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Abstract

Lorentzian and denormalized Lorentzian (DL) polynomials are well studied classes of
polynomials with several applications. Among them are lower bounds on the coefficients of
DL polynomials. These bounds allow us to approximate the number of objects with given
weights in a class whose generating series is a DL polynomial. However, if this generating
series is a power series and not a polynomial, one would have to take extra steps to obtain
an approximation using this method.

To address this problem, we introduce and study the class of denormalized Lorentzian
(DL) Laurent series and prove lower bounds on their coefficients. We define the capacity
function for Laurent series and utilize it in our lower bound. With this approach, we are
able to use simpler arguments to re-prove an already known approximation on the number
of contingency tables, which are lattice points of transportation polytopes; and tidy up
and slightly improve an already known lower bound on the number of integral flows of a
network.
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Chapter 1

Introduction

Suppose we are given a combinatorial problem about an object. We could encode this
object into a polynomial, and then show that some combinatorial aspects of this object
are reflected in the analytic or algebraic properties of the corresponding polynomial. For
instance, [18] encodes the matchings of a graph into a polynomial, shows that this poly-
nomial is real rooted, and concludes that the sequence {my }ren is unimodal, where my, is
the numbers of matchings of this graph with & edges.

Real stable polynomials, as a generalization of univariate real rooted polynomials, have
proven to be extremely useful tools for this purpose. Gurvits in [14] gives a short proof of
the previously solved van der Waerden problem using real stable polynomials, [27] proves
the famous Kadison-Singer problem posed in [23], and [20] gives a short proof of the
sensitivity problem from [31].

The class of Lorentzian polynomials was developed in [0] to prove Mason’s logarithmic
concavity conjecture for matroids [28]. Simultaneously, completely log-concave polynomials
were introduced in [1] to solve the same problem. These two classes of polynomials agree
on the set of homogeneous polynomials, and are the same as the class of homogeneous
strongly log-concave polynomials defined in [15]. Lorentzian polynomials generalize real
stable polynomials, with a focus on log-concavity.

Lorentzian polynomials are well-studied and have several applications. Among them
are lower bounds for the coefficients of denormalized Lorentzian polynomials. A polynomial
p(x) = >, Pax® is denormalized Lorentzian (DL) if ) Z=x® is Lorentzian.

It is proven in [7] that for a DL polynomial p € Rsq[z1,- - ,z,] and any a € N™:

2p(x) > Cap,,(p Hmax{ o (di — ) } (1)

Oé + 1)041—}-1’ (d —a; + 1)d —a;+1

where d; is the degree of x; in a polynomial derived from p, and Cap,,(p) := infz~ z% is
the capacity of p introduced in [13]. Inequality (1) is used in [7] to approximate the number



of contingency tables with given marginals and bounded entries. For a« € N*, 3 € N™ and
K € (Zso U {oo})" ™, a K-contingency table with marginals (c, 3) is a matrix A € Z23™,
with entries in the i-th row summing up to ¢, the entries in the j-th row summing up to
B;, and A;; < K;; for all ¢ € [n],j € [m]. The generating series for K-contingency tables
with marginals (a,3) is a DL polynomial when K has finite entries, and inequality (1)
gives us the desired bound.

The same argument cannot be used to bound the number of contingency tables with no
restriction on their entries, as the generating series for these objects is not a polynomial.
Instead, [7] takes the limit of some DL polynomials to converge to this generating series and
prove a similar result. This bound on contingency tables is utilized in [25] to approximate
the number of integral flows of networks.

In this thesis, we introduce denormalized Lorentzian (DL) Laurent series. Unlike the
common definition of Laurent series, we do not impose a lower bound on the powers of
monomials, and define K((z1,---,zy,)) = {p(x) = D qezn PaT® : Pa € K Vo € Z"}.
We will show that the class of DL Laurent series is closed under multiplication, whenever
multiplication is possible, and that the generating series for both contingency tables and
flows of a network are DL. We will study the capacity function for Laurent series. The
capacity of a Laurent series p € R>o((x)) is Cap,(p) = infzeq, 7% where Q,,, the domain

of convergence of p, is the set of all € RZ, for which p(x) converges. We will prove the
following lower bound on the coefficients of DL Laurent series:

Theorem 1. Let p € Rxo((x1,--- ,x,)) be a DL Laurent series with €, # 0. Assume
further that the set of degrees of x; in the Laurent series [x;\ 1" -+ - x"]p has either a lower

bound or an upper bound (or both), and let b; be a bound for this set. Then:

n |bi —cvi]

[x%|p(x) > Cap,(p). H (b, |_bia_i|o_:_i 1)1’

=2

We then use Theorem 1 to prove lower bounds on the number of contingency tables
presented in [7] directly, and to tidy up and slightly improve the bounds for the number of
integral flows of a network in [25]. For an acyclic directed graph G = ([n], F) and N € Z",
an N-flow of G is an |E|-tuple ® = (®,).cr € NI¥I satisfying

Y v.—- > @.=N,

ev—ucel eu—veE

for any v € [n]. The number of N-flows of a complete graph is also called the Kostant
vector partition function and appears in the representation theory of Lie algebras [22]. We
will prove that:

Theorem 2. Let n € N and N € Z™ be a vector with |[N|; = 0. Let K, (N) be the
number of IN-flows of the acyclic complete directed graph with n + 1 vertices. Further, let



si=|>t_, Ni| fori € [n]. Then:

n 55
( ) - a’pN(pknJrl) paley (1 + Si)(l+si)
where: 1
pkn+1(x17"' ,l’n): 1 — &
1<i<j<n Tj

1.1 Basic definitions and notations

Throughout this thesis, we will be using basic definitions and notations from analysis and
combinatorics. In order to have a consistent understanding of notation, some of them are
listed here.

Integer, real and complex numbers. We will denote by N,Z,R and C the sets
of positive integers, the set of integers, the set of real numbers and the set of complex
numbers respectively. For any set A C R, define A5y = AN{z > 0: 2z € R} and
Ao =An{x > 0:2z e R}. Let us also define:

[n]={1,--- ,n} Vn €N,
R* =R U {o0},
H={z€C:3J(z)> 0},

where $(z) is the imaginary part of z € C.

Vector short hands. For two vectors € = (z1,--- ,2,) and a = (aq, -+ ,qp), €* is
the product z{* - - - 2% and a!is [} a;! whenever o« € N*. We say that x > ac if z; > o

for all ¢ € [n].

Polynomials and Laurent series. For a field K , we will denote by K[z, ..., x,] the
ring of polynomials in zy, - - - , z,, over K. The degree of the monomial * is [a| == ) ;| o,
and 0 is considered to be a monomial of any degree. For a polynomial p € K[xq,- -, x,],
denote by deg, (p) the degree of x; in p. Given a vector p € N", let K¥#[zy,--- ,x,] be the
set of all polynomials in variables x1,- - -, x, with deg, (p) < p; for all i € [n].

Unlike the common definition, the set of Laurent series in variables 1, ,x, over a

filed K denoted by K((x1,--- ,x,)), is the set of all infinite sums p(x) = > c/n Do With
Pa € K. K((21,--- ,2,)) has an addition operator defined as (p + q)(x) = >, czn(Pa +
Jo)x™, where p, and ¢, are the coefficient of ® in p and ¢ respectively. Assuming that K
is equipped with a topology, two Laurent series p(x) and ¢(x) can be multiplied whenever
for any v € Z", the infinite sum ) + B~ Padp converges with respect to that topology. In



which case, we will define the Laurent series p.q as:

(p-q)(x) =Y ( > pa%> .

~YEZ™ \a+B=v

For a polynomial or a Laurent series p, [®|p is the coefficient of ® in p, and will
sometimes be referred to as po for brevity. The support of p denoted by supp(p) is the
set of all vectors a for which [x®]p # 0, and we say that p is n-homogeneous if |a|; = n
whenever a € supp(p).

Logarithmic concavity. We say that a sequence {a, },cz does not have any internal
zeros if for any index k with a; = 0, all the terms a,, for either m > k or m < k are zero
as well. Then a sequence {a, }nez is said to be logarithmically concave (log-concave) if for
any n € Z, we have a® > a,_1a,11, and it has no internal zeros. A sequence {an}ﬁzo is
ultra logarithmically concave (ultra log-concave) if the sequence {(‘T") k_, is log-concave.

A function f: RZ, — R. is said to be log-concave if for any x,y € RZ, and A € [0, 1],
we have:

fOz+ (1= Ny) > f(@) f(y)

1.2 Stable polynomials

‘H-Stable polynomials, or simply stable polynomials, are multivariate generalizations of
real-rooted polynomials. Leonid Gurvits gave an amazingly short proof of the famous van
der Waerden conjecture for permanents using stability [14], which we will glance at in this
section. For a more thorough study on stable polynomials, we refer to [38].

The permanent of an n X n matrix A = (a;;);; denoted by per(A) is the sum
> oes, Ilizq Gios), where S, is the set of all permutations o : [n] — [n]. Although the
permanent’s definition is similar to the determinant’s, it is notoriously hard to compute.
In fact, [35] proves that computing the permanent of a matrix is a #P-complete problem.

#P is the complexity class of the counting problems associated with the decision prob-
lems in the set NP. Loosely speaking, #P-complete problems are hard counting problems.
A formal definition of #P-completeness is given in [35], which is not in the scope of this the-
sis. Counting the number of solutions of an NP-complete problem is usually #P-complete,
for instance, counting the number of 3-colorings of a graph is #P-complete [20].

Still, the connection between #P-completeness and NP-completeness is not clear, and
#P-complete problems are not always associated with an NP-complete problem. For exam-
ple, computing the permanent of a matrix A € N"*"_ while being a #P-complete problem,
corresponds to the decision problem of finding a maximum matching in a bipartite multi-
graph, which has a deterministic polynomial time algorithm by [19].
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In 1926, van der Waerden proposed a conjecture regarding finding the minimal per-
manent of all non-negative doubly stochastic matrices (matrices with all row and column
sums being 1) in [36, Page 117]. The following problem then became known as the van der
Waerden conjecture, although van der Waerden told one of the authors of [37] that he had
made no such conjecture ([37, Page 110]):

Theorem 1.2.1 (The van der Waerden problem, proven in [11], [I2] and [11]). Let A €
RIG" be a doubly stochastic matriz. Then the permanent of A is at least :—7',

The van der Waerden problem was first solved in 1981 in [11] and [12] using eigenvalue
methods. Gurvits’ proof on the other hand, uses log-concavity of real stable polynomials.
He further proves that there is a polynomial time algorithm that computes per(A) within

nxn

multiplicative factor " for any A € REF" ([14, Theorem 4.7]).

Definition 1.2.2 (H-stable polynomials). A polynomial p € Clzy,--- ,z,] is H-stable
(stable) if either p = 0 identically, or if p(x) # 0 for any & € H". We further say that p is
real stable if it has real coefficients.

Remark 1.2.3. Let p(z) € R[z] be a univariate real stable polynomial. Then p has to be
real rooted. Otherwise, let z,z € C\ R be a pair of conjugate roots of p. Then either z or
Z is in the upper half plane H, yielding a contradiction. Thus, we can think of real-stable
polynomials as a generalization of real-rooted univariate polynomials.

Lemma 1.2.4. Let A = (a;;);; € REG". Define:

n n

palay, - ) =[] D i,

j=1 i=1
then pa is a real-stable polynomial, and:

per(A) =01+ 0p—10,p.

Proof. If A has an all zero column, p4 = 0 and the statement is trivial. Otherwise, let
21, , 2, € H be arbitrary. Then S(3 0, aij2z:) = > a;;(2;) > 0 for all j € [n], and
therefore, " | a;;2; # 0. Because pa(z1,--- ,2,) is the product of n non-zero sums, it is
non-zero itself. So p4 has no roots in H", and is real stable.

To prove the second statement of this lemma, look at the coefficient of x1---x, in pa.
Choosing each x, from exactly one of the sums > | a;;2; for all k € [n], corresponds to tak-
ing some permutation o € S, and choosing aj o(x)x from the o(k)-th sum, ZLI Qi o (k) T

So: ;
[x1 - xp]pa = Z H ko(k) = per(A).

oceSy k=1
Furthermore, since p is an n-homogeneous polynomial, 0; - - - 9,_10,pa is a constant poly-
nomial, and is exactly the coefficient of =7 - - -z, in P4. Thus:

per(A) = [x1 - xu]pa =01+ Op_10,pA- O
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Lemma 1.2.5 ([38, Lemma 2.4]). Assuming that p(zy,--- ,x,) is a stable polynomial, O;p
is either a stable polynomial or a constant.

