at the set
Cpe = {)\ € R* | sign(BA) = 5}.
We define the signed Horn-Kapranov Uniformization map as

(8) :Cpe x R" — RIFEHL (X, 2) > BAx (eai.(im))izl,.‘.,n—kk—}—l’

where * denotes the point-wise multiplication of two vectors.

Proposition 2.7. Let (A, ¢) be a full-dimensional signed support with Gale dual matriz B. For
the signed Horn-Kapranov Uniformization map (8), it holds that

im(¢) = Vae.
Proof. 1t ¢(\, x) = ¢, then

A diag(c) (e® ) A(B)\ * (€% 77) ABX =0,

— QT —
=1, ntk+1 =1, tht1 (e )i:l,..‘,n-i-k-i-l) =

which implies that « € Sing(f.) and therefore ¢ € V 4.
On the contrary, if ¢ € V 4., then there exists a point « € Sing(f.). From (7) follows that
there exists A\ € Cp . such that ¥(\, z) = c. O

The signed A-discriminant lives in an ambient space of dimension n+k-+ 1. Following [26], we
reduce the dimension of the ambient space to k by quotienting out some homogeneities without
losing essential information as follows. We define the signed reduced A-discriminant I'c(A, B)
[26, Definition 2.5] to be

(A, B) = B' Log|V .|,
where Log is the coordinate-wise natural logarithm map and |-| denotes the coordinate-wise
absolute value map. In [26], bounded (resp. unbounded) connected components of R¥\ T (A, B)
have been called signed reduced inner (resp. outer) chambers.
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Theorem 2.8. [26, Theorem 3.8.] Let (A, ¢€) be a full-dimensional signed support with Gale dual
matriz B and let ¢, € RA. If BT Log|c| and BT Log|c'| are in the same connected component

of

]Rk\ ( U BT L0g|6~AF75F|)7
FCConv(A) a face

then the zero sets Z(f.) and Z(fy) are ambiently isotopic in R™.
The signed reduced A-discriminant admits a parametrization as well.

Proposition 2.9. Let (A, ¢) be a full-dimensional signed support with Gale dual matriz B. The
image of the map

9) €pe: Cpe — R, A BT Log|B)|
is the signed reduced A-discriminant T'c(A, B).

Proof. Let pry: Cpe x R® — Cp. be the natural coordinate projection and 1 be the signed
Horn-Kapranov Uniformization (8). Furthermore, denote A the matrix obtained from A in (6)
by removing its top row, that is, the columns of A are given by the vectors in A. For every
(A, z) € Cpe x R™, we have

(N x) = BT Log|BA* (€*" ),y pipi1| = BT Log|BA| = BT ATz = £p..()),

where the last equality holds, since AB = 0. Thus, the following diagram commutes

Log|-
Cpe x R ¥ ez M, gtk

(10) [ jBT

EB,E Rk

CB,&
which gives that
im(¢p.) = im(ép. o pry) = im(B' o Log|| 0 ¢) = B Log|V.a.| = T<(A, B),

where the first equality holds since pr;, is surjective, and the second-to-last equality follows from
Proposition 2.7. O

Since the first row of the matrix A is given by the all one vector 1 € R*t*+1 we have BT1 = 0,
which implies that the map &g is homogeneous, i.e. for all a € R:

¢ge(a)) = BT Log|B(a\)| = log(|a|)B"1 + B Log|BA| = B" Log|BA| = £p ().
Thus, one could projectivize the domain Cp . C RF of ¢ Bie-

Remark 2.10. Modifying a Gale dual matrix using elementary column operations gives another
choice of Gale dual matrix. Thus, one can assume without any restriction that the last row of
the Gale dual matrix B has the form B, ;11 = (0,...,0,—1). Such a choice of B fixes the sign
Entk+1 = —1. Since Z(f.) = Z(f—¢), we can always fix one of the signs of the coefficients.

Since £p . is homogeneous, one can replace R* (assuming By ix11 = (0,...,0,—1)) by the
upper half of the (k — 1)—sphere

Cro1 = {A R[] =1, A > 0},
or by the (k — 1)—dimensional affine subspace
NeRF |\ =1}

In Section 4, we will prefer this latter choice and work with the map

(11) €pe: {n e R | sign(B [’f]) — ¢} >R, A BT LoglB m .
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FIGURE 2. (a) Signed support from Example 2.11. The positive and negative exponent
vectors are depicted by red circles and blue dots respectively. (b) Signed reduced A-
discriminant of the signed support in (a). (c)(d)(e) Hypersurfaces Z(f.) corresponding
to different connected components of the complement of the signed reduced A-discriminant.

Example 2.11. To give an illustration of the signed reduced A-discriminant, we recall [11,
Example 2.9]. Consider the same set of exponent vectors as in Example 2.1

D I I

Unlike in Example 2.1, here we consider the sign distribution ¢ = (-1,1,1,—-1,—1). We
depicted the signed support (A,e) in Figure 2(a). Since A has codimension 2, the signed
reduced A-discriminant T'.(4, B) is in the plane R2. For an illustration we refer to Fig-
ure 2(b). The complement of I'. (A, B) has 3 connected components. For the coefficient vectors
c=(-1,6,3,—-1,-1),(=1,1,1,—-1,—1),(=1,0.5,1, —1, —1), their projection B Log|c| lies in dif-
ferent connected components of R?\I'.(A, B). The corresponding hypersurfaces Z( f.) are shown
in Figure 2(c),(d),(e) respectively.

One remarkable property of this particular signed support is that the isotopy type of the
hypersurface in Figure 2(d), corresponding to the coefficient ¢ = (—1,1,1 — 1, —1), cannot be
obtained by Viro’s patchworking (cf. Theorem 2.2). All possible signed tropical hypersurfaces
Trop. (A, h), with h € RA generic, consist of 2 unbounded connected components, but the
hypersurface Z(f.), ¢ = (=1,1,1 — 1,—1) has 3 connected components, one bounded and two
unbounded.

2.4. Some useful results from topology. In the proof of Proposition 4.6, we need some
classical results from topology. Let us also introduce these briefly here (see, for example, Chapter
I.11 & Chapter IV.19 in [6]).

Lemma 2.12. Suppose that X and Y are locally compact, Hausdorff spaces and that f: X —Y
is continuous. Let X be the one-point compactification space of X. Then f is proper (i.e., the
preimage of any compact subset is compact) <= f extends to a continuous map f*: X = YT
by setting f*(cox) = coy.
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Lemma 2.13. (Jordan-Brouwer Separation Theorem) If f: S"~1 — S" (where S™ denotes n-
sphere) is an injective continuous map, then S™\ f(S"™1) consists of evactly two connected
components. Moreover, f(S™"™1) is the topological boundary of each of these components.

Corollary 2.14. If f: R® — R"" s injective, continuous and proper, then R"T1\ f(R")
consists of exactly two unbounded connected components.

Proof. Note that the one point compactification of R™ is S™”. By Lemma 2.12, f can be extended
to f+: 8" — S"! with f(c0) = 0o. Then f+ is also injective. By Lemma 2.13, S*1\ f+(S")
consists of two connected components and the point oo is in the boundary. Since the point oo is
in the boundary of each component, we can always find a sequence {z;} C R**! = 8"+ \ {0}
in each of the components such that x; — co. Therefore, these two components are unbounded
in R+, O

Finally, we need the following version of the mean value theorem:

Lemma 2.15. (Cauchy’s Mean Value Theorem) If the functions f,g: [a,b] — R are both con-
tinuous and differentiable on the open interval (a,b), then there exists some ¢ € (a,b), such
that

3. SIGNED SUPPORTS WITHOUT SINGULAR ZEROS

In this section, we give a necessary and sufficient condition on the signed support (A, ¢) such
that the signed reduced A-discriminant V 4. is empty. Building on this result and Theorem
2.8, we give conditions on (A, €) such that for all ¢ € R4 the hypersurfaces Z(f.) have the same
isotopy type (Theorem 3.5). First, we start with a simple observation.