The idea behind Gurvits’ proof of the van der Waerden conjecture is to define a capacity
for stable polynomials, whose behavior is traceable under differentiation. Let Cap(p) be
the Gurvits’ capacity (or simply the capacity) of p, defined by:

Cap(p) = inf  p(2),
[T, z=1

Gurvits shows that capacity cannot decay too fast under differentiation.

Theorem 1.2.6 ([, Theorem 4.10]). Let p € Rso[xy, - ,x,) be a homogeneous real
stable polynomial of degree n. Then either O,p = 0, or:
k—1\""
Cap(@np) = Cantr): (1)

where k is the degree of x,, in p.
Proof of Theorem 1.2.1. As proven in Lemma 1.2.4, the polynomial p4(xq,---,x,) is an
n-homogeneous real-stable polynomial, so by Theorem 1.2.6, we have:

Cap(9,pa) > Cap(pa). (T) : (1.1)

where k = deg, (p)

<
therefore (%)k_1 > (”T_l)nfl. So we can rewrite Equation (1.1) as:

n. Note that f(z) = (%1)2_1 is a decreasing function for z > 1, and

n—1\""!
Cap(anpA)ZCap(pA)-( " ) :

Onpa is an (n — 1)-homogeneous real stable polynomial by Lemma 1.2.5, and we can repeat
this step. Using Theorem 1.2.6 multiple times, we obtain:

Cap(dh - Aupa) > Cap(pa). ]| (1 - 1>H.

! 7
=1

Since 0y ---Oppa = per(A) is a constant function, we have Cap(d; ---0,pa) = per(A).
Gurvits also shows that Cap(pa) = 1 for any doubly stochastic matrix A, and therefore:

per(A) > ﬁ <Z:1)1

(=}



Later, Gurvits generalized Theorem 1.2.6 in [16] to the following:

Theorem 1.2.7 ([16, Theorem 5.1], see also [7, Theorem 5.11]). Let p € Rso[zy, -+, xy]
be a real stable polynomial of degree d, given by:

ey, x) = ) paah,
n

and let d; be the degree of x; in d;;{" -+ 0%p

and d,, the degree of x, in p.

Tip1="=xp=0’
Then: ;
- dz Oé?i (dl — Oél') i
Pa = Capy(p). 11 (a> 7 ;

_ ()
where Cap, (p) = infzso &5

1.3 Lorentzian polynomials

To motivate the development of Lorentzian polynomials, we will first introduce matroids,
and discuss a famous problem regarding these objects.

Definition 1.3.1 (Matroids). A matroid M is a pair (X,Z), where X is a finite set, and
Z C 2%, the collection of independent sets of M, satisfies

1. ez,
2. If A € Z, then any subset of A is an element of Z,

3. If A,B €Z and |A| > |B|, then there exists some x € A\ B such that BU {z} is an
independent set.

The rank of M denoted by r, is the size of its largest independent set. We say that
B € T is a basis for M if |B| = rp. Let Bag be the collection of all bases of M.

Matroids are important and well-studied combinatorial objects. They have their roots
in graph theory and linear algebra, and generalize the notion of linear independence. For
a more detailed study of matroids and their geometry, we refer to [3]. Many combinatorial
optimization problems are well understood for matroids, however, some counting problems
seem to be harder to answer. For instance, counting the number of bases of a matroid is
#P-complete, even for representable matroids [34]. Using connections between log-concave
polynomials and matroids, [1] gives a deterministic polynomial time 2°"*)-approximation
algorithm for the number of bases of a matroid M. More specifically, the authors of []
prove that the multivariate basis generating polynomial of a matroid exhibits log-concavity
properties, ultimately resulting in such an approximation algorithm, and proving Mason’s
conjecture, stated below:



Theorem 1.3.2 (Conjecture from [28], proven in [0] and [2]). Let M = ([n|,Z) be a
matroid and let Iy, be the number of independent sets of size k in M. Then the sequence
{I}7_, is an ultra log-concave sequence.

Authors in [6] prove Theorem 1.3.2 by introducing the class of Lorentzian polynomials.
Similarly, [2] defines completely log-concave polynomials to prove this theorem. Lorentzian
and completely log-concave polynomials agree on the set of homogeneous polynomials
([6, Theorem 2.30]), and are equivalent to the class of homogeneous strongly log-concave
polynomials introduced in [15]. For the sake of consistency, we will refer to this class of
homogeneous polynomials as Lorentzian polynomials.

Definition 1.3.3 ([0, Definition 2.1], Lorentzian polynomials). Let H? € Rsqlay, -« - , 2]

be the set of d-homogeneous polynomials, and let [O/fl C H¢Y be the set of quadratic forms
that have non-singular Hessian with exactly one positive eigenvalue. For any d > 3, define:

Li={pe H': ope L™ Vie[n]}.

We say that the polynomials in L‘fb are strictly Lorentzian. The closure of the set
of strictly Lorentzian polynomials (in the Euclidean space of homogeneous polynomials
of degree at most d with n variables and non-negative coefficients) is called the set of
Lorentzian polynomials. Note that Lorentzian polynomials are always homogeneous.

Remark 1.3.4. Due to the recursive structure of Definition 1.3.3, 9;p is Lorentzian if p is
a Lorentzian polynomial.

Lorentzian polynomials have log-concavity properties. In fact, p € Rlzy,--- ,x,] is a
Lorentzian polynomial if and only if for any V' = (V};) € R%k , the polynomial Dyp is a
log-concave function on the positive orthant [2, Definition 1.3], where Dy is the operator
Hle Z?Zl Vi ;0;. When p is bivariate, log-concavity of Dyp as a function translates to the

log-concavity of p’s coefficient sequence:

Lemma 1.3.5 ([0, Example 2.26], see also [15, Proposition 2.7]). A bivariate homogeneous
polynomial p(z,y) = ZZ:O prx?Fyk is Lorentzian if and only if it has an ultra log-concave
coefficient sequence, i.e., the sequence {py}4_, is ultra log-concave.

Remark 1.3.6. Note that length of the sequence {px}{_, is a crucial part of its ultra
log-concavity. For instance, the sequence py = 1,p; = 3,p2 = 3 is not ultra-log concave,

since (Z’TO), (pTl), (pTQ) is not log-concave. However, we could increase the length of this sequence
0 1 2

by adding a dummy zero term to it, and get the sequence py = 1,p1 = 3,ps = 3,p3 = 0,
which is ultra log-concave.

Lorentzian polynomials are closely related to matroids and M-convex sets. In fact, we
see in [0, Theorem 3.10] that M-convex sets are characterized by Lorentzian polynomials:
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Definition 1.3.7 (M-convexity). A nonempty set A € Z" is M-convex if for any x,y € A
and ¢ € [n] such that x; > y;, there exists some j € [n] satisfying z; < y; and = + e; —
e;,y—ej+e; € A(The vector e; € {0,1}" has 1 in its i-th coordinate and is 0 everywhere
else).

Theorem 1.3.8 ([0, Theorem 3.10]). Let the generating function of a set J € Z%, be the

polynomial
T
fJ(x17"' 7xn) = ;}J

Then J is an M-convex set if and only if f; is Lorentzian. Moreover, the support of any
Lorentzian polynomial p € Rso[xq, -+, x,] is an M-conver set.

Theorem 1.3.9 ([2, Theorem 4.1]). For any matroid M = ([n],Z), the polynomial

pm(r, e Tn,y) = Zyn_mml
Iez

1s Lorentzian.

To prove Mason’s log-concavity problem, we just need to prove that the polynomial
Sor_o Iry" 2" is Lorentzian. Then by Lemma 1.3.5, the sequence {I;}7_, is ultra log-
concave. In fact, we will show that >_,_, I;y" "2 is obtained by applying a Lorentzian-
preserving operator to p.

Theorem 1.3.10 ([2, Theorem 2.2]). If p € Ryglxy,- -+, x,] is a Lorentzian polynomial
and T : RY, — RZ, is an affine transformation, then p(T(xy, - ,2,)) € Rxolyr, -+, Ym)
is also Lorentzian.

More generally, a linear operator T' : RM[xy, -+, x,] — Rlzy, -+ ,x,] is said to be
homogeneous if there exists some k € N such that T[x®| is a homogeneous polynomial of
degree |a|;+k for any o € N™. We say that T preserves the class of Lorentzian polynomials
if T P] is Lorentzian for any Lorentzian polynomial p.

Theorem 1.3.11 ([0, Theorem 3.2]). If T : R¥[xy, -+ ,x,] = Rlzy,--- , 2] is a linear
homogeneous operator, then T preserves the class of Lorentzian polynomials if Symy(x, 2)
1s a Lorentzian polynomial, where:

n

H(l’z + ZZ')M

=1

Symyp(x, z) =T

Symy is called the symbol of T', and T, treats all z variables as constants and only acts
on x variables.

Now we can prove Mason’s log-concavity problem for matroids using Lorentzian-preserving
operators as follows:



Proof of Theorem 1.3.2. Let T : Rﬁgl — R’;gl be an affine transformation defined by
T(xy, ,Tn,y) = (21, ,21,y). Then by Theorem 1.3.9 and Theorem 1.3.10, we con-
clude that pp(T(z1,- - 20, y)) = Do Ley" *z¥ is Lorentzian, and by Lemma 1.3.5,
{Ix}7_, is an ultra log-concave sequence. O

1.4 Denormalized Lorentzian polynomials

In this section, we will discuss the class of denormalized Lorentzian polynomials, which is
one of the main motivations behind this thesis. Depending heavily on Lorentzian polyno-
mials, denormalized Lorentzian polynomials were introduced in [0] using a normalization

operator N : Rz, -+, 2,,] = Rlay, - -+, 2], defined linearly by N[xz®] = Z7. A polynomial
p(x) is said to be denormalized Lorentzian (DL) if N[p| is a Lorentzian polynomial.
By [0, Corollary 3.7], all Lorentzian polynomials are denormalized Lorentzian since the

normalization operator preserves the class of Lorentzian polynomials.

Remark 1.4.1. By Definition 1.3.3, the class of Lorentzian polynomials of degree at most
d in n variables is closed by definition. Since normalization is a continuous operator, it
follows that the class of denormalized Lorentzian polynomials of degree at most d in n
variables is closed in the Euclidean space of homogeneous polynomials of degree at most d
with n variables.

Example 1.4.1 (Schur polynomials). Schur polynomials, indexed by partitions, were first
defined by Cauchy in [¢], and their connections to the representations of GL,,(C) was
studied by Schur in [33]. We will define these polynomials and discuss their log-concavity.

A partition A of some d € N is a weakly decreasing sequence of non-negative integers
Al > Ag > oo > A with Ay + -+ 4+ Ay = d. A Young tableau of shape \ is a tableaux
with A; boxes in the i-th row. A representation of a Young tableau in English notation
arranges the boxes in left-justified rows, with non-increasing row lengths. For instance, a
Young tableau of shape A = (3,1) in English notation is represented as follows:

Figure 1.1: Young tableau of shape (3,1)

A semi-standard Young tableau T' of shape A filled with [n] is a tableau of shape A
in English notation where each box is labeled with one of the numbers 1,--- n, such
that the numbers weakly increase in each row from left to right, and strictly increase in
each column from top to bottom. The weight of a semi-standard Young tableau T is the
vector wt(7') = (wy, -+ ,w,), where w; is the number of boxes filled with i. The following
tableaux are all of the possible semi-standard Young tableaux of shape (3,1):

10



Figure 1.2: Semi-standard Young tableaux of shape (3,1)

For a partition A = (A; > Ay > --+), the Schur polynomial indexed by A in n variable

S)\(.Il, PR ,xn) — met(T)’
T

1S:

where the sum is over all semi-standard Young tableaux of shape A filled with [n]. For some
p € N*, the coefficient of # in s is the Kostka number K ,,. Equivalently, the Kostka
number K, is counting the number of semi-standard Young tableaux of shape A and
weight p. Using the Bender-Knuth involutions from [], one could show that K, = K, ,
whenever « is a permutation of p, and thus, s, is a symmetric polynomial. In fact, Schur
polynomials of degree d form a basis for the space of d-homogeneous polynomials in n
variables. The problem of computing Kostka numbers K ,, is #P-complete by [30].
Schur polynomials are DL due to [21], but they are not generally Lorentzian. For instance,
take the following Schur polynomial:

5(3,1)(561, Ty) = JJ?ZEQ + x%x% + xlazg.
5(31)(21, z2) is not Lorentzian because the sequence (0, 1,1, 1,0) is not ultra log-concave.