Proposition 3.1. Let A = {o1,...,an1k11} C R™ be a set of exponent vectors and ¢ €
{1} be q fived sign distribution. Let A the matriz defined in (6).

(a) If ker(A) NRVHFH1 = ker(A.) N Rggkﬂ =0, then for all c € RME+L the critical system
(5) does not have any solution x € R™.

(b) If ker(A.) N R;’Jgkﬂ # (0, then there exists ¢ € RIHEFL sych that the critical system has
a solution x € R™.

Proof. Part (a) follows directly, since for any ¢ € R?***1 and any solution = € R" of (5), we
have diag(c) (?ai'x)i:17wn+k+l € ker(A) NRoHFHL
Ifve ker(AE)ﬁ]R;”ng, then for ¢ = diag(e)v, the point x = (0,...,0) is a solution of (5). O

In the following, we interpret the conditions in Proposition 3.1 in terms of the geometry of
the support A and the sign distribution €. An affine hyperplane is a set of the form

Hoa={pneR" [v-p=a},
for some v € R™\ {0} and a € R. Each affine hyperplane defines two half-spaces
Hyo:={peR" |v-p>a}, Hy,={neR"|v-p<a}.
Following [9], we call H, o a separating hyperplane of (A, ¢) if
(13) Ay CHE,, and A-CH,,.

A separating hyperplane #H,, is called non-trivial, if at least one of the open half-spaces
int(H;},), int(H,,) contains a point of A. A non-trivial separating hyperplane is called very
strict if H, , does not contain any point in A. For an illustration of separating hyperplanes, we

refer to Figure 3.

Proposition 3.2. A signed support (A, &) has a non-trivial separating hyperplane if and only
if ker(A.) NREFFTE =, where A € ROTVX(HR+1) denotes the matriz from (6).
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FIGURE 3. The hyperplane H,o with v = (0,0,1) is a non-trivial separating
hyperplane of A, = {(1,0,0)",(2,2,0)",(0,2,0)",(1,1,1)"} (depicted as red cir-
cles) and A- = {(0,0,0)7,(2,0,0)7,(1,1,-1)"} (blue dots). For the face F =

Conv ((O, 0,0)7, (0,0, 2)T) (marked by thick line segment), the restricted signed sup-
port Apy = {(1,0,0)"}, Ap— = {(0,0,0)",(2,0,0)7} does not have any non-trivial
separating hyperplane.

Proof. By Stiemke’s Theorem [30] (which is a version of Farkas’ Lemma, see also [38, Section
6.2]), exactly one of the following holds. Either there exists w € R"*! such that

(14) Alw >0,

and at least one of the inequalities is strict, or there exists u € R’;gkﬂ such that

(15) Aou=0,

but not both. Condition (15) is equivalent to ker(A.) N RZ‘ng # (). Note that one can rewrite
(14) as

gi((w2, ..., wnt1) - ;) > &i(—wy),
for all o € A. Thus, if such a w exists, then H, o with v = (w2, ..., wp4+1), @ = —w; is a non-
trivial separating hyperplane of (A,¢). On the other hand, if H, , is a non-trivial hyperplane of
(A, ¢e), then w = (—a,v) satisfies (14). O

Theorem 3.3. Let (A, ) be a signed support with Gale dual matriz B. Then the following are
equivalent:

(i) Vae= 0

(ii) T.(A,B) =10

(iii) (A, e) has a non-trivial separating hyperplane.

Proof. The equivalence between (i) and (ii) follows directly from the definition of the signed
reduced A-discriminant, since I'.(A, B) = BT Log|V 4.|.

From Proposition 3.1 it follows that V 4. = 0 if and only if ker(/le) N Rg‘gk"'l = (), which is
equivalent to the existence of a non-trivial separating hyperplane of (A,¢) by Propositon 3.2.
This shows that (i) and (ii) are equivalent. O

For fixed set of exponent vectors A C R™, using the correspondence between hyperplane
arrangements and zonotopes, one derives a bound on the number of sign distributions for which
(A, e) does not have a non-trivial separating hyperplane.

Proposition 3.4. Let A ={a1,...,anip+1} € R" be a finite set such that dim Conv(A) = n.
The number of sign distributions ¢ € {£1}"t*+1 for which (A, ¢) does not have a non-trivial
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separating hyperplane is bounded above by:

) k-1 (n + k> |
i=0 !
Proof. Let A be the matrix defined in (6). By Proposition 3.2, the signed support (A, ¢) does
not have a non-trivial separating hyperplane if and only if ker(A) NR?*+1 - (). So all we have
to do is to count how many orthants R?T#+1 ker(A) intersects.

The assumption dim Conv(A) = n implies that dimker(A) = k. Let B € ROTA+1Dxk he Gale
dual to A and denote by By,...,Bpisi1 the rows of B. By [12, Lemma 0.16] (see also [38,
Corollary 7.17)), the orthants R?t*+1 that im(B) = ker(A) intersects, correspond one-to-one to
the vertices of the zonotope

[=B1,Bi] + -+ + [~ Buikt1; Buyra] € RE.
By [13, Table 2.1] (see also [37]) such a zonotope can have at most

k-1
n+k
2
% (")
1=0
many vertices. U

We finish the section by characterizing signed supports for which all corresponding hypersur-
faces have the same isotopy type.

Theorem 3.5. Let (A, €) be a signed support. If for all faces F C Conv(A) the signed support
(AFp,er) has a non-trivial separating hyperplane, then for all ¢ € Rg‘\ the hypersurfaces Z(fc)
have the same isotopy type.

Proof. From Theorem 3.3 follows that the signed reduced A-discriminants associated to the faces
F C Conv(A) are empty. Thus, all the hypersurfaces Z(f.), ¢ € RA have the same isotopy type
by Theorem 2.8. ]

Corollary 3.6. If a signed support (A,e) has a very strict separating hyperplane, then the
hypersurfaces Z(f.) have the same isotopy type for all ¢ € Rf.

Proof. If H, 4 is a very strict separating hyperplane of (A, ¢), then it is also a very strict sep-
arating hyperplane of (Ap,ep) for all faces F C Conv(A). Now, the statement follows from
Theorem 3.5. O

Example 3.7. The signed support (A, ¢) from Example 2.1 has a very strict separating hyper-
plane. Thus, by Corollary 3.6, all hypersurfaces Z(f.), ¢ € Rg‘l have the same isotopy type. From
Theorem 2.2 follows that this isotopy type agrees with the isotopy type of the signed tropical
hypersurface Trop. (A, h) for every generic h € RA. We refer to Figure 1(b) for an illustration
of Trop, (A, h) with h = (5,4,4,5,5).

Remark 3.8. If a signed support (A4, ¢) has a non-trivial separating hyperplane, it might happen
that for one of the faces F C Conv(A) the restricted signed support (Ap,ep) does not have
a non-trivial separating hyperplane. For such an example, we revisit the signed support from
Figure 3. The face F' = Conv((0,0,0)",(2,0,0)"), contains two negative exponent vectors
a1 = (0,0,0)", a2 = (2,0,0)" and one positive exponent vector as = (1,0,0)". Since a3 lies in
the relative interior of Conv(aq, as), it follows that {1, as} and {a3} cannot be separated by
an affine hyperplane.