Remark 1.4.2. Schubert polynomials are a generalization of Schur polynomials introduced
by Lascoux and Schiitzenberger in [24]. Each Schubert polynomial in n variables is indexed
by a permutation w € S, and is denoted by &, (x1, - ,x,). For a more detailed study
of Schubert polynomials, see [32].

As a part of the proof of log-concavity of Schur polynomials, the authors of [21] prove
that 2]~ *-- -xZ_IGw(asl_l, .-+, x;1) is DL for any permutation w. They also conjecture

that Schubert polynomials are DL themselves ([21, Conjecture 15]).

It is clear from Example 1.4.1 that the class of DL polynomials is not restricted to
Lorentzian polynomials. DL polynomials still exhibit log-concavity properties, and are a
generalization of Lorentzian polynomials.

Corollary 1.4.3. A bivariate homogeneous polynomial is denormalized Lorentzian if and
only if it has a log-concave coefficient sequence.

Proof. Let p(x,y) = Zz:o przy?™* be a denormalized Lorentzian polynomial. By defi-
nition, N[p] = Zzzo ﬁxkyd_k is a Lorentzian polynomial and by Lemma 1.3.5, the
sequence {W}‘,ﬁzo is ultra log-concave, implying that {p;}¢_, is log-concave. The other

direction of the proof is done similarly. O
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We are particularly interested in lower bounds on the coefficients of a DL polynomial.
The authors of [7] use Gurvits’ capacity function to prove such a lower bound, and then
approximate the number of contingency tables of a given marginal. We will briefly
mention their work here.

Theorem 1.4.4 ([7, Theorem 5.10]). Let v € Z%, and p(z1,- -+, p) = Y ,cnn Pu®* be a
DL polynomial of degree d. Let d; be the degree of x; in 951" - - aﬁ”p’z#l:_.:x _o» and let
d,, be the degree of x,, in p. Then:

]

> Ca Hmax a; (di — o)t
p 2 Capa(p (i £ )" (d — o & 1ot

where Cap, (p) = infyso L @) s the capacity of p at the point o.

mOL

Remark 1.4.5 ([0, Remark 11.2]). For a polynomial p € Rx¢[z1, -+ ,z,], we can interpret
Cap,,(p) as a convex polynomial optimization problem:

—log Capq(p) = inf [—logp(e?) +(y, @],

where log is the natural logarithm function and (.,.) is the usual dot product. Both — log
and the dot product are convex functions, and R" is a convex set. So —log Cap,(p) is a
convex polynomial optimization problem, and can be solved using interior point methods.

For a € Z", 3 € Z'™, a contingency table of marginals (c, 3) is a matrix A = (4;;) €
Z%3™, with entries in the i-th row summing up to «; and entries in the j-th row summing
to_ﬁj. Contingency tables are often studied as lattice points in transportation polytopes
[9]. Let K = (K;);; be an n x m matrix with entries in Z>o U {oo}. Then we say that A
is a K-contingency table with marginals (o, 3) if A is a contingency table with marginals
(o, 8) and A;; < Kj; for all 4,5 € [n]. Let CTk(ax, B) be the number of K-contingency
tables with marginals (a, 3). The problem of finding CT (e, B) is #p-complete, even if
we restrict to the case n =2 ([10, Theorem 1]).

For an n x m matrix K, the generating series for K-contingency tables with respect to
their marginals is the following Laurent series:

Pre(zy, - Tniyns o Ym) = HHZ%ZJ; = ZCTK<0‘v )z y”.

Note that even if Px is a polynomial, it will not be denormalized Lorentzian, since it is not
homogeneous. Instead, consider the following polynomial whenever K is a finite matrix
with column marginals -:

[ID aly o =" CTic(, Bay™"
a8

1j=11=0

~

PK<x17"' y Lns Y1, 7ym) =

n
1=
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All of the sums Zlfi{) aziyJK] ! are bivariate homogeneous polynomials with log-concave

coefficients. So Pk is the product of some DL polynomials. The following lemma states
that the class of DL polynomials is closed under multiplication, implying that p, is DL
itself.

Theorem 1.4.6 ([0, Corollary 3.8]). The class of DL polynomials is closed under multi-
plication.

Now we can use Theorem 1.4.4 to approximate CTk (e, 3).

Theorem 1.4.7 ([7, Theorem 2.1]). For a« € N*,8 € N™ and K € (Z>o U {c0})™™ we

have:
oz2 m 6/33

CTK((I ,8)>Capa5 PK H 1+a 1+a1H 1_‘_6 1+ﬁj

7,:2 j=1

Proof. First, assume that K is a finite matrix. We can use Theorem 1.4.4 for Py to get:

n m Bﬁj
CTk (e, B) > Cap(aﬁ—ﬁ H (1 4+ q)ttes H (1 + BJ')H’BJ

=2

Oéz

n m /86]
_Capaﬁ) (Prk). H 1—|—a 1+a1H (14 6;)1+8

z:2 j=1

Now, suppose that K is not necessarily finite. Take a sequence { K;}°, of matrices in ZZ5™

that converge entry-wise to K. For each of these matrices K, we have a lower bound on
the number of K;-contingency tables with marginals (o, 8):

n m 557
7j=1

=2

Note that as ¢t goes to infinity, the number of K; contingency tables of marginals (e, 3)
converges to CTg(a, B). So we can write:

n al m ﬁﬂ]
CTk(a,B) = hm CTgk,(a,3) > hm Cap g, (Prk,)- H e H A

J=1

and by [17, Corollary 5.8], limy o, Cap o g)(Px,) = Cap g g)(Px). Therefore:

n mo g
CTx (e, B) > Capa g (Pr)- [ | (1 + o) Lt 11 (1+ /BJJ‘)”@'
j=1

1:2

and we are done. O
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A part of this thesis is dedicated to bypassing the limit argument used in the proof of
Theorem 1.4.7. We will develop a theory that works not only for denormalized Lorentzian
polynomials, but for Laurent series that exhibit some log-concavity properties as well. Then
we will use that theory to re-prove the lower bound for contingency tables in Theorem 1.4.7.
We will also give a more natural proof of [25]’s bounds for complete acyclic graphs.

There exists a bijection between the integral flows of a complete acyclic directed graph,
and K-contingency tables with certain marginals for some matrix K ([29, Section 1.3]).
This bijection is employed in [25] to obtain a lower bound on the number of integral
flows of such graphs. The number of integral flows of a complete graph is also known as
the Kostant partition number. Kostant partition numbers are used to express other
important quantities in representation theory, such as Kostka numbers and the Littlewood-
Richardson coefficients [22].

Let G = ([n], £) be an acyclic directed graph, and let N € Z%,. An N-flow of G is a
|E|-tuple ® = (®,).cr € NIFI satisfying:

Y .- ) P =N, Yo € [n].

eu—v ev—w

Let K,1 be the complete acyclic directed graph with vertices 0,1,--- ,n, and edges di-
rected from j to @ for j > i. Let N = (No, Ny, , Np_1, —Z?;ll N;) € N**1. Denote
by K, (INN) the number of N-flows of K, ;. We will introduce e, 3, K such that the set
of N-flows of K, 1 are in bijection with the set of K-contingency tables with marginals

(o, B).

Let s; = Zi:o N; and define av = (s¢, -+, $p—1), and B = (Sp_1,- -+ , o). Further, let
K be an n x n matrix with K;; =0 for 14+ j > n+ 2, and K;; = oo otherwise (this matrix
has zero entries in its bottom right corner). There is a bijection between the N-flows
of K,+1 and K-contingency tables with marginals (a, 3). See [29, Section 1.3] and [25,
Section 2.1] for more details and proof of this bijection. Theorem 1.4.7 for K-contingency
tables with marginals (a, 8) implies:

Theorem 1.4.8 ([25, Theorem 2.28]). Let N = (No,--- ,N,) € Z"*', and s; = 3 ;_, Ni
for0<i<n-—1, and let o« = (sp, -+ ,Sn—1) and B = (Sp_1," - ,50). We have:

K,(N) > Capy 5(®). max {M}Ehsﬁr

0<i<n—1 s; s; +1

where

1
0<i,j<n—1 iY;
i+j<n

Note that Theorem 1.4.8 uses a bijection between the integral flows of a complete graph
and K-contingency tables of a given marginal. A similar bijection can be constructed for

14



any arbitrary acyclic graph by setting the entries of K corresponding to the missing edges in
our graph to be zero. So with some work, one could prove a result similar to Theorem 1.4.8
for any acyclic directed graph.

Throughout the rest of this section, we will review some useful operations that preserve
the class of DL polynomials.

Theorem 1.4.9 ([7, Lemma 4.8]). If p(z1,--- ,x,) is a DL polynomial and yy,--- ,y, €
R.o, then p(y1z1, -+ ,YnTy) is a DL polynomial as well.

Theorem 1.4.10 ([7, Lemma 4.8]). Let TY% : Rlzy, -+ ,2,] — Rlzy, -+, 2] be the

Tr1=x2

; Pol _ Pol
linear operator defined as T, %, [p(x1, T2, %3, - ,xn)] = p(x1, 21,23, -+ ,2,). Then T, 2,

preserves the class of DL polynomials.

Theorem 1.4.11. Let t € N and p,q € Rxy, - ,x,]| be polynomials satisfting p(x) =
xiq(x). Then p(x) is DL if and only if q(x) is DL.

Proof. 1f gq(x) is a DL polynomial, then p(x) is also DL using Theorem 1.4.6. Conversely,
if p(x) is DL, then:

Nlg()] = Nl "p(w)
= N[ pari' et eay]

angO
a1 >t

aGZgO
a1>t

o

_ o T Ty Ty
- Pa™7- " |
ap. Q! [67%%

aGZ’Zlo

= O0iN[p(=)],

and N[q(x)] is Lorentzian by Remark 1.3.4. O

Theorem 1.4.12. For any t € Z,i € [n], let Trunc), : Rlzy, -+, 2,] = Rlwy, -+, 2,] be a
linear operator defined on monomials by:

vtz if oy >t

0 otherwise

Trunc,, [2%] = {

Then Trunc), preserves the class of DL polynomials.

Proof. Without loss of generality, assume that ¢ = 1. Let S := N o Trunc;i oN~t. We just
need to prove that S preserves the class of Lorentzian polynomials. It suffices to prove that

15



S {R”[w} preserves the class of DL polynomials for any p. Note that S is a homogeneous

operator, and we only need to show that the symbol of S ’RM 2] is Lorentzian.

@z = 3 (§) sl

RH [] 0<A<p

S
ym,

z/J'_)‘ w(/\l_tv/\%"'a)\n)

RIGRAD Dl e v i VI

0<A<p
A >t

The set {(p — XA —t,A0,--,A,) 1 0 < XA < p,t < A} is an M-convex set, and

Syms (x, z) is the generating polynomial of an M-convex set up to a scalar, and there-
RM ]
fore, is Lorentzian by Theorem 1.3.8. So S preserves the class of Lorentzian polynomials,
and we are done. O
Theorem 1.4.13. For any t € Z,i € [n], let truncl, : Rlzy, -+, 2,] = Rlzy, -+, 2,] be a
linear operator defined on monomials as follows:
x* 1 Q; <t
trunc, [%] = / -
! 0 otherwise

Then trunc;, preserves the class of DL polynomials.

Proof. Similar to Theorem 1.4.12, we only need to show that Syms (x, z) is Lorentzian

RH [x]

for S = N o trunc}, oN~':

Syms (x,2) = Z (l;) 272G
RH [x] 0<A<p
zp,—)\ .’L‘A
= " -
W 2 G X
Xlg_t

which is the generating polynomial of an M-convex set up to a scalar, and therefore, is
Lorentzian by Theorem 1.3.8. So S preserves the class of Lorentzian polynomials, and we
are done. O]

1.5 Thesis outline

In Section 2.1, we will define denormalized Lorentzian Laurent series, and explore some
basic properties of these objects. We prove that these Laurent series are closed under
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multiplication, whenever multiplication is possible, in Section 2.2. We then proceed to
define the domain of convergence for these Laurent series and study their behavior in
Section 2.3, and use them to prove capacity bounds for DL Laurent series in Section 2.4.
Lastly, we will apply these bounds in Section 2.5 to approximate the number of contingency
tables and integral flows of a network.

17



Chapter 2

Denormalized Lorentzian Laurent
series

2.1 Definition and basic properties

In this section, we define the class of denormalized Lorentzian Laurent series. We explore
some of their basic properties, and try to draw analogs between this class of Laurent series
and DL polynomials. Recall that in the context of this thesis, a Laurent series is an infinite

SUm Y com Pa®®.

Let Poly : R((z1, -+ ,z,)) = R((z1,- -+ ,x,)) be the following operator:

Poly[ > pa®® = Y paz®.

aczn €zl

Poly[p] is not necessarily a polynomial, however, it will be if p is a d-homogeneous
Laurent series, since there are only finitely many a € Z% satisfying |a|; = d.

Definition 2.1.1 (denormlized Lorentzian Laurent series). For a homogeneous Laurent
series p € Rso((z1, -+ ,x,)), say that p is a denormalized Lorentzian (DL) Laurent
series if, for any a € Z%, the polynomial Poly[x*p(x)] is denormalized Lorentzian.

Remark 2.1.2. The intersection of the class of DL Laurent series and polynomials is the
class of DL polynomials. Let p € Rxg[xy, - ,z,] be a DL polynomial. Theorem 1.4.11
gives us that Poly[x®p(x)] = x*p(x) is a DL polynomial. Hence, p is a DL Laurent series
by definition. Conversely, if a DL Laurent series p is a polynomial, then Poly[x%p(z)] =
p(x), and p(x) is a DL polynomial by definition.

So there is no ambiguity when we say that a polynomial p is DL, without specifying
whether it is a DL Laurent series or a DL polynomial.

18



Example 2.1.3. Let p(x,y) = >, 502"y """ Then p is a (-1)-homogeneous Laurent
series. For any o, B € Z>p:

T
)

Poly[z*y’p(z,y)] = » a"t*y 71"

S
I
o

Poly[z®y’p(x,y)] has a log-concave coefficient sequence, and is DL by Corollary 1.4.5,
implying that p is a DL Laurent series by definition. Note that this Laurent series can be
viewed as x% in one of its its domains of convergence. We will discuss the domains of

convergence of Laurent series more in Section 2.3.

n,n

Lemma 2.1.4. Let p(z,y) = Y. ,cp Pt "y". Then p is DL if and only if the sequence
{Pn}nez 1s log-concave, that is, it has no internal zeroes and for all n € Z, we have

P2 > Pp1-Pnii-

Proof. Let us first do the forward direction of the proof. If p is a DL Laurent series, then
the polynomial

Poly[a™y™p(z,y)] = D pratFrmyttm
—m<k<d+m

is DL for all m € 7Z, and therefore the sequence {pk}if_”m is log-concave by Corollary 1.4.3.
Now given n, we just need to take a large enough m to see that p? > p,_1p,11. Furthermore,
{Pn }nez has no internal zeros since {p; }¢=™ does not have any internal zeros for all m € Z.

For the other direction of the proof, suppose {p,}necz is a log concave sequence. We
need to prove that the polynomial

Poly[xy’p(w,y)] = > pea®Freytt?
d+a>k>—f
is DL. The sequence {pj }4+* s inherits log-concavity from {p,fnez, and Poly[z*y®p(z, )]

is DL by Corollary 1.4.3. O]

DL Laurent series maintain an intimate connection with M-convex sets.

Lemma 2.1.5. The support of any DL Laurent series p € Rso((x1,- - ,,)) is M-convex.

Proof. Let w,v € supp(p), and let u; > v; for some i € [n|. Take a vector v € N with
large enough coordinates 7, -+, v, so that p +~,v +~v € Z%,.

Note that if a vector a satisfies & +- > 0, o € supp(p) if and only if e + = is in the
support of N[Poly[x7p|| because:

[z (N [Poly[z"p]]) = [ ( > (d idy)!”’d+7> B [(Zaf %2

d+~v>0
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By definition, N[Poly[x7p]] is a Lorentzian polynomial, and its support is M-convex by
Theorem 1.3.8. Note that both g+~ and v+~ are elements of the support of N[Poly[z7p]],
and we have (p +7); = ;i +v > (v +7); = v; + ;. Therefore, there should exist some
j € [n] — {i} such that (u+~); < (v+),; and p+~ —e; +e;, v+~ + e; — e; are both
elements of supp(N[Poly[x”p]]). So pu; < v; and p—e; +e;,v+e; —e; € supp(p) by what
we discussed above, and supp(p) is M-convex by definition. O

The following is an analog of Theorem 1.4.11.

Lemma 2.1.6. Let p € Roo((21,- -+ ,2,)) be a DL Laurent series. Then xip(x) is DL for
any t € Z.

Proof. It suffices to prove that for any vector a = (aq,---, ) € Z%,, the polynomial
Poly[x}x*p(x)] is DL.
Let M > a; +t be an integer, and let B := (M, g, -+ ,a,). Then Poly[zPp(x)] is a

DL polynomial by definition, and Theorem 1.4.12 implies that Trunc;(o‘ﬁt) [Poly[xPp(x)]]
is also a DL polynomial. Now observe that:

Poly[acﬁp(m)] = E pdx‘li1+Mx‘212+a2 - -xf{‘““",
di>—M
di>—a Vi>2

and:

—(a+t B o di+M+aq+t _do+as dn+a
Truncml( ) Poly[aPp(x)] = E Pary x5 R
d>—M

di>—(a1+t)
di>—ay Vi>2

_ M di+oai1+t, dotos dn+an
=T E PdTy P Ty

d1>—(a1+t)
d;>—a; Vi>2

=z Poly[ziz*p(z)].

We conclude that 2! Poly[z{x*p(x)] is DL, and by Theorem 1.4.11, so is Poly[z{xz%*p(x)].
[

Corollary 2.1.7. A homogeneous Laurent series p € Rso((xy1,- -+ ,xy)) is DL if and only
if Poly[x®p(x)] is DL for any o € Z".

Proof. The backward direction of the proof is trivial. To prove the forward direction,
assume that p is a DL Laurent series, and let @ € Z™. By Lemma 2.1.6, %p(x) is a DL
Laurent series, and therefore Poly[z®p(x)] is a DL polynomial. O

We will be using Corollary 2.1.7 as an alternate definition for DL Laurent series. The
rest of this section is dedicated to exploring some operators on Laurent series that preserve
the class of denormalized Lorentzian Laurent series.
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Lemma 2.1.8. The class of DL Laurent series is closed in the Fuclidean space of homo-
geneous Laurent series of degree at most d in n variables.

Proof. Let {p;}ien be a sequence of homogeneous DL Laurent series in variables 1, - - - , zp,
converging coefficient-wise to a Laurent series p. Then for any a € Z", the sequence
{Poly[x*p;(x)] }ien also converges coefficient-wise to Poly[xz®p(x)]. So Poly[x*p(x)] is the
limit point of a sequence of DL polynomials, and is DL itself by Remark 1.4.1. ]

Lemma 2.1.9. Ifp € Rso((x1,- -+ ,x,)) is a DL Laurent series. Then, for any yy, -+ ,yn >
0, the Laurent series p(y121, -+ ,YnTy) is also DL.

Proof. Let o € Z*. Rewrite Poly[x®p(y121, - , ynxy)] as:

Poly[a:"‘p(ywb"' ,?/nﬂfn)] _ Z pdwd-i-ayd

d+a>0
dez™

=y~ *Poly[x®p|(y1z1, -, YnTn).

The statement follows from Theorem 1.4.9. ]

Lemma 2.1.10. Let p € Roo((z1,--- ,2,)) be a DL Laurent series. For any d € Z, the
Laurent series [z{]p € R((xq, -+ ,x,)) defined as:

d _ do d
[z7]p = E Py, dn TS+ Ty
dy,r dn€L

1s a DL Laurent series as well.

Qn
n

Proof. Let q(za,-++ ,z,) = [z{]p. We need to prove that Poly[z3? - --z9q] is DL for any

choice of am, -+, a,, € Z. Observe that:
a2 (677 _ d2+0£2 dn"‘an
POly[$2 Ty C]] - § : P(d,da, ,dn) T2 Ty
di+0;>0,Vi>2

= POIY[QJId'TgQ ce l’znp}(Oa Lo, 7xn)

We know that Poly[z7%x3? - - - 227 p| (21, 2o, - - - , x,) is a DL polynomial, and for any ¢ > 0,
the polynomial Poly[z;%x3? - - x%p](cay, 29, - -+ ,xy) is still DL by Theorem 1.4.9. Note
that the class of DL polynomials is closed by Remark 1.4.1, so Poly[z{x5? - - - 2% p] (0, 29, - - - , )

as the limit point of {Poly[z; “x$? - - - 22" p|(:21, 22, -, T5) bren is DL and we are done. [

Applying Lemma 2.1.10 repeatedly to a Laurent series p, and using the fact that
d

[xii:c?j Ip= [a:f} ([a:;.lj]p) give us the following corollary:
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Corollary 2.1.11. Let p € Ro((x1, -+ ,2,)) be a DL Laurent series. Given a subset
I C [n], and d; € Z for all i € I, the Laurent series [[[,; x{]p is a DL Laurent series in
variables x; for j € [n]\ I, where:

MI=f = > »a I 7

icl d;€ZNjEMNT  je€n\I

Corollary 2.1.12. Generalize Trunc’;l,trunctzl from Theorem 1.4.12 and Theorem 1.4.13
to operators on Laurent series as follows:

t a —t o
Trunc, [ E Pax’| = x; E Pa®,
aEzn Q"

a1 >t

and

trunc!, | Z Pax™| = Z Pa’.

acZm acZ?
a1 <t

These new operators both preserve the class of DL Laurent series, that is, Tlrund;1 [p] and
trunct, [p] are both DL whenever p is a DL Laurent series.

Proof. Given that p() is DL, we need to prove that Poly[z? Trunc!, [p]] and Poly[x? trunct, [p]]
are DL polynomials for any 8 € Z". Let v = (— max{—/,t}, B, - , Bn), then:

Poly[#” Trunc, [p]] = 2;* Y pax®™ = z;" Poly[z"p()],
a;+p3;>0Vi
a1 —t>0
and:

Poly|[z” trunc!, [p]] = Z pax® = trunc! [Poly[z’p(z)]].

a;+p3i>0V1
a1 <t

;" Poly[x¥p(x)] is DL by Theorem 1.4.11 and Theorem 1.4.12, and trunc, [Poly[zPp(x)]]
is DL by Theorem 1.4.13. Therefore both Poly[«” Trunc) [p]] and Poly[x” trunc!, [p]] are
DL polynomials, and we are done. O

2.2 Product of DL Laurent series

We know from Theorem 1.4.6 that the class of DL polynomials is closed under multipli-
cation. In [7], this fact is used to prove that the generating series for contingency tables
with bounded entries (see Section 1.4 for definition and details) is DL, so we naturally
search for an analog of Theorem 1.4.6 for DL Laurent series. But first, we need to ad-
dress the problem that R((zy,---,x,)) itself is not closed under multiplication, i.e, the
product of two Laurent series may not be well defined. Recall that for two Laurent series
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p:q € R((x1,- -+ ,25)), their product is well defined if the sums >, 5 pags converge in
R for all v € Z™. Then the product p.q(x) is defined as:

(p-)(@) =) ( > paqﬂ> .

~YEZ™ \a+B=v

For instance, the product of °, , 2*y~* and >, _, y*2 7" is not a well defined Laurent
series, since the sum corresponding to the constant coefficient of ), _, Tl Y kez Tt
does not converge.

As a special case, assume that p,q € R((x1, -+, Zn; %1, , Ym)) are two Laurent series
in disjoint sets of variables. Say p only uses the z variables and [z#y”|p = 0 for all v # 0,
and ¢ only uses the y variables and [zty”]g = 0 for all p # 0. Then > .5 pags is
always a finite sum for any v € Z"™™. So p.q is a well defined Laurent series. It is also
easy to see that in this case, if p, ¢ are both DL, their product will be DL as well:

Remark 2.2.1. If p(x), ¢(y) are two DL Laurent series in disjoint sets of variables & and
y, then p(x)q(y) is DL since:

Poly[x*y’p(z)q(y)] = Y pug.a* *y"*?

p+a>0
v+B>0

= > purtt ) gytt?
p+a>0 v+B>0

= Poly[x*p(z)] Poly[y?q(y)]

Poly[z%p(x)] Poly[yPq(y)] is the product of two DL polynomials and is itself DL by
Theorem 1.4.6. So Poly[z*yPp(x)q(y)] is DL for all a, 3, and p.q is DL by definition.