4. A-DISCRIMINANTS WITH TWO SIGNED REDUCED OUTER CHAMBERS

The goal of this section is to describe conditions on the signed support (A, ¢) that ensure
RF \T'-(A, B) has at most two connected components, which are unbounded. In Section 4.1, we
focus on the case where A has exactly n+ 3 exponent vectors. We show that the complement of
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I'-(A, B) has at most two chambers if the parametrization map & B,e has at most one critical point
(Proposition 4.6). It is known that £p_ can have at most n critical points [27], however there
did not exist any known example in the literature where this bound is attained. In Example
4.3, we describe a family of signed supports such that 5375 has n critical points for every n € N.

In Section 4.2, we investigate the relation between critical points of EB’E and degenerate
singular points of Z(f.) , and show that if Z(f.) has no degenerate singular point for all ¢ € RA
and the codimension of A is 2, then R¥ \ I'.(A4, B) has at most two connected components
(Theorem 4.9). In Section 4.3, we give several conditions on the geometry of the signed support
(A, ¢) precluding the existence of degenerate singular points in Z(f.), ¢ € RA.

During the whole section, we assume that the Gale dual matrix B € R(™tETDxE ig chosen in
a way such that its last row has the form (0,...,0,—1) (cf. Remark 2.10).

4.1. Critical points of the signed reduced A-discriminant. Let A = {a1,...,ap1k11} C
R™ be a set of exponent vectors such that dimConv(A) = n and fix a sign distribution
e € {£1}FF 1 Let A € ROHDx(+k+1) he as given in (6) and choose a Gale dual ma-
trix B € ROtE+DxE with rows By, ..., Byyke1 such that its last row has the form By, 1 =
(0,...,0,—1).

Let {p. be the parametrization map of I'-(A4, B) as defined in (11). Following [1, Section
1.2], we call a point u € R¥=1 a critical point of g if Ep (1) is well-defined and the Jacobian
matrix Jg, (1) does not have full rank, that is, it has rank strictly less than k — 1.

Lemma 4.1. Let (A,¢) be a full-dimensional signed support with Gale dual matriz B, and let
¢ be as defined in (11). Then for each p € RF=1 where &Be is defined, we have the following
equality for the Jacobian matrix

(16) Je, (1) = BT diag (ﬁ)é,
where B denotes the matriz obtained from B by deleting its last column.

Proof. By definition (cf. (11)), the j—th coordinate of {p . is given by

B ntk+1
(EBe(w)); = > log|B; - 1| B,
i=1
where [ = [ﬂ . Thus, the partial derivatives of £ B, have the form
3 k+1
(17) 8(63,6(/‘))j _ nf Bi’jBZ',g
Opu ~ Bi-p

forall j=1,...,k,and £ =1,...,k— 1. Comparing (17) with the entries of the right-hand side
of (16) the result follows. U

Using Lemma 4.1, an easy computation shows that
T . .
(18) AT, (1) = (Bﬂ) diag (Biﬂ)B —1"B=o0.

Therefore, if {p . is differentiable at u, then a normal vector at {p.(u) is given by i = {ﬂ

This statement was proven by Kapranov [21, Theorem 2.1].
In the remaining of the section, we focus on the case k = 2. Under this assumption, we have

b! diag (2 )by

Bh
Jz o (p) =
& (1) b] diag (1 )b

1 )
Bji

where b1, by denote the first and second column of the Gale dual matrix B.
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Lemma 4.2. Let (A, ¢) be a full-dimensional signed support of codimension 2 with Gale dual
B € R3)X2 and let £p . be as defined in (11). For € R\ {0} the following are equivalent.
(i) w is a critical point of {p ..
(ii) sign(Bf) = ¢ and p is a zero of the univariate polynomial
n+3
(19) as(n) = ([T (B )] diag (57 )b
e
(iii) sign(Bfi) = ¢ and p is a zero of the univariate polynomial
n+3

(20) n(u) = (T ()b diag (7)o

Moreover, qp has degree at most n and EB ¢ has at most n critical points.

Proof. Note that £ .(p) is defined only if sign(Bji) = e. Furthermore, the factor [[/"7(Bj1);
clears the denominator of b diag ( )61 and of b diag ( )b1 Moreover, HnJr?’( Bi); # 0 if
sign(Bfi) = . From (18) follows that

Mb1 dlag( )b1 b2 d1ag< )bl

Thus, Jg, (1) = 0 if and only if gp(p) = 0, which is also equivalent to gg(u) = 0.
The polynomial gp has been studied previously in [27], where it has been shown that its
degree is at most n. O

In [27, Theorem 3.10], the author constructed several matrices B € R("+3)%2 such that qp(u)
has exactly n real roots. However, these roots correspond to different sign distributions €. To
show that the bound on the critical points of 5_375 in Lemma 4.2 is attained, one needs to
construct B € R(™3)%2 guch that ¢p (or ¢p) has n real roots u1,. .., iy, such that sign(Bjiy) =

- = sign(Bfi,) = ¢ for some fixed ¢ € {1}, We provide such a construction in the following
example.

Example 4.3. Let n € N and let ug,...,u, be distinct positive numbers different from 1.
Consider the univariate polynomials f(u) = (1 — p1) (1 — p2) -+ (1 — pn), 9(p) = (o + p) (e +
p2) (o4 pn) (1 + 1) € Rlp]. Since deg(f) = n < deg(g) = n + 1, the fraction % admits a
partial fraction decomposition:

(21) (=) (= p2) -+ (B — pn) __ W n az NI Gn I On+1 7
(mt+p)(ptpe) - (pt+p)(p+1)  p+p ptpe pApn o g1
where ai,...,an,+1 € R. The a;’s satisfy the following properties:

a
(1) —+—+—+- ~+H—”+an+1=<—1)”,
n
(2) a1 +as+ -+ a1 =1
(3) ai £0,i=1,...,n+1.
Property (1) follows by plugging in u = 0, (2) follows by comparing the leading coefficients of

numerators on both sides, (3) follows by comparing the degree of denominators on both sides.
We use the a;’s to build the matrix:

a1 @2 as ... an _ 1)+l T
B = |# 2 p3 n  On+l ( 1) 0
ap az az -+ Qp Gptl 0 -1

Properties (1) and (2) imply that 1TB = 0, thus it is possible to choose a matrix A e
R HDX(+3) a5 in (6) such that B is its Gale dual. Denoting by by, by the columns of B,

we have:
2 2 2 2

a4 a2 a3 an a2
T 71: 1 _ M1 H2 n3 u n+1
b, diag (Bﬂ)b =4 o & R = + .
mHtar Sptar sptas T an Gnpift+ anga
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The right-hand side of this equality agrees with the right-hand side of (21), as the a;’s are

nonzero. Therefore, the zeros of §p(u) = by diag (Biﬂ>b1 are fii, ..., M. SINCE fi1,. .., iy are
positive, it follows for all ¢ = 1,...,n that

sign(Bji;) = (sign(ar), sign(az), ., sign(ans1), (~1)"*1, —1) =t e.
We conclude that & B, has n critical points using Lemma 4.2.

Let n = 4 and pick pu; = 5,u9 = 6,u3 = 7,44 = 8. We

have
(b —5)(p—6)(p—7) (1 —8)
(1 +5)(p+6)(u+T7) (1 +8)(n+1)
715 132 ~2730 1040 2
w+5 pu+6  u+7 pu+8 p+1
and
5 [-143 208& -390 130 ¥ -1 0]'
—715 12129730 1040 ¥ 0 -1

5 5
By the above, the map 5375 has 4 critical points for
e = (-1,1,-1,1,1,—1,-1). The signed reduced A-
discriminant is drawn to the right and its critical points
are highlighted by red circles.

In Example 2.11 (cf. Figure 2(b)), we saw that the complement of I'.(A, B) has three con-
nected components if 5375 has 2 critical points. In the following, we show that if ¢ B has at
most one critical point, then R¥ \ I'.(4, B) cannot have more then two connected components.
Before we get to this result, let us prove the following lemma for self-intersections of curves.