Suppose we have two DL Laurent series p and ¢, and we want to see whether their
product is DL. Consider two disjoint sets of variables @, y, and multiply p(x) and ¢(y) to
get a well-defined Laurent series p(x)q(y). Now in this Laurent series, set y; = x1, then
Yo = T2, and so on. We will prove that as long as the final result is a well defined Laurent
series, it will be denormalized Lorentzian.

Definition 2.2.2 (Admissible pairs). Let 78S  : R((z1,--- ,1,)) — R*((z1,--- ,3,)) be

T1=x2
an operator that sends p(zy,---,2,) to p(z1,21,xs, - ,x,). This operator is a general-
ization of T)°% in Theorem 1.4.10.

We say that (z1,7,) is an admissible pair of p if TS [p] is a well defined Laurent

Tr1=x2
series. In other words, if p is given by its coefficients as:

play, - xn) = Y paz®,

acZm™
then (71, 72) is an admissible pair of p if for any a, az, - -+, a, € Z, thesum Y\~ Diay,an,an)
converges in R. Similarly, one could define Tfi S:mj and admissibility for any pair (z;, z;).
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Example 2.2.3. Let p(z,y) = ), - 2"y~ be the Laurent series introduced in Ezam-
ple 2.1.3. Then (x,y) is not an admissible pair of p.

We will later see in Lemma 2.3.5 that (xq,x2) is an admissible pair of p(z1,z2) if and
only if (1,1) is in the domain of convergence of p.

Now let us prove that the operator Tfls =, almost” preserves the class of DL Laurent
series.

Theorem 2.2.4. Assume that (x1,23) is an admissible pair of a t-homogeneous DL poly-

nomial p. Then TS, [p] is also a DL Laurent series.
To be more specific, for any given vector o = (ay,as, -+ ,qy) € Zggl, we will show
that:

Poly [a:‘flx§3 . C“”TPS [p ]] = hm Poly[z{*™ 2kpPS. [Poly[zcﬁ’“p]]],

1 IQ T1=T2

where By = (k, k, a3, -+, ), and the limit is taken in the Fuclidean space of homogeneous
polynomials of degree at most |a|, +t in n — 1 variables.

Note that a similar theorem can be proven for T}, S,x [p] when (;, ;) is an admissible
pair of p.

Proof. Let p(x) = Y 4c7: Pax® be a DL Laurent series and assume that (zq,22) is an
admissible pair of p. Then :

PS _ _ d,.d3 d
Tﬂm 272[ ] p(‘rhxl’xfﬂ?”' 7xn) - E ( E DPdy dz,ds, - d )Jfll‘?) T

d,d3- ,dn€Z \di1+d2=d

We need to show that for any o = (o, a3, - -+ , ) € Z>0 , the polynomial Poly[z*TF3  [p]]
is DL. We have:

Poly[z anls Wl = Z < Z pdl’d%d?” y ) gltergdatas  pdnton, (2.1)

d+a1>0 di+do=
di+a; >0Vi>3

So we want to show that the RHS of Equation (2.1) is a DL polynomial.

Let By = (k,k,as,-+ ,a,). Since p itself is a DL Laurent series, the polynomial
TP [Poly[zP*p]] is also DL for all k € Z. Observe that:

r1=x2
Poly[@™p]] = Poly[zfafag - agmp) = > par{ragthagros. . gimten,
d1+k>0
do+k>0
d;i+ao; >0Vi>3
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TPY [Poly[xP*p]] is also a DL polynomial by Theorem 1.4.10:

T1=x2

Poly Br _ d+2k ds+as dn+on
Txl =x9 [POly[CU p]] - E : E : pd17d2, ,d xl ‘rd o 'xn . (22)
d+2k>0 d1+d2=
di+a;>0Vi>3 d1+k>0
do+k>0

Note that as we take k to oo, the coefficients of Equation (2.2) converge to their
corresponding coefficients in Equation (2.1). So let us apply some changes to Equation (2.2)
to get closer to what Equation (2.1) looks like.

a1—2kPoly B _ d+a1 _d3z+as dn+a
Poly[z1" T, 2%, [Poly[x™p]]] = Poly pdl,dg, dn | 2T g en
d+2k>0 d1+da=
di+a; >0Vi>3 d1+k:>0
do+k>0

_ E § : d+ai . ds+as dn+a
- pd17d27 7 xl 333 U :Unn "

d+a1>0 di1+do=
d+2k>0 di +k>0
di+a; >0Vi>3 do+k>0

For any k£ > <L, the first summation would only impose the constraints d + oy > 0 and
d; +a; >0 for 1 Z 3. Moreover:

lim E , pd17d2, ,d § : pdl,dz,d& ,d
k—o0

di+da= di+da=
d1+k‘>0
dotk>0
and therefore:
a1 —2kPoly Br 1 dtai d3t+az | dnton
hm Poly [z ~*"T, 2. [Poly[z™*p]]] —kh_{rolo Dy do, d | T1 TG )
d+a1>0 d1+do=d
d+2k>0 d1+k>0

di+0; >0Vi>3 da+k>0

_ E E d+ay .d3+o dn+om
— ( pdhdg,m ,dn> 1 1 3 3., Inn

d+a1>0 di+do=k
d;+a; >0Vi>3
— a1 ,.03 et PS
- POly[xl :C?) o "Txl =x2 [p]]

Observe that LHS of the above equality is DL since the set of DL polynomials is closed
by Remark 1.4.1, and therefore Poly[z{"25? - - - 22~ TS [p]] is DL for any oy, a3, -+, a €

T1=T2

Z. ]
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For the sake of brevity, we will denote by Tgi P the operator
PS o TFS

xik:yzk Tiq —yzl

Corollary 2.2.5. Suppose p(x),q(x) are two homogeneous DL Laurent series. Further
. . . . PS .
assume that (x;,v;) is an admissible pair of T,° _,. . . _, [p(®)q(y)] for any i € [n]

(i.e., p(x)q(x) is a well defined Laurent semes) Then p(x)q(x) is also a DL Laurent
series.

Remark 2.2.6. Assuming that (z1,y;) and (z2,y2) are both admissible pairs of p(x,y),

(22,12) is not necessarily an admissible pair of T2 [p]. For instance, (x1,y1) and (z2,ys)
are both admissible pairs of the Laurent series p(z1,%2,y1,92) = >0 21y 25y, ", but
(2,%2) is not an admissible pair of T2 [p] = >, < T35y "

So it is essential in the statement of Corollary 2.2.5 to assume that (z;,;) is an admissible
PS . . .
pair of T,> _ [p(x)q(y)], and not an admissible pair of p(x)q(y).

HL1=Y1

2.3 Domains of convergence

The goal of this section is to study the domain of convergence of denormalized Lorentzian
Laurent series, to ultimately define the capacity function for Laurent series in Section 2.4
and use it to prove lower bounds on the coefficients of denormalized Lorentzian Laurent
series. We also examine the relationship between the domain of convergence of a DL
Laurent series p € Rso((21,- -+ ,2,)) and the Laurent series [2%]p for any k € Z.

Definition 2.3.1 (Domain of convergence). Let p € Rso((x1,- -+, x,)). For some z € RZ,
say that p(ax) converges absolutely to L € R if the following limit converges to L:

Then the domain of convergence of p, denoted by €2, C RZ, is the set of all points
x € R?, for which p(z) converges. If p = 0 identically, let Q, = R?,

We are purposefully excluding the points & € RZ%, \ RZ; because our definition of
Laurent series allows negative powers, and working with such points brings up unnecessary
complications.

Example 2.3.2. Let p(2) = ), ;2" Qp is empty since either Y - 2" or 37 2" is
divergent for any z € Ryg.

Example 2.3.3. Let p(z,y) = >, 5 y"x~""t be the Laurent series from Example 2.1.5,
then Q, = {(z,y) : © > y > 0}. Smce for any x > y > 0, I—iy can be erpanded as

ano yn'r
expanded for any y > x > 0 asz ( 1)a™y t=n,

I=n " we have p(z,y) = 5= Jor any (z,y) € €. Note that x—iy can also be
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Remark 2.3.4. Assume that p € R>o((z1, -+ ,25)) is d-homogeneous. If = € ), then
Az € Q, for any X > 0 since p(Ax) = \p(x).

Lemma 2.3.5. Let p € Rso((z1,---,2,)) be a d-homogeneous Laurent series. Then
(1, x2) is an admissible pair of p if and only if (1,1) € Q[mg‘?;.“w%n]p for any az,--- ,a, € 7Z.

Proof. Write:

a3 Qn _ [ S D)
[I’3 SRR ]p = E Pali Ty~.
a1+ag=d—(az+-+an)

(1,1) Q[xg@.nl.%n]p forall as, - - - , oy, € Zif and only if Za1+a2:d_(a3+m+an) Pa 1S cOnvergent
for all as,--- ,«, € Z, which is exactly the condition we need for admissibility of (z1, xs)

from Definition 2.2.2. O

We would like to determine the circumstances under which the domain of convergence
of a bivariate homogeneous DL Laurent series is nonempty. We will answer the same
question for n-variate homogeneous DL Laurent series later in this section.

Definition 2.3.6 (Trivially DL). As previously discussed in Lemma 2.1.4, p(x,y) =
Y men Pz ™y™ is a DL Laurent series if and only if {p,, }mez is a log-concave sequence.
Further say that p(x,y) is trivially DL if {p,, }mez is a geometric progression, that is, if

there exists a,c > 0 such that p,, = ac™ for all m € Z.

Lemma 2.3.7. Let p(z,y) = >.,.cz P ™y™ be a DL Laurent series. €, is empty if and
only if p is trivially DL. Moreover, for any index m € Z with p,, # 0, we have:

1} x (pm—l, bm > cQ,

Pm Pm+1

Proof. First observe that {p,}mez is a log-concave sequence by Lemma 2.1.4, so p? >

Pm—1Pms1 for all m € Z, and assuming that p,, # 0, (p;:,pp%) C Ry is a (possibly

empty) interval.

? Pm+1
non-trivially DL Laurent series, this immediately implies that the domain of convergence

is non-empty since p2, > pn_1Pm1 for some m € Z. we will also have to show that the
domain of convergence of any trivially DL Laurent series is empty.

Fix m € Z and z € (P==t Pm) Write p(1,2) = >, ., pn2", and define ¢;(z) :=

Pm 7 Pmt1
Y ns0Pminz™ and qa(z) =3 S Pm-nz"". p(1,2) converges if and only if ¢i(2) and gz(2)
both converge.

We will prove that {1} x (% p—”) C Q, for any DL Laurent series p(z,y). Then for

To show that ¢;(z) is convergent, we can reduce to the case where ¢; is an infinite sum.
Otherwise, ¢(z) is a finite sum and converges without any further issues. Additionally,
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since {p,}nez has no internal zeroes, all the coefficients p, for n > m are non-zero. We
obtain:

pm+n+1 S pern S . S perl’
Pm+4n Pm4n—1 Pm
and therefore,
1
lim pm+n+12m+mr Pm+1 L
n—o00 pm+nzm+n - Pm ’

The ratio test from Lemma A.1.1 for {pmn}n>0 implies the convergence of ¢;.

Similarly, if ¢2(2) is a finite power sum, ¢y is convergent, so we can assume that p,,_,
is nonzero for any n > 0, and we can write:

Pm—(n+1) < Pm—n <. < pm—l,
Pm—n Pm—(n-1) Pm
and therefore,
m—(n+1)
m—(n+1)% m—1 _
limp (nt1) Sp 1z1<1,
n—00 DPm—n 2" Pm

and g9 is convergent as well by Lemma A.1.1. So far, we have proven that:

{1} % (pm—17 Pm > g Qp,

Pm Pm+1

Implying that €, # @ for non-trivially DL Laurent series. Finally, suppose {py, }mez is a
geometric progression, and p,, = poa™ for some a € R.g. Rewrite p(x,y) as:

plr.y) = Y pua® Y™ = pox Y ()™
meZ meZ
By Example 2.3.2, the sum ), (%)™ does not converge for any z,y € Ry, and Q, is
empty. O

Now we will derive a result similar to Lemma 2.3.7 for general DL Laurent series.

Lemma 2.3.8. Let n > 2 and assume that p € Rso((x1,- -+ ,xy)) is a d-homogeneous DL
Laurent series linear in x,, given by:

p(xla T 7xn) = InS([El,' e ’xn—1> —|—T<I1, te 71:71—1)-

Then €, = €.

Proof. We just need to prove that some vector a = (aq, -+ ,a,_1) is an element of €2, if and
only if it is an element of {);. Note that we can further assume a =1,y = (1,---,1) €
R"~! since we can scale the variables of p, and work with p(zi/ay,--- ,x,/a,) instead
(which is still a DL Laurent series by Lemma 2.1.9). So we want to prove that 1,_; € ,
if and only if 1,,_; € .
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The proof is done by induction over n. For the induction base, let n = 2. p is a
homogeneous bivariate Laurent series of degree d and linear in x5, so we should have:

d—1 d
p(r1,x2) = arox{ " + bxf

for some a,b € R, and the statement is trivial. For n = 3, the statement is proven in
Lemma A.2.1.

There are two facts at the core of this proof for n = 3. First, there is a correspondence
between the elements of supp(s) and the elements of supp(r) due to the M-convexity of
supp(p). Second, the growth of the coefficients of s and r is roughly similar because p is
log-concave.

Now let n > 3. For any k3,--- ,k,_1 € Z, write:
. kn7 - kn7 z knf
a5 2y o = walag® -2l s + (2
By Corollary 2.1.11, all of the Laurent series s, r, [#5% - - - 27 !p, [52 - - - 2¥7 s and [252 - - 2P ]r

are DL. Note that [z - 2""'p is a Laurent series with 3 variables 21, 22, 2, and is lin-
ear in z,. So by the induction hypothesis, (1,1) € Q[ ks if and only if (1,1) €
T30,

"
Q iy
[wg® -,

Suppose 1,_; € Q,, we need to show that 1,_; € €,. Since ([z%---2¥"71s)(1,1) <
s(1,-1), we have that (1,1) € Q[ by gkn1) and using the induction hypothesis, (1,1) €
xzg®-x, s
Q[ by ybnt), This holds for any choice of k3, - - - , k,_1, which by Lemma 2.3.5, means that
x5 ew, e
(x1,22) is an admissible pair of both s and r, implying that (1,1) is an admissible pair of
p as well.

Let p; = TFS  [p]. pi is DL by Theorem 2.2.4, and:

r1=x2
pl(xla X3, 7~Tn) = mnsl(ajlax& T 73771—1) + 7"1(3:17 X3y 7xn—l)7

where s; = T} 2 [s] and 1 = T2, [r]. Going back to our initial assumption, we have
1,1 € Q,, giving us 1,5 € ). By the induction hypothesis for s; and r, 1,5 € Q,,
which means that r;(1,_2) is convergent, and so is r(1,_1) = r;(1,_2). Thus, we have

proven 1, ; € €., and we are done. The other direction follows similarly. O
Lemma 2.3.9. Assume that p is a d-homogeneous DL Laurent series in x1,--- ,x,. Fur-
ther assume that:
p('rla T 7'1771) = Z$2pk(x17 T 71'”_1).
keZ

The following statements hold for p:

1. Let (y1,- -, Yn—1) € g Q- Then {pr(y1,- -, Yn—1) }x is a log-concave sequence with
no internal zeros,
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2. Qp,. =y, whenever py,, pr are both non-zero Laurent series,

3. Let (21, ,zn—1) € Sy, for some nonzero py. Then (z1,- -+, zn—1,Yy) € Qp, for any y
in the following interval for some m € Z.:

(pm—l(zly"' 7Zn—1) pm(zla"' 7Zn—1) >

pm(zla e 7Zn—1) ,pm-l—l(zly e 7zn—1)

Proof. To prove the first statement, assume that (yi, -+ ,y,—1) € Qi for any k. Ideally, if
T3S s omsm gy [P)(8:1) = P(s,- -+, 5, 1) was still a well defined DL Laurent series,
we could have simply used Lemma 2.1.9 to prove that the following Laurent series is DL:

plyrs, -+ yno15,t) = > Fpe(yns, -+ yno18) = Dt Fpe(yn, - ),
kEZ kEZ

and by Lemma 2.1.4, {px(y1, - ,Yn—1) trez would have been a log-concave sequence. But
we are not assuming anything about the admissibility of (z;, ;). Instead, we will utilize
the Poly operator and a similar argument for Poly[x®p].

First, note that it suffices to prove that for any given [ < u, the sequence {px(y1,- -, yn—1) 1,
is log-concave. For any v = (g, -+ , 1) € Z" 1, we have:
POly[Jf?l T xziElx;lp] (xlv T 7xn) = Zxﬁ_l POIY[x?I T xziElpk]<x17 T ,fEn_l).
k>l

For the sake of brevity, define:

ch(xlu t 7xn) = POIY['I?I e xziilx;lp](xl7 T 7:1:%)7
ka,a(-’ﬂl, T >$n—1) = POlY[lf(fl e 'xz'fllpk] (331, T 7$n—1)-
SO Go(x1, - ) = Z,Ql 257 (1, - ,Tp1). qa is a DL polynomial by definition,

giving us that ¢o (y1t, -, yn-1t, s) is a (d+ ||y —)-homogeneous bivariate DL polynomial
in ¢t and s by Theorem 1.4.9 and Theorem 1.4.10. Rewrite go (1t -+ ,Yn_1t, ) as:

QO:(ylt> e 7yn71t7 8) = Z Skilthr'allika,a(yl? T aynfl)'
k>l

We conclude that the sequence of coefficients of go (Y18, - - s Yn—1t, ), {@h.a(Y1s - s Yn—1) b1
is log-concave by Corollary 1.4.3 (note that this sequence is log-concave regardless of the
fact that (y1, -+, Yn—1) € Mk$p,. We will use this in the proof of the second statement of
this theorem).

Assume further that (y1, -+ ,yn—1) € Q,, for all k € Z. Using Corollary 1.4.3 again, for
any u > [, the polynomial >_,_, s*7't“ gy o (y1,- -+ ,yn—1) is DL, and since the class of DL
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polynomials is closed by Remark 1.4.1, the polynomial limg e Yy, s* 17"

is also DL. We have:

qk,OC(yla e 7yn—1)

Tim Y S ga (o yae) = ST lim gralyn, Yot
k=l k=l

= Z S (Y Y1)
fi—l

So the coefficient sequence of this polynomial, {px(v1,--- ,Yn-1)}t_;, is log concave, and
we are done.

Let us move on to the proof of the second statement. We have proven in the first part of
this theorem that for any arbitrary e € Z", (y1, -+ ,Yn—1) € R%l and [ < u, the sequence
{qr.a }}—; is log-concave, and has no internal zeroes. gi o is a "part” of the Laurent series
Pk, and {py}rez cannot have any internal zeros either, in the sense that if py = 0, then
pm = 0 either for all m > k or for all m < k. So now, it suffices to show that €2, =
whenever py, pry1 are non-zero. Take the Laurent series:

Pk+1

TYUHC’;,L o truncfz:l[p] = Pk(xh s wrn—l) + xnpkﬂ(xla T 7$n—1)-
Trunc? otrunck[p] is DL by Corollary 2.1.12, and €2, = ,,,, by Lemma 2.3.8. We are
done.
To prove the third statement, take some (21, - - , z,—1) € €, . We have that (21, -+ ,2,-1) €
Q,, for any nonzero p; by statement 2, and therefore by statement 1, {p;(z1,- -+ , zn—1) }jez

is a log-concave sequence, and the Laurent series
Q(Sa t) = ij(zb ) Zn—l)sjt_j
JEL

is a DL bivariate Laurent series. Apply Lemma 2.3.7 to get that ¢(s,¢) for any L €

(pTVL7l(Z17""Z7’L71) pm(zl,"'aznfl)
Pm (21, 52n—1) 7 Pm+1(21, ,2n—1)

(pm—l(zla"' 7Zn—1) pm(zla"' 7Zn—l) )

pm(zly e 7277,—1) 7Pm+1(217 e azn—l)

). Equivalently, for any y in the following interval:

we have that the Laurent series ¢(y, 1) = p(z1, -+, 2n—1,Yy) converges. O]

It follows from the proof of the third statement of Lemma 2.3.9 and Lemma 2.3.7 that
if the sequence {p;(z1,- - , 2n—1)}jez is not geometric, then (2, --- , z,-1) can be extended
to a point (z1,---,2,-1,y) in ©,. So for instance if p,, = 0 for some index m (or in
other words if the set of powers of z,, in p is bounded), then {p;(z1,- -+ , 2,_1)}jez is not a
geometric sequence, and (21, - -, 2,-1) can be extended to a point (21, , 2,-1,9) € ).
Also any point (21, -, 2,-1,y) € €2, can be traced back to a point (21, -, 2,-1) € p,.

There are more inclusive conditions we could impose on p to obtain that p is a sense
non-trivially DL, and that {p;(21,- -, 2,—1)}jez is not geometric. But boundedness of the
set of powers of x,, is relatively easy to check and is sufficient for the purpose of this thesis.
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Definition 2.3.10 (The set Degy ). Let p(zy,--- ,z,) be a Laurent series and o € Z" be
a given vector. For any 2 <i < n, let Degj (p) denote the set

{kz : (kla U aki7ai+17 U 7an> S Supp(p) for some kla U 7ki—1 € Z}a
and let Deg, (p) denote the set
{kz . (kla T aki7 T 7kn) € Supp(p) for some k:1> T aki—la ki-i—la o 7kn S Z}

Remark 2.3.11. If Deg, (p) is bounded below or above, then there exists some m € Z
such that the interval

(pm—l(zh'" ’Zn—l) pm(zla"' )Zn—1> )

P21, s 2pm1) P (21500 5 2n1)
is nonempty for any (z1,---,2n-1) € Qp,. If Deg, (p) is bounded below, let m be the
minimum element of Deg, (p), then we have Pm=iliin-) — ( gpd Pmlicn) o
Tn Pm (21, ,2n—1) Pm+1(21, ,2n—1)

0. If Deg, (p) is bounded above, let m be the maximum element of Deg, (p), then

pm(zly"' ’Zn—l) . pm—l(zl"" vZn—l) . ..
sy ereesary Bllle® and A < % Therefore, a point (z1, -, 2,-1) € §p,

can always be extended to some (z1,- -, 2,-1,y) € €, for pp # 0 by the third statement
of Lemma 2.3.9.

Remark 2.3.12. If (y1, -+ ,y,) € Q, then (y1, -+ ,yn—1) € Q,, for any k € Z since:

ok (1, yne1) < (Y1, yn) < 00
and therefore py(yi,- -+ ,yn) converges as well.

Corollary 2.3.13. If Deg, (p) is bounded below or above, then by Remark 2.3.11 and
Remark 2.5.12:
7Tn<Qp) = Qs

where 7, : R" — R" is defined as mp(x1, -+ ,x,) = (21, ,Tp_1).

Now we are ready to define and use capacity to prove lower bounds on the coefficients
of DL Laurent series.

2.4 Capacity bounds

In this section, we will study the capacity function for Laurent series, and prove a lower
bound similar to Theorem 1.4.4 for the coefficients of denormalized Lorentzian Laurent
series.
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Definition 2.4.1. Recall that the capacity of a polynomial p € Rxg[xy, - -+ , z,,] at the point
a € 7" is the function Cap,(p) = inf’%. For a Laurent series p € Rxo((x1, -+ ,z,)),
capacity is defined as:

infzeq, & ( ) f Q, #0

00 otherwise

Capy(p) = {

and can also be written as Cap,(p) = infw>0 p(@) . Capacity of a Laurent series is always
nonnegative, and is finite if and only if €2, # (Z)

Example 2.4.2. Let p(z,y) = Y., ., y"c~4™, then Cap,(p) = oo since the domain of
convergence of p is empty by Example 2.53.2.

Lemma 2.4.3. Assume that p € Rso((z1, -+ ,x,)) is a nonzero Laurent series with a
non-empty domain of convergence. Then Cap,(p) > 0 if and only if o € Newt(p), where
Newt(p) is the convezr hull of supp(p) C R".

Proof. Let o € Newt(p). Then there exists some k € Nand dy, - - - , dj, € supp(p) satisfying
a=\d| + -+ M\gdy, for some \y +---+ A\ =1 and \; > 0. For any > 0 we have:

k

Zpd ¢ Z_: z%) lf[ zh)h =] (pA—dA) z*,

=1

A
and inf ¢ ’% > 11, <p)‘ii> > 0.