Lemma 4.4. Let ¢: R — R? be a smooth map such that the Jacobian matriz J,(u) has full
rank for all p € R except for at most one point. Let S C R? be the curve parametrized by . If
there exist two distinct points a,b € R such that p(a) = ¢(b), then there exist two distinct points
11, 2 € R such that the tangent lines of S at (1) and at (u2) are parallel.

Proof. Denote 1, @2 the first and the second coordinate of ¢. Suppose a < b, and assume there
exists ¢ € R such that ¢} (t) = ¢4(t) = 0, that is, J,(t) does not have full rank. We start by
choosing ¢ € R such that a < ¢ < b, ¢(c) # ¢(a) and ¢ is smooth on both intervals (a,c) and
(c,b). If t < aort>b, such c exists since the Jacobian matrix J, has full rank on (a,b). If
a <t <band p(t) = ¢(a), then the curve is smooth on the interval (a,t), and we pick a ¢ as
before. Finally, if a < ¢ < b and ¢(t) # ¢(a), then we choose ¢ = t. If ¢ does not have any
singular point, then we pick ¢ as in the case t < a or t > b.
By Lemma 2.15, on the interval (a, ¢), there exists some p; € (a,c) such that

(p1(e) — w1(a))pa(p1) = (p2(c) — wa(a))pi ().

Similarly, on the interval (c,b), there exists some ug € (¢, b) such that
(¢1(e) = 1(0)h(12) = (2(c) — P2(b)) ¢ (12)-
Thus, since p(a) = ¢(b) and ¢(c) # p(a), we have

@1 () s (p2) = @) (u2)ps(p1)

and hence the tangent lines at pi, uo are parallel. g
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Remark 4.5. Lemma 4.4 is not true for hyper-
surfaces in R™ when n > 3. The surface given
by ¢: (t,5) — (e75(t? — 1),e 5t(t? — 1),s) is a
counterexample for n = 3. The map ¢ is not
injective but there are no pairs of points with
parallel tangent planes. The image of ¢ is shown
on the right.

Now we are able to prove the following result bounding the number of connected components
of RE\T'.(A, B).

Proposition 4.6. Let (A, ¢€) be a full-dimensional signed support of codimension 2 with Gale
dual matriz B € RM3)x2_f 5_375 has at most one critical point, then the complement of
the signed reduced A-discriminant T'c(A, B) has at most two connected components, which are
unbounded.

1
1

hyperplane, then T'.(A, B) = () by Theorem 3.3. Thus, R* \ I'.(A, B) has one connected com-
ponent. If (A, ¢) does not have a non-trivial separating hyperplane, then from Proposition 3.2
follows that there exist u1, uo € R such that sign(Bji1) = sign(Bjiz) = . By (18), 11 and fio
are normal vectors at £p . (u1) and at £p . (u2) respectively. If the tangent lines at £p (1) and
at £pc(u2) are parallel, then fi; = Afiz for some A € R\ {0}, which implies that 1 = pg. This
shows that there is no pair of points in I'.(A, B) with parallel tangent lines.

Lemma 4.4 implies that & B, is injective. Also, £ B, maps an open interval of R to R2, and
3 B.e(1t) — oo as p approaches the endpoints of the interval. Therefore, 3 B, is proper by Lemma
2.12, which implies that the complement of I':(A, B) has exactly two unbounded connected
components by Corollary 2.14. |

Proof. Recall that for i € R, we used the notation ji = [ } . If (A, &) has a non-trivial separating

4.2. Critical points and degenerate singularities. Let f. be an exponential sum as in (1). A
singular point € Sing(f.) is called degenerate if the Hessian matrix Hessy, () is not invertible.
We have the following relationship between critical points of the signed reduced A-discriminant
and degenerate singular points in the corresponding hypersurface.

Lemma 4.7. Let (A, ¢) be a full-dimensional signed support with Gale dual matriz B € R(vHk+1)xk

*

If u* € R¥=1 4s a critical point of 5_375, then for ¢* = B {,ul ], the point x* = (0,...,0) € R™ is

a degenerate singular point of fex.

Proof. Since diag(c*) (eai'x*) K ] € ker(A), we have that 2* is a singular point

=1, tktl B { 1
of fer (cf.(5)). Thus, we only have to show that it is a degenerate singular point. Let ¢ denote
the Horn-Kapranov Uniformization map (8). From [10, Theorem 3.4, Theorem 3.5], it follows
that * is a degenerate singular point if

(22) rk Jy (0, 2") <n+k—1,

*

I
1

We prove (22) in two steps. First we show that
(23) vk Je, (A7) =tk Jz, (15).

where i* =
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To see this, a similar computation as in (16) shows

JﬁB,g(ﬂ*) — BT diag (Bi}*)B‘

Thus, the first k — 1 columns of Jg, (i) and Jg, (u*) are the same. To show that the two

matrices have the same rank, it is enough to show that the last column of Jg,, _(/i*) is contained
in the linear space spanned by the columns of Jz, E(,u"‘), which holds since

B' diag (Bh*)B/fc* —B"1 =0,

where the last equality holds since BTAT =0 and the first column of AT equals 1. This shows
(23).

In the second part of the proof, we show (22). Using that the diagram (10) commutes and
the chain rule, we have

T8 oLoglow (175 0") = Jeg opry (17, ") = Jeg (") Jpry (27, ).
Using (23) and that rk Ji,;, (4", 2*) = k, it follows that
rk JpTorogos (A%, 77) =tk Je, (%) =1k Jg, (1) <k =2,

where the last inequality holds since p* is a critical point of € Be-
Using again the chain rule

JBToLog\-|ow(ﬂ*7 (E*) = BT‘]LogH (1/)(/1*, x*))‘]d)(ﬂ*a x*)

Note that BT has rank k and Jrog| (P (*,2%)) is a diagonal matrix with nonzero diagonal
entries. Thus, rk BTJLOg‘_|(1/}(/fL*, x*)) = k. From Sylvester’s rank inequality follows that

rkBTJLOg\-|(77ZJ(ﬂ*7 CL‘*)) + 1k ']1/1(/1*7 .’L‘*) - (n +k+ 1) <rk JBToLog|‘\oL/)(:a*7 I*) <k-2
which imples (22). d

Proposition 4.8. Let (A, ¢€) be a full-dimensional signed support with Gale dual matriz B. If
for all ¢ € R;“, all singular points of Z(f.) are non-degenerate, then &g, does not have any

critical point.
Proof. The statement is a direct consequence of Lemma 4.7. ]

Theorem 4.9. Let (A, ) be a full-dimensional signed support of codimension 2 with Gale dual
matriz B. If for all c € Rf, all singular points of Z(f.) are non-degenerate, then the complement
of the signed reduced A-discriminant T'-(A, B) has at most two connected components, which are

unbounded.
Proof. The statement follows directly from Proposition 4.6 and Proposition 4.8. ]

4.3. Signed supports without degenerate singular points. Now, we show that for certain
signed supports (A, €), the singular points of the hypersurfaces Z( f.) are non-degenerate singular
for all c € RA .

We call a pair of parallel affine hyperplanes H,, 4, Hop € R™ (a > ) enclosing hyperplanes of
the positive exponents Ay if

Ay CH,NHY, and A~ CR™\ (int(H,,) Nint(H],)).

Enclosing hyperplanes H,, o, H,  are strict enclosing hyperplanes of Ay if additionally int(HI 2N
A_ # 0 and int(H,_,)NA_ # 0. We define strict enclosing hyperplanes of the negative exponents

A_ in a similar way. For an illustration, we refer to Figure 4.
Our first statement concerns exponential sums in two variables.