Now assume that a ¢ Newt(p). Since Newt(p) is a closed convex set and « is a point
outside Newt(p), there exists a separating hyperplane ¢ € R" satisfying inf gesupp(p) €’ (@ — d) =
e>0. Letx € Q,and y, = (x1€", -+ ,z,e) forallt € R. Theny; € Q, by Lemma 2.1.9,
and:

0 < Cap,(p) < f< vi)

€rR Yy
d
—inf ZdESUpp(p) Pay;
teR Yy
. d—a
=inf > pay;
desupp(p)
—; tc’(d—a) ,,d—a
i D et
desupp(p)
< : et —Q
<ife’ 2, pat
desupp(p)
= p(x) inf e =0,
T teR
and therefore Cap,,(p) = 0. O
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Example 2.4.4. Let n,d € Z be arbitrary. Similar to Example 2.3.3, the domain of
convergence of the Laurent series p(z,y) = >, -, ymxdm is the set Q, = {(z,y) : v >
y > 0}, and for any (zo,v0) € U, p(0,v0) = yhzy" 41 — g—g)*l. Now we can compute
the capacity of p at point (o, B) as follows:

ynx—n—d(l o %)—1

Cap(q,g(p) = inf

O<y<z xayﬁ
. 1 @-9"
T 0Dy potBrd (L)pn
1—2)71t
- (1)25: xatB+t T o<z<1 (Z,B——3
)0 ifa+B+t#0
B inf0<z<1(1;3+)714 ifa+B+1=0

For any k € R, 4 - (%) 15 only zero at point zy = CIfE 1 € (0,1), then it is easy
1

to check that 5 = arg min((l;'? Jocz<1. If 725 € (0, 1) however, & ;3)_ is a monotone
function in the interval (0,1), and:

1-2)~" (1-2)~" (1-2)~"

oirzlgl P mm{zliréh zk 7zli>r{1— zk =0
Therefore:
ifa+B+t#0
pyl+B—n _
Cap a5 (p) = M— ifa+B+t=0and 0 < 1-16-,6’—77, <1
0 otherwise
0 ifa+p+t#0o0rpf<n
I e n);in ifa+pB+t=0and f>n
if (o, B) & Newt(p)
n 1+B n 3
(Pzgn— if (o, B) € Newt(p)
So for any k > n, Cap(t_k,k)(ZmZn Yyt = % By a similar argument, for
any k < n, one can prove that Capy_ 1)(D,<n Yyt = %#

d—m,m

Definition 2.4.5 (weighted log-concavity). Let p(z,y) = >, ;) pmx® "y™ and w(z,y) =
Y mez wprd™™y™.  Assume further that w’s support does not have any holes (i.e, the
sequence {wy, }mez does not have any internal zeroes). Say that p is a w-log-concave
Laurent series if supp(p) C supp(w) and the sequence {2}, 7., - is a log-concave
sequence. "
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Remark 2.4.6. It follows by definition that the support of p cannot have any internal
zeros if p is w-log-concave.

Lemma 2.4.7. Assume that p is w-log-concave and S, # 0. Then Q, is also non-empty.
Proof. Let p(z,y) = >,.cz P my™ and w(x,y) = Y mez wpxd~my™ and let (xg,1y0) €
Q. we will find s,7 € Ry such that (szg,ryo) € €2,

Suppose {Z—m}mezpm#o is a geometric sequence. So there exists some ¢, a € Ry satis-
fying p,, = cw,,a™ for all non zero p,,, and:
1 Pm 4
p(mo,ayo) = a_’n;xg "yy' = cw(zo, Yo)-
meZ

Therefore, (2o, 2yo) € Q.

Now assume that {%}mGZ,pm;ﬁO is not a geometric sequence. So the Laurent series
9, Y) = X ez w0 Z—Zxd_mym is non-trivially DL, and by Lemma 2.3.7, €, is non-
empty. Take an arbitrary point (z1,y1) € Q, and let L := ¢(x1,y1). Then for any m € Z,
each monomial %xf‘my{” is less than L, and p,,(zox1)? ™ (yoy1)™ which is a monomial
od p(wo1,yoy1, is less than its corresponding monomial Law,,zd ™y in Lw(xq,yo). We
can now use the comparison test to show that p(zoz1,yoy1) is a converging sequence since

p(xoz1, Yoy1) < Lw(zo, Yo)- O

Lemma 2.4.8. Let p be w-log-concave Laurent series given by p(z,y) = >, Dma® my™

and w(z,y) = ., cp Wz ™y™. For any k € Z we have:

Pk S Wy
Cap(g_ir)(P) — Capg_p (W)

Proof. The right hand side of this inequality will be zero if Q,, = (), and by Lemma 2.4.3,
the left hand side of the inequality is +o0 if (d — k, k) & Newt(p). Since the support of
p does not have internal zeros by Remark 2.4.6, (d — k, k) is a lattice point of Newt(p) if
and only if (d — k, k) € supp(p). So the statement of this lemma is trivial if Q,, = 0, or if
(d—k, k) & supp(p), and we will assume that neither are the case for the rest of this proof.

We have that (d — k,k) € supp(p) C supp(w). Again, the statement is trivial if
supp(w) = {(d — k, k)}, since we would have Cap,_y y(p) = pr and Capy_y ) (w) = wy.
So we can assume that (d — k, k) is not the only element of supp(w), and either wy; or
wy—1 is nonzero as well. Moreover, since Q,, # (}, by Lemma 2.4.7, ,, is non-empty as well.

Let:

. 1 o
Cyg_pp:=sup inf [ ——— wia;xd Iy
’ d—kyt 3
lea ©Y>0 \ apx® "y .
(d—j,5)€supp(w)

Where the sup is over all positive log concave sequences @ = {am, }mezwn20- In other
words, C(g—kr) is the supremum of the capacity of all possible w-log-concave Laurent
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series at point (d — k, k). Now the statement of the lemma is equivalent to proving that
Carr = Capg_j i) (w).

We can rewrite C(q—x) as follows:

. 1 o
Cd—k,k = sup inf R U)jCle’d Jy]
Lea®y>0 \ aprdFyt Z
(d—j,5)€supp(w)

. a; _
= sup inf E w;—L 27k
l.ca?>0 . Qg
(d—j,j)Esupp(w)
= sup inf E wjajzj’k
lc.a #>0 .
ap—=1 (d—j,5)€supp(w)

For any log-concave sequence {a, }mez with ay = 1, we have the following inequalities for
any valid index j > 1: ' '

ap—; < aj_y  and  apy; < aj .
So the supremum of inf,. (Z(d,j ) esupp(aw) wjajzj_k> is attained for a log-concave se-

quence a that is almost geometric, and satisfies a,_; = aj_;, axy; = ay,; and a; = 1:

— ; k—j j—k J—k _j—k
Ca—kr =  sup ir>1£ E wjia,_ 1% + wy, + E W;iay G2
ag—1-0+1<1 j<k—1 j<kt1
(d—j,j)€supp(w) (t—j.j)€supp(w)

As discussed before, either wy 1 or wy_; is nonzero. We can impose a restraint that either

ap+1 Or ai_1 has to be non-zero as well, or the supremum will not be attained for the
. . 71

sequence a . Without loss of generality, let a1 # 0. So ax—1 < a;,, and we can further

restrict to the case a1 = a,;{l in the supremum, which implies:

. ik . ik
Capp = Sup b Z wi(arz)" | =iff Z w;z’
(d—j.5)€supp(w) (d—j,5)€supp(w)
Therefore Cy_y . = Capy_y 1) (w), proving the result. O

Corollary 2.4.9. Let p(z,y) = >, -, P "y™ be a DL Laurent series. Then:

(k —n)k-n
14k —n)lth—n’

i > Capig_p ) (p)- (

for any k > n. Similarly if p(z,y) = >, -, P ™y™ is DL, then for any k < n:

(n _ k,)nfk:
14+n— k)l-‘rn—k:'

pr > Cap gk i) (p)- (
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Proof. if p(z,y) = >, >, Pmxd™™y™ is DL, then p is (Xmsn x4=mym)-log-concave. Using
Example 2.4.4 and Lemma 2.4.8, we have:
Pk S (k—n)F
Capig_pp(p) — (14 Kk —n)tth-n’

for any k > n. pisalso (32,4, x™y4"™)-log-concave, but Lemma 2.4.8 gives the same
bound as above.

The other statement can be proven similarly. O]

Remark 2.4.10. We cannot use the same method to bound the coefficients of a general DL
Laurent series p(z,y) = Y.,z Pme® ™y™. The best thing we can say about this Laurent
series is that it is w-log-concave for w(:r;, y) =3 ez 7 ™y™, and using Corollary 2.4.9 for
this p and w gives us a trivial bound. We can try and fix this by swapping w for a Laurent
series that captures the “growth” of p’s coefficients, but that would beat the purpose of
bounding the coefficients of a Laurent series without knowing much about the coefficients
themselves.

We can rewrite Corollary 2.4.9 using Deg? from Definition 2.3.10 as the following
corollary, which will be the base case for an inductive argument to prove lower bounds on
the coefficients of n-variate DL Laurent series:

Corollary 2.4.11. Let p € R((z1,x2)) be a DL Laurent series and let (o, as) € supp(p).

Further assume that by is either a lower or an upper bound for Deg(al’”)( ), then we have:
(Jaz — Dp[)le=—"

1+ | — by|)tHlea=bal”

P(ai,a2) > Cap(al,ag)(p)'(

Proof. Assume that p(xi,z5) = Zm>np(d_m7m)m‘f_mx? and p—nny 7# 0, so that n is a
tight lower bound for the set of powers of x5 in p, Deg, (p). We proved in Corollary 2.4.9
that:

(In — ag|)ne=
14 |n — ag|)ttin—eal’

p(al,ag) Z Cap(al,ag) (
Since f(z) = % is a decreasing function on R+, for any (looser) bound by for the set
Deg,. (p) = Deg("”’”)( ), we have:

(Jaz — ba[)lo=—"
14+ |042 _ b2’>1+|042*b2\'

P(ay,a9) > Cap(al,ag)(p)'(

A similar argument works for p(zq,x2) = ngn p(d,m,m)xf_mxgb. O

Theorem 2.4.12. Let p € Rxo((x1,- -+ ,x,)) be a d-homogeneous DL Laurent series and
a € supp(p). Assume further that 2, is nonempty, and let b; be an upper or lower bound
for Deg? (p) for all i > 2. Then:

i — 0|

Capa H (14 |b; — au| )1 Hlbi—asl”

7,:2

| \/
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Proof. The proof is by induction over n > 2. The case n = 2 is Corollary 2.4.11. Let
n > 2. First, assume that Degy (p) is bounded below by b,, and write p(zy,--- ,z,) =

ZZO:bn xﬁpk(xb T axnfl)'
For any (z1, -, Zn—1, 2n) € €, we know that (y1t,- - ,yn_1t,t) € Q, by Lemma 2.1.9,
where y; = 2= and ¢ > 0 is arbitrary, besides, for any s € (0,1):

plyits - ynats) = s oy, ya)

k>by,
s Z s ey, )
k>by,
S Sbn Z td_bnpk(yb e 7yn—1)
k>by,
S\b
= (Z) np(ylt7 e ayn—ltvt) <0
Note that each py is a (d— k)-homogeneous Laurent series with (y,- -+ ,y,_1) in its domain
of convergence by Remark 2.3.12. So p(y1t, -+ ,yn_1t, s) also converges for any 0 < s < t.
Observe that the capacity of p at point « is at most %, and we can write:
Zk>bn pk(yb ) yn—l)
Capa(p) S 0 An—1 L« d—o
BT ynls"t "
B 1 Zmn oy, Yno1)
o y‘lll . yg"ll 0<s<t Sa”td Qn '
The sequence {pr(y1, " ,Yn—1) tk>p, 1S log-concave by Lemma 2.3.9, so the Laurent se-
ries Zk>b skt Fp(y1, - -+ ,yn_1) is a bivariate DL Laurent series in s and t. Using the
induction hypothesis for n = 2, we obtain:
1 S (Y, - s Y
Cap,(p) < — inf Zkzbn (11 Yn—1)
YIt eyl o<t songd=on
< Pay, (yl; sy Yn— 1) (1 + oy, — bn)H_an_bn
Tty (i = by )on =t
_ pan(zh e 7zn—1) (1 +ap — bn)lJranibn
- zixl e Zf:ﬁ;l ’ (an — bn)an—bn
Since this inequality holds for any (z1,--- , z,) € €,, we conclude:
. Pa (Zh Tty Zn—l) (1 + oy — bn)1+anibn
Ca < inf - - .
pa (p) - (21,“' ,Zn_l,zn)eﬂp Zill tee zniil (O{n - bn)an—bn
_ . Pa, (Zla e 7Zn—1) (1 + Qp — bn)l—l—an_bn
= inf o T ;
(21,2010, 210 20" (v — by )n=0n

(1 + o, — bn)1+an_bn
= Cap(a17...,o¢n_1)(p0¢n)' (Of _ b )Oén—bn
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The second to the last step is due to Corollary 2.3.13. The results follows from the induction
hypothesis for p,,, .