Theorem 4.10. Let (A, ¢) be a full-dimensional signed support in R? and assume that both A
and A_ have a pair of strict enclosing hyperplanes. Then
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(i) for every ¢ € RA and = € Sing(f.), the Hessian matriz Hessy,(z) has a positive and a
negative eigenvalue.

(ii) If A consists of 5 exponent vectors, then the complement of the signed reduced A-
discriminant Tc(A, B) consists of at most two connected components.

Proof. Let Hyq, Hop (vesp. Huya's Huwp) enclosing hyperplanes of Ay (resp. A_). Using an
affine change of coordinates as in Proposition 2.3, we assume without loss of generality that
v=(1,0)T, w=(0,1)T.

For z* € Sing(f.) consider the univariate exponential sums:

2+k+1
Jfearw: R R, s feao(s) = Z cijefi (@ Fsv)
i=1
24+k+1
fc,:r*,w: R — R7 S > fc,z*,w(s) = Z Ciea¢~(m*+sw>_
i=1

By construction it holds:

(24) 0= fe(2") = fear v(0) = fear w(0).
By denoting a1, a9, the first and the second coordinate of the vector «y, it is easy to check
that

24+k+1 24+-k+1
afCJ*’U _ . o (x*+sv) 8f0’$*7w _ . o (x*+sw)
B (s) = ; ciaq e , s (s) = ; ciaig ;€ ;
It follows that
afcm*v 8fc * 8fcsc*w 8fc *
2 ? 2 p— = 7’ J = =
(29) st o) = Loy <o, e < ey <,

since z* € Z(f.) is a singular point. Combining (24),(25), we have that 0 is a root of fc =,
(resp. fea=w) of multiplicity at least two.

The condition that Hyq, Hop (resp. Huar, Huwp) are strict enclosing hyperplanes of A,
(resp. A_) implies that both exponential sums have at most two sign changes in their coefficient
sequence. Since Descartes’ rule of signs is valid for polynomials with real exponents [35], one
can extend the result to exponential sums. Using Descartes’ rule of signs, it follows that the
multiplicity of 0 is exactly two for both f. .+, and fc 4+ . . Furthermore,

fearw(s) <0 and feow(s) >0 for all s # 0.
So 0 is a local maximum of f. ., and a local minimum of f, ;+ .. Therefore

a2fc anc x*,v azfc 6ch x*,w
o (@) = =550 <0, S (@) = T (0) > 0,
1 2

052
which implies that

a2fc * 82f6 * 82fC * 2
= — < 0.

Ox? (= )333%( ) (83318332 (2 ))
Thus, Hessy, (¢*) is invertible and must have a negative and a positive eigenvalue.

If A contains 5 exponent vectors, then the codimension of A is 2. Since all singular points of
Z(f.) are non-degenerate for all ¢ € RA by (i), part (ii) follows from Theorem 4.9. O

det(Hessy, (z*))

The next condition on the signed support that precludes the existence of degenerate singular
points is valid for every number of variables n. Specifically, we require that there is only one
exponent vector with negative sign.

Theorem 4.11. Let (A, e) be a full-dimensional signed support with Gale dual B such that
#A_ = 1. Then we have

(i) for all c € RA and x € Sing(f.) the Hessian matriz Hessy, () has only positive eigenval-
ues.
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FIGURE 4. An illustration of strict enclosing hyperplanes. Consider the signed exponent
0| (3| [0 . . -1 4

vectors A, = { {O} , [0} , [3] } (depicted by red circles) and A_ = { [ 9 } , [72} }

(depicted by blue dots). The hyperplanes H, 3, H, 0 with v = (1,0) are strict enclosing

hyperplanes of A . The negative exponent vectors A_ also have a pair of strict enclosing
hyperplanes given by H, 1.2, Huw,1.2 with w = (0.8, 1).

(ii) If (A,e) has codimension 2, then the complement of the signed reduced A-discriminant
T'.(A, B) consists of at most two connected components.

Proof. Write Ay = {a1,...,aprt and A_ = {a,1k11}. Using Proposition 2.3, we assume
without loss of generality that a,+r+1 = 0. Under this assumption, the Hessian of f. at = €
Sing(f.) is given by

n+k
(26) Hessy, (z) = Y (e*“ci)ai - o) = Adiag ((e*¢i)iz1,.mik)) AT,
i=1
where
A= [oq oz,H_k] € R<(n+k),
Since the affine hull of a1, . . ., a4 +1 has dimension n and a;, 4,41 = 0, it follows that rk(fl) =n.
Since e“'®¢; is positive for i = 1,...,n + k, their square root is a real number. This gives

Hessy, (z) = (;1 diag ((\/eai‘zci)izlymﬁk)) (fl diag ((\/eo‘i'rci)i=1,...,n+k)))T
and as A has full rank
rk ([l diag ((eai'zc,')izlvu_vwrk))AT) = rk([l diag ((\/eai'mci)izl,m’wrk))) =1k A =n.

Thus, Hessy, (x) is positive semi-definite and of full rank, which implies that all of its eigenvalues
are positive. This shows (i).

Since all singular points of Z(f.) are non-degenerate for all ¢ € RA, part (ii) follows from
Theorem 4.9. ]

Our final condition on the signed support, precluding the existence of degenerate singular
points in the hypersurfaces Z(f.), requires the positive and negative exponent vectors to be
separated by a simplex, as follows. We recall the definition of the negative vertex cone of a
simplex from [9, Section 4]. For an n-simplex P C R™ with vertices po, ..., tin, the negative
vertex cone at vertex py equals

Pk .= i + Cone (,uk — Oy - -y e — un).

We write P~ for the union of P=0, ... P™™. We refer to Figure 5 for such a simplex and its
negative vertex cones in the plane.
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FIGURE 5. A simplex P = Conv((0,0),(3,0),(0,3)) separating the signed ex-

ponent vectors A; = { 8} , {g , ﬂ} (marked by red circles) and A_ =

{ {_51} : {E’J : [:ﬂ : [_02} } (marked by blue dots).

Theorem 4.12. Let P C R" be an n-simplex and let (A, ) be a full-dimensional signed support
in R™ with Gale dual matriz B such that Ay C P, A_ C P~, and ANint (P U P_) # (. Then

(i) for all c € RY and all singular points x € Sing(f.) the eigenvalues of Hessy. (x) are
negative.

(ii) If A has codimension 2, then the complement of the signed reduced A-discriminant
T'.(A, B) consists of at most two connected components.

Proof. Note that the negative vertex cones are preserved under affine transformation of P, see
e.g. [9, Lemma 4.5]. Thus by Proposition 2.3, we can assume without loss of generality that
P = Conv(0,eq,...,ep).

Denote Exp: R™ — RY; and Log: RZ; — R" the coordinate-wise exponential and logarithm
maps. From [24, Theorem 7], it follows that the Hessian of the function

n+k+1
feoLog: RYy = R, y— Z ciy™
i=1

is negative definite for all y € RZ. If z € R" is a singular point of f., then from [28, Corollary
1] it follows that

-
Hessy, (x) = Hessf,oLog o Exp(Z) = (JEXP(:U)) Hess f,oLog (Exp()) JExp ().

Thus, all the eigenvalues of Hessy, (x) are negative by Sylvester’s law of inertia [25, Chapter 7].
In particular, all singular points of Z(f.) are non-degenerate for all ¢ € RA. Part (ii) follows
from Theorem 4.9. ]

Using Theorem 4.11 and Theorem 4.12, we give conditions on the signed support (A, ) such
that all possible isotopy types of Z(f.), ¢ € Rg“ are given by some signed tropical hypersurface
(cf. Theorem 2.2).

Corollary 4.13. Let (A,¢e) be a full-dimensional signed support of codimension 2 with Gale
dual B such that either #A_ =1 or Ay and A_ are separated by a simplex as in Theorem 4.12.
If for each proper face ' C Conv(A) the restricted signed support (Ap,er) has a non-trivial
separating hyperplane, then for each smooth hypersurface Z(f.) with ¢ € R;‘l there exists h € RA
such that the signed tropical hypersurface Trop. (A, h) and Z(f.) have the same isotopy type.
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Proof. In both cases, the complement of T'.(A, B) has at most two connected components by
Theorem 4.11 or Theorem 4.12. Since (A, er) has a non-trivial separating hyperplane for every
proper face F C Conv(A), we have V 4, ., = 0} by Theorem 3.3. From Theorem 2.8 follows that
the hypersurfaces Z(f.) with ¢ € Rg“ have at most two different isotopy types.

First, we focus on the case #.A4_ = 1. Assume with out loss of generality that A_ = {ay,4+3}-
If ovp43 is contained in the boundary of Conv(.A), then there exist a hyperplane #,, , C R™ such
that a1 3 € Hyq and A C H, (cf. [19, Corollary 2.5]). Thus (A, €) has a non-trivial separating
hyperplane, which implies that all Z(f.) with ¢ € R4 have the same isotopy type by Theorem
3.5.

If anys € int(Conv(A)), then choose a generic h € R4 = R™3 such that h,,3 > h; for
i=1,...,n+2. By construction, we have Trop, (A, h) # () and Trop.(A, —h) = (). By Theorem
2.2, there exist ¢1,co € RA such that Z(f.,) and Z(f.,) are isotopic to Trop.(A,h) and to
Trop. (A, —h) respectively. Since the number of possible isotopy types is at most two, it follows
that the possible isotopy types are given by Trop.(A, h) and Trop. (A, —h).

Next, we consider the case when A, and A_ are separated by a simplex P C R™. If one of
the negative simplex cones P~0, ..., P™" does not contain any positive exponent vector, then
(A, €) has a non-trivial separating hyperplane and all Z(f.) with ¢ € R4 have the same isotopy
type by Theorem 3.5. If P~*N A, # ) for each i = 0,...,n, then a similar argument as above
shows that there exists two signed tropical hypersurfaces wich are not isotopic to each other.
This concludes the proof. O

5. BIVARIATE 5-NOMIALS

For bivariate 5-nomials, the signed reduced A-discriminant has at most 2 critical points by
Lemma 4.2. If there is only one critical point, then R¥ \ T'.(4, B) has a simple structure, it has
at most two connected components, which are unbounded (cf. Proposition 4.6). In this section,
we give a complete description of the geometry of the signed support of a bivariate 5-nomial
whose signed reduced A-discriminant has two critical points. In our experiments, if the signed
reduced A-discriminant had two critical points, then its complement had a bounded chamber.
We conjecture that this is always true, however we do not have a proof of this statement nor a
counter example.

Conjecture 5.1. Let (A, e) be the signed support of a bivariate 5-nomial and let
s e R [simn(s [f]) =) > B

be the parametrization map of (A, B) as defined in (11). If ép . has two critical points, then
the complement of T'-(A, B) has a bounded connected component.

Given a 2-simplex P = Conv(uo, f11, ft2), denote by Hy, dos Hoy.dy» Hosd, the supporting hy-
perplanes of the facets of P. We choose these hyperplanes such that

P=H' NHT nH"

v0,do v1,d1 v2,d2

and p1; ¢ Hy, a4, for each i = 0,1, 2. The complement of the union of the hyperplanes M, 4, Mo, .dy » Hos.do
has 7 chambers. One of these chambers is the simplex P. Three other chambers are the negative
vertex cones P70, P—1 P72 as introduced in Section 4.3. For these chambers we have

2
(27) Poi= () My, OH ., fori=0,1,2.
J=0j#i

The three other chambers in the hyperplane arrangment can be written as

2
(28) PHi= () M, 0H, ., fori=0,1,2.
J=0.ji
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For i # j € {0,1,2}, we define the subset of P+

2
i . + - -
(29) Pt = ﬂ ij,dj n H'Uiadi n ij,Dj’
J=0,j#1
where Dj; :=v; - u; > d;. For an illustration of these chambers, we refer to Figure 6.

In the following lemmata, we focus on the special case when P is the standard 2-simplex
Ay = Conv((0,0)7,(1,0)",(0,1)T) and

~r{of (1| |O _ [ x| |x2
o A=A o] o 3 AR B
Afterward we extend the results to the general case in Theorem 5.5. Choose a Gale dual matrix

corresponding to the exponent vectors in (30) as

l—z1—y1 1—22—12

X1 xT9
(31) B = Y1 Y2
-1 0
0 -1

With that choice of the Gale dual matrix, the polynomial from (19) is a quadratic polynomial
qp(t) := at® + bt + ¢, where

a:=-—my (1 —z1—y1),
(32) b= —aiy5 + 2x122y1y2 — T3YT + TIY2 + Y321 + T3YL + Y1 T2 — T1Y2 — T2y,
ci=—xy2 (1 — 2 — y2) .

A point t € R is a critical point of (g, e = (1,1,1,—1 — 1) if and only if gp(t) = 0 and it
satisfies the inequalities:

(33) (1—m1—y1)t+1—m2—y2>0, zit+x2 >0, yit+y2>0, t>0.

Lemma 5.2. Let Ay, A_ be the set of exponent vectors as defined in (30) and let B the corre-
sponding Gale dual matriz from (31). If

(i) ca € Ag and a5 € A;“i for some i € {0,1,2}, or
(i) aq € A" and az € AJ" for some i € {0,1,2},

then 57375 has at most one critical point.

Proof. Let a,c denote the coefficients of g as in (32). Both in case (i) and (ii), we have
a < 0, ¢ > 0, which implies that gp has at most one sign change in its coefficient sequence.
From Descartes’ rule of signs, it follows that g has at most 1 positive real root. By (33), every
critical point of ¢, B, is a positive root of gp. Therefore, 3 B, has at most one critical point. [

Lemma 5.3. Let A;, A_ be the set of exponent vectors as defined in (30) and let B the cor-
responding Gale dual matriz from (31). If ay € int(Ag) and as € int(A;’O), then Epc has one
critical point.
Proof. The inequalities in (33) is equivalent to M := max{=2,-#} < t. Note that M > 0,
The number of critical points of ¢, B, is the same as the number of roots of ¢p in the interval
(M, 00).

Let a, ¢ denote the coefficients of ¢p as in (32). Under the assumption of the lemma, we have
a < 0 and ¢ < 0. Thus, gp has 0 or 2 sign changes in its coefficient sequence. By Descartes’
rule of signs gp has at most two positive roots. Moreover, if gg(M) > 0, then gp has exactly
one root in the interval (M, 00).

Evaluating ¢p at _T“;? or at —7112’ depending which one is larger, we used the Maple function
IsEmpty [23] and the Mathematica function Reduce [16], to verify that gg(M) > 0. Thus, gp
has exactly one root in the interval (M, co), which concludes the proof. O
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Lemma 5.4. Let A, A_ be the set of exponent vectors as defined in (30), let B the corre-
sponding Gale dual matriz from (31) and let a,b,c defined in (32). Assume ay € int(A})
and as € int(A?). The map €pe has two critical points if and only if ay € int(PT1?%) and
as € int(PT2Y) and the coordinates of g and as satisfy the following inequalities:

b2 — dac > 0
(34) b2 — dac < (2zoy1 (1 — 1 —11) + b)2, 0<2zoy1(1—21—131)+D
b —dac < (2x1y2(1 — 1 —y1) + )%, 0> 2x199(1 — 21 —y1) + b

Proof. If relint(Conv({ay, a5}) Nrelint(Ag) = (), then Ay and A_ can be separated by an
affine hyperplane [15, Section 2.2, Theorem 2| and therefore I':(A, B) = ) by Theorem 3.3. In
particular, T'.(A, B) does not have any critical point.

If relint (P) Nrelint (Q) # 0, then there exists a pair of strict enclosing hyperplanes of A_,which
are parallel to the affine hull of ay and as. If additionally as € int(A?) \ int(A*1), then by
perturbing the hyperplanes H., o, He,,1 We get strict enclosing hyperplanes of Ay. Thus, from
Proposition 4.8 and Theorem 4.10 it follows that &, B, does not have any critical point.

A similar argument shows that €p . does not have critical points if a5 € int(A; D)\ int (A1),
This shows that to get a critical point of ¢, B,c the negative exponent vectors must satisfy oy €
int(A5"?) and a5 € int(A*!), which is equivalent to

l‘1<0, 0<y1<1, 1—x1—y1>0,
O<a2<1l, 9y2<0, 1—29—7y2>0.

Assuming these inequalities are satisfied, the inequality y1t+y2 > 0 in (33) implies ¢ > —7112 >0,

and t > 0 implies (1 —x1 —y1)t + 1 — 29 — yo > 0. Thus, the first and the last inequalities in
(33) are redundant.
The roots of gp are given by

t = —b+vb2—4ac to —b—+v/b%—4ac
- 2a ’ '

= 2a
An easy computation shows that ¢; # t2 and both satisfy the second and the third inequality in
(33) if and only if
b’ —dac>0
b2 — dac < (2z211(1 — 21 —11) + b)2, 0<2zop1(1—ax1—y1)+b
b —dac < (2z1y2(1 — 1 — 1) + )%, 0> 2z1y0(1 — 21 — 1) + b.
This concludes the proof. O

Using Lemma 5.2, Lemma 5.3, and Lemma 5.4, we characterize the signed support of a
bivariate 5-nomial such that signed reduced A-discriminant has two critical points.

Theorem 5.5. Let (A, e) be the full-dimensional signed support of a bivariate 5-nomial with
Gale dual matriz B € R®*2. The map g has two critical points only if #A, = 3, #A_ =2
and dim Conv(A4) = 2, or #A4 =2, #A_ = 3 and dim Conv(A_) = 2.

Assume that Ay = {a1,a2, a3}, A- = {ag, a5} and P = Conv(Ay) has dimension 2. Let
M € R**2 be an invertible matrix such that M(ag —a1) = ey, M (a3 —ai1) = ey and v = —Ma;.
Denote (x1,y1)" = Mayg+v, (z2,92)" = Mas+v and a,b, c the expressions in x1,y1, T2, yo from
(32). The map Ep . has two critical points if and only if ay € int(P7%) and as € int(PH47)
fori#j €{0,1,2} and the coordinates of oy and o satisfy the following inequalities:

b2 — dac > 0
(35) b2 — dac < (2zoy1 (1 —x1 —y1) + b)2, 0<2xoyn(l—21—1y1)+0
b — dac < (2z1y2(1 —x1 — 1) + b)2, 0> 2z1y2(1 — 21 —31) + 0.
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Proof. If all the exponent vectors are positive (resp. negative), then T'.(A4,B) = 0. If #A4, =1
or #A_ =1, then & B, does not have any critical point by Theorem 4.11 and Proposition 4.8.
Thus, in order to have a critical point of g . one needs #A4, > 2, #A4_ > 2.

Write P = Conv(A4 ) and @Q = Conv(A-) and assume dim P = dim @ = 1. Since dim Conv(PU
Q) = dimConv(A) = 2, the intersection P N @ is either empty or a point. If relint(P) N
relint(Q) = 0, then P and @ can be separated by an affine hyperplane [15, Section 2.2, Theorem
2] and therefore I'. (A4, B) = () by Theorem 3.3. If relint(P) N relint(Q) # 0, then the affine hull
of P (resp. Q) is a strict enclosing hyperplane of A, (resp. A_). In that case, we use Theorem
4.10 and Proposition 4.8 to conclude that &, B,e does not have any critical point. This shows the
first part of the theorem.

In the rest of the proof, we assume A; = {a1,a2,a3}, A~ = {ay, a5} and dim P = 2.
1 1

Choose the order of aq, s, as so that det [1
a1 Qo Qa3

] > (0. Then there exists an invertible

matrix M € R?*2 with positive determinant such that M(as — a;) = e; and M (a3 — ay) = es.
Let v := —May. By construction, the affine linear map

L: R? 5 R? aw— Ma+w,

satisfies L(a1) = 0, L(a2) = e1, L(as) = e3 and L(P) = Ag. By Proposition 2.3, we assume
without loss of generality that

e o e o

and choose the Gale dual matrix B as in (31).

If ay, a5 are separated from Ag by an affine hyperplane, then I'.(A, B) = () by Theorem 3.3.
If ayg, a5 € int(Ay), then f_B,s does not have any critical point by Theorem 4.12 and Proposition
4.8. If ay (resp. as) lies on a supporting hyperplane of a facet of P, then a = 0 (resp. ¢ = 0).
From this follows that qg has at most two monomial terms, so gg has at most one positive root.
Thus, & B, has at most one critical point.

In the following, we investigate the remaining cases:

(1) a4 € int(Ag) and a5 € int(A]"") for some i € {0,1,2}.

(I1) a4 € int(A;’i) and ap € int(A;’i) for some i € {0,1,2}.

(IT1) a4 € int(Ag) and a5 € int(AQ_’i) for some i € {0,1,2}.

(IV) ay € int(A;’i) and ag € int(A;r’j) for some i # j € {0,1,2}.
For (I) and (II), Lemma 5.2 implies that g has at most one critical point. In case (III), by
rotating the exponent vectors we assume without loss of generality that as € int(A, ’0). Now,
it follows from Lemma 5.3 that £z, has one critical point. Under the assumption in (IV), we
rotate again the exponent vectors to achieve ay G_int(A;r’l) and as € int(A;“Q). This rotation
does not change the number of critical points of {g. by Corollary 2.4. We use Lemma 5.4 to
conclude that & B, has two critical points if and only if the inequalities in (35) are satisfied. [

Remark 5.6. Consider the signed support

0 1 0 X1 X9
A=Al ol B3 AR B

Using the Mathematica function Reduce [16], we verified that for every fixed (z1,y1) € int(A;’m)
and 0 < z9 < 1, there always exists y2 < 0 satisfying the inequalities in (35). With other words,
for given (z1,y1) € int(A;l’Q) there exists a (z2,y2) € int(A;’Q’l) such that {5 . has two critical
points.

In Figure 6, we depicted the region of (2, y2)’s satisfying the inequalities in (35) for (z1,41) =
(—0.1,0.3).
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FIGURE 6. An illustration of the chambers as defined in (27),(28),(29) for P =
Conv((0,0),(1,0),(0,1)). The red circles denote positive exponent vectors A; =

{ {g} , [(1)] , {ﬂ }, the blue dot denote a negative exponent vector [5031} The blue

T2

region contains all negative exponent vectors
Y2

€ P21 guch that {p . has two critical points.

Acknowledgements. WD and JMR were partially supported by NSF grant CCF-1900881.
MLT thanks Elisenda Feliu for useful discussions and comments on the manuscript. MLT was
supported by the European Union under the Grant Agreement no. 101044561, POSALG. Views
and opinions expressed are those of the author(s) only and do not necessarily reflect those of the
European Union or European Research Council (ERC). Neither the European Union nor ERC
can be held responsible for them.

REFERENCES

[1] V.I. Arnold, S.M. Gusein-Zade, and A.N. Varchenko. Singularities of Differentiable Maps, Volume 1:
Classification of Critical Points, Caustics and Wave Fronts. Modern Birkhauser Classics. Birkhauser
Boston, 2012.

[2] F. Bihan, E. Croy, W. Deng, K. Phillipson, R. J. Rennie, and J. M. Rojas. Quickly computing isotopy
type for exponential sums over circuits (extended abstract). ACM Commun. Comput. Algebra,
57:152-155, 2023.

[3] F. Bihan, T. Humbert, and S. Tavenas. New bounds for the number of connected components of
fewnomial hypersurfaces. arXiv, 2208.04590, 2022.

[4] G. Blekherman, F. Rincén, R. Sinn, C. Vinzant, and J. Yu. Moments, sums of squares, and tropi-
calization. arXiv, 2203.06291, 2022.

[5] M. Brandenburg, G. Loho, and R. Sinn. Tropical positivity and determinantal varieties. Algebr.
Comb., 6(4):999-1040, 2023.

[6] G. E. Bredon. Topology and Geometry. Springer, 1993.

[7] A. A. Ergiir and T. de Wolff. A polyhedral homotopy algorithm for real zeros. Arnold Math. J.,
9:305-338, 2022.

[8] A. A. Ergiir, G Paouris, and J. M. Rojas. Feasibility of circuit polynomials without black swans.
submitted, 2024.

[9] E. Feliu and M. L. Telek. On generalizing Descartes’ rule of signs to hypersurfaces. Adv. Math.,
408(A), 2022.

[10] J. Forsgard. Defective dual varieties for real spectra. J. Algebraic Comb., 49:49-67, 2019.



VIRO’S PATCHWORKING AND THE SIGNED REDUCED A-DISCRIMINANT 25

[11] J. Forsgard, M. Nisse, and J. M. Rojas. New subexponential fewnomial hypersurface bounds. arXiv,
1710.00481, 2017.

[12] K. Fukuda. Lecture notes on oriented matroids and geometric computation. 2004. RO-2004.0621,
course of Doctoral school in Discrete System Optimization, EPFL 2004.

[13] K. Fukuda. Lecture: Polyhedral Computation, Spring 2015. 2015. An online version is available at
https://people.inf.ethz.ch/fukudak/lect/pclect /notes2015/PolyComp2015.pdf.

[14] IL.M. Gelfand, M.M. Kapranov, and A.V. Zelevinsky. Discriminants, Resultants, and Multidimen-
sional Determinants. Mathematics (Boston, Mass.). Birkh&user, 1994.

[15] B. Griinbaum, V. Kaibel, V. Klee, and G. M. Ziegler. Convez Polytopes. Graduate Texts in Mathe-
matics. Springer, 2003.

[16] Wolfram Research, Inc. Mathematica, Version 14.0. Champaign, 1L, 2024.

[17] 1. Ttenberg, G. Mikhalkin, and E. I. Shustin. Tropical Algebraic Geometry. Springer Science, 2
edition, 2009.

[18] P. Jell, C. Scheiderer, and J. Yu. Real tropicalization and analytification of semialgebraic sets. Int.
Math. Res. Notices, 2022(2):928-958, 2022.

[19] M. Joswig and T. Theobald. Polyhedral and Algebraic Methods in Computational Geometry. Springer,
2013.

[20] S. Kalajdzievski. An Illustrated Introduction to Topology and Homotopy. CRC Press, 2014.

[21] M. Kapranov. A characterization of A-discriminantal hypersurfaces in terms of the logarithmic
Gauss map. Math. Ann., 290:277-285, 1991.

[22] D. Maclagan and B. Sturmfels. Introduction to Tropical Geometry. Graduate Studies in Mathematics.
American Mathematical Society, 2015.

[23] Maplesoft, a division of Waterloo Maple Inc. Maple. https://www.maplesoft.com, 2023.

[24] C. D. Maranas and C. A. Floudas. All solutions of nonlinear constrained systems of equations. J.
Global. Optim., 7:143-182, 1995.

[25] C. D. Meyer. Matriz Analysis and Applied Linear Algebra (Solution). Society for Industrial and
Applied Mathematics, 2004.

[26] J. M. Rojas and K. Rusek. A-discriminants for complex exponents and counting real isotopy types.
arXiv, 1612.03458, 2017.

[27] K. Rusek. A-Discriminant Varieties and Amoebae. PhD thesis Texas A&M University, 2013.

[28] M. Skorski. Chain rules for Hessian and higher derivatives made easy by tensor calculus. arXiv,
1911.13292, 2019.

[29] D. Speyer and L. Williams. The tropical totally positive grassmannian. J. Algebr. Comb., 22:189-210,

2005.

0] E. Stiemke. Uber positive Losungen homogener linearer Gleichungen. Math. Ann., 76:340-342, 1915.

1] C. Vinzant. Real radical initial ideals. J. Algebra, 352(1):392-407, 2009.

2] O.Y. Viro. Curves of degree 7, curves of degree 8 and the Ragsdale conjecture. Dokl. Akad. Nauk

SSSR, 254:1305-1310, 1980.

[33] O. Y. Viro. Constructing real algebraic wvarieties with prescribed topology. Disserta-
tion, LOMI, Leningrad, 1983. An english translation by the author is available at
https://arxiv.org/abs/math/0611382.

[34] O.Y. Viro. From the sixteenth Hilbert problem to tropical geometry. Japanese J. Math., 3:185-214,
2008.

[35] X. Wang. A simple proof of Descartes’s rule of signs. Am. Math. Mon., 111:525-526, 2004.

36] F. W. Warner. Foundations of Differentiable Manifolds and Lie Groups. Springer Science, 1983.

[37] T. Zaslavsky. Facing up to Arrangements: Face-Count Formulas for Partitions of Space by Hyper-
planes. American Mathematical Society: Memoirs of the American Mathematical Society. American
Mathematical Society, 1975.

[38] G. M. Ziegler. Lectures on Polytopes. Springer, 1995.

DEPARTMENT OF MATHEMATICS, TEXAS A&M UNIVERSITY, COLLEGE STATION, TEXAS, USA
Email address: deng155210372370@math. tamu.edu

DEPARTMENT OF MATHEMATICS, TEXAS A&M UNIVERSITY, COLLEGE STATION, TEXAS, USA
Email address: rojas@math.tamu.edu

DEPARTMENT OF MATHEMATICAL SCIENCES, UNIVERSITY OF COPENHAGEN, UNIVERSITETSPARKEN 5, 2100
COPENHAGEN, DENMARK
Email address: mlt@math.ku.dk






	Introduction
	From reaction networks to real algebraic geometry
	Real algebraic geometry
	Tropical geometry
	Contribution to the state of the art
	Structure of the thesis

	Chemical reaction networks
	Basic definitions
	Jacobian critera for multistationarity
	The critical polynomial
	Connectivity of parameter region of multistationarity

	Descartes' rule of signs
	Signomials
	Background on convex and polyhedral geometry
	Descartes' rule of signs for hypersurfaces
	Descartes' rule of signs for square systems

	Real tropicalization
	Tropical geometry
	Real tropical geometry
	Viro's patchworking and the signed A-discriminant

	Bibliography
	Topological descriptors of the parameter region of multistationarity: deciding upon connectivity
	Connectivity of Parameter Regions of Multistationarity for Multisite Phosphorylation Networks
	On generalizing Descartes’ rule of signs to hypersurfaces
	Geometry of the signed support of a multivariate polynomial and Descartes’ rule of signs
	Real tropicalization and negative faces of the Newton polytope
	Viro's patchworking and the signed reduced A-discriminant