If Degy is bounded above, then a similar argument works. O

All DL polynomials p € R[x] and “shifted” DL polynomials x®*p(x) satisfy Theo-
rem 2.4.12’s conditions. It might seem that our assumptions for this theorem are too
restrictive, and that if all of the sets Degy (p) are bounded below or above for some Lau-
rent series p, then p is either a DL polynomial or a shifted DL polynomial. But we will
see in the next section that there are other DL Laurent series that satisfy this condi-
tion. In fact, any DL Laurent series whose support is contained in a proper cone satisfies
Theorem 2.4.12’s assumptions.

2.5 Applications of capacity bounds for DL Laurent
series

In this section, we first introduce the flow Laurent series of an acyclic directed graph. We
then look at the flow Laurent series for directed complete graphs and directed complete
bipartite graphs. In the former case, we will be able to bound the number of directed
flows of a complete graph, and in the latter case we will be able to bound the number of
contingency tables of a given marginal.

Definition 2.5.1 (flow Laurent series). Let G = ([n], E') be a simple directed graph. For
any edge e : v — u € E, define:
mv,a:u Zxk —k

k>0

and:

pG<$) = H pe(xwa)

e=v—uck
We will first check when pg is a DL Laurent series.

Lemma 2.5.2. pg is a well-defined Laurent series if and only if G is acyclic. Furthermore,
pa is a DL Laurent series in this case, and we will refer to pg as the flow Laurent series

of G.

Proof. First, assume that G has a directed cycle C'. Without loss of generality, let C' be a
cycle with vertices 1,2,--- ;7 and edges 1 — 2,2 — 3,--- ,2—1 — 1,2 — 1. Then there are
infinite ways to obtain the monomial 2229 - - 29 in the following product of Laurent series:

pc(»’l?h T 7351‘) = pl%Q(xh 952)2?2%3(562, 353) e 'piflai(xifla iUz')PHl(xi, 561)

() () (Z) (B)
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Figure 2.1: The set of neighbors of the vertex n in H (i1,--- ,i; are not necessarily consecutive,
unlike what this figure might suggest).

One would just have to fix k € Zso, and choose 2% 2% from p;_,;1 for j € [i](with

xi11 = x1). Therefore, pc is not a well-defined Laurent series. Because pg(x) has a factor
of pc, it is not a well-defined Laurent series either.

Now assume that G is an acyclic directed graph. We want to prove that pg is a DL
Laurent series. We will proceed by induction on n, the number of vertices. If G' has only
two vertices and one directed edge, then pg(z1, x2) is a DL Laurent series by Example 2.1.3.

Since G is acyclic, one can relabel the vertices of GG so that each edge of GG is directed
from the vertex with the smaller label to the vertex with the larger label. Let H be the
induced subgraph of G on the vertex set {1,--- ,n—1}, and let N,, = {iy,--- ,i;} be the set
of neighbors of the vertex n, and ey, --- ,e; be the edges i1 — n,--- ,i; — n respectively:

By the induction hypothesis, py(x1,- -+ ,x,_1) is a well-defined DL Laurent series, and
by Remark 2.2.1 and Example 2.1.3,

fG(xlv s Ty Yigs m%}) = pH('Th o 7'rn—1>pe1 (yiuxn) te 'pet(yita l’n)
is also a DL Laurent series. We will show that (z;,,¥;,) is an admissible admissible pair of
fa, (i, yi,) is an admissible pair of T} ?zyil [fc] and so on. Then by Corollary 2.2.5, pa(x)
will be a well-defined DL Laurent series. First, let us prove that (z;,,y;,) is an admissible
pair of fq.
Fix k,aq,- -+ ,ap, b1, -+, Bn € Z. We will show that the number of pairs (d, d,) such
that d,+d, = k and :z;d””yZl IL iy z [, iy yg’t is a monomial of fs with nonzero coefficient,

is finite. The only way to obtain a monomial from fg; with the degree of x,, being d,,, is
to choose a positive integer partition of n such as 0 < A, Ay, -+, A;,, and choose the

Ai' — A . .
monomial Tn Y from p.,. Therefore, the degree of y; in such monomial would be —A;, .
Now since d,, is a fixed integer, there are finitely many positive integer partitions of d,,
and therefore, finitely many possible choices of d,:

fG(':Elv e Ty Yyt ’ylt — (Z $my;m) (Z xmyl—zM) e (Z xmyl—tm> ‘

m>0 m>0 m2>0
~ N~ NV v
PURRSN Ny =N Ny =X
1 1 2 22 it 1t
In " Yy Tn " Yiy Tn " Y,

40



Hence, (x;,,v;,) is an admissible pair of fg.

Now note that:

Tg?:yil [fal = pr (Z x?@yj’”) (Z d?y;m) (Z x??J[ﬁ) :

m>0 m>0 m>0

Since we can only choose positive powers for z,, from each of these parentheses, (z;,,v;,) is

an admissible pair of T}, ?:yil [fc]. Similarly, (z;,,y;,) is an admissible pair of the Laurent

S

V— [fc] and we are done. O

series 17
K2

Remark 2.5.3. Let G be an acyclic directed graph. Then as proven in Lemma 2.5.2,
pa(z1, -+, x,) is a Laurent series and:

Qe ={(z1,-- ,2,) €ERsg 1y >, >0foralle=u—ve EG)}

Further for any @ € Q,,:

For a flow ¢ € Z‘f()' of the graph G = ([n], E), the in flow of a vertex v € [n] is the sum
Ot (v) =3, ., Pe, the out flow of v is the sum &~ (v) = > . . ., and the net flow of
v is ®*(v) — &~ (v). Note that if & is an N-flow, then N, is the net flow of v.

Remark 2.5.4. For a vector N € Z", there is a one to one correspondence between the
set of N-flows of G = ([n], ), and the ways of obtaining the monomial &~ from the
Laurent series pg = [[,.,,pepPe- For an N-flow ® of G, choose z,®zl* from p,_,, to

finally obtain [,cp, ze =70 _ 2N Qo [2N]pg is the number of N-flows of G.

Theorem 2.5.5 (Theorem 2). Let G = ([n+1], E) be a directed complete graph with edges
directed from the larger vertex to the smaller ones, and N &€ Z;”gl. Recall from Section 1.4
that Kn(n) is the number of N-flows of G. We have:

|54

|5

K,(N) > Capn(pa)- || (il & DT

where:

1
pG(xlv"' 7xn+1) = H T 0

1<i<j<n+1 Zj

15 the flow Laurent series of G.

Proof. First, note that the statement is trivial if N ¢ supp(pg), since both [N]ps and
Cappy (pe) are zero. So let us assume that N € supp(pg).
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We want to find a bound for the set Degg(p(;). Degi\i’ (pe) is the set of all possible net
flows that vertex ¢ can have with respect to a flow ®, with the constraint that the net flow
of any other vertex j >4 is N;.

Let H be the induced subgraph of G on vertices ¢ + 1,--- ,n. Since edges are directed
from the larger vertices to the smaller vertices, there are no edges going into H, and all
the vertices of H send > j~i INj units of flow to the rest of the graph:

Do Pe= ) - Y bt ) O

e:j—u e:jo—J1 e:ja—J1 e:j—u

u<i J2>g31>1 J2>g31>1 u<i
7> 7>
I DI DI
j>t e:u—j eu—j
u€[n] u€[n]
= > () -2 ()
j>i
=2 N
j>i
and the vertices 1,--- 7 receive — Zj>i N; units of flow from H.

The most amount of in flow that i can have is achieved by absorbing all of this — . N;
units of flow that is coming from H, and the least amount of out flow that ¢ can have is 0,
obtained by not sending any flows to vertices 1,--- ,7 — 1. So the maximum net flow of ¢
is — Zj>i Nj, which is an upper bound for the set Degi\i (pc)-

Note that €),, is nonempty by Remark 2.5.3, and we can use Theorem 2.4.12, to
conclude: » NS N
j |N; + >0 N[Nt 2> N
N 3>
x"|pe > Cappn(pe). _ —.
- vre- 115 3o Ny )Nt N

1=2

Additionally, for a valid N-flow ®, the sum of net flows of all vertices is zero, and s; 1 +
>_;>i IV; = 0. Finally, we could use Remark 2.5.4 to rewrite:

n

Kn(N) > Capy(pa)- H

=1

4]
(Is] + 1)l

We will derive a similar bound for the number of contingency tables. Recall that
for some a € Z%, and B € ZZ,, CTk (e, B) is the number of K-contingency tables with
marginals (a, 3). Let CT(c, ) be the number of contingency tables with marginals (o, 3)
with no restrictions on their entries.
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Remark 2.5.6. Define:

Cloy, - aniyn,ym) = [[]1 (Zﬂ?ky]k>

C' is the flow Laurent series of a complete bipartite graph with two parts of size n and .
For a contingency tables A € ZZI§™ of marginals (c, 3), choose the monomial 93 yj Aig

from the sum Y, . zFy; %, to ultimately obtain []_ lxz’“ Ak [Ty ]Zk 1Ak oy =B,
This gives us a bijection between the ways of getting %y ~? in C and the set of contingency

tables of marginals (e, 3).

Theorem 2.5.7. Let a € 2%, B € 2%, and let 5; = S _ o fori € [n]. Then:

m Bﬂz n i 8;‘31711
(a 5) > Cap (e, B H +5 1+61 Hmax 1 + oy )1+a¢’ (1 +5i71>1+si_1 ’

=1

where:

=1 ==
=1 j=1 yj

Proof. Similar to the proof of Theorem 2.5.5, the statement is trivial if (o, —3) & supp(C).
So assume that there exists at least one contingency table with marginals (a,3). This
would imply that |a|; and |B|; are equal, and both count the sum of entries of this
contingency table.

To use Theorem 2.4.12, we need to find a bound for the sets Deg;‘:”ﬂ) and Deg?(;‘”ﬂ).
We have:

Deg ={-t Y ?JgffH -y Pm € supp(C) for some d € N, ¢y, -+, t;_; € N},

and a bound for this set is a really a bound for the sum of entries in the j-th column of
a contingency table with the constraint that the sum of columns j + 1,--- ,m is prede-
termined. In this circumstances, the sum of the entries of the j-th column can be any
nonnegative integer, so an upper bound for Degz(/;"’_'g) is 0, and we cannot find any other
lower or upper bound for this set.

Now to find a bound for Degé‘j”ﬁ). Write:
Deg @A) = {d; : gt ... glighitt ... g0y~ O) f di - . d: N N™
Sar P T w xomy P € supp(C) for some dy, -+ ,d;1 € N,B € N"}.

Same as before, a bound for this set is a bound for the sum of entries in the i-th row of a
matrix A € anm, with fixed column sums and row sums for rows ¢ + 1,--- ,n. For this
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matrix, we have:

n m
(sum of the entries) — (sum of the entries )
of the k-th row of the k-th column
k=1 k=1

i—1 n

= (SIS = 18l — D Curitin) — X Curaitn)

k=it1
<|B1 — Z Q.

k>i+1

We conclude that |3~ -, o is an upper bound for the set Deg;’?‘;_ﬁ). We can simplify
this bound further since |e|; = [8[1. So s; = [a|1 — > ;. o is an upper bound for this
set. We could also always use the fact that the sum of entries of a row is nonnegative to get
a lower bound of 0 for this set. Now while implying Theorem 2.4.12, we could use either
of this bounds on Deg;‘f’ﬁ) that gives us a better estimation of [x®yP]C:

(e7)

m ﬁﬂ] n o (Sz' _ &i)s,—ai
[33 y ]C > Cap (a, ,3) H 1 —|—6 )1+ﬁ] Hmax{(l +O{ )1+C¥z (1 4 S; — ai>1+si*ai } .

Jj=1

For the final step of the proof, use Remark 2.5.6 to see:

m Bﬁg n ;Nz (51;1)5%1
(a /8) > Cap (e, ﬁ H 1 + 5 1+,8] Hmax{ )1—&-042" (1 + Siil)l‘l'si—l } ’

J=1

2.6 Future work

DL preserving operators on Laurent series and symbol of an operator. We
saw in Theorem 1.3.11 that there is a sufficient condition that implies an operator T :
RH[xq, -+, 2] = Rlxq, -+, x,,] preserves the class of Lorentzian polynomials. The authors
of [5, Theorem 1.2] introduce algebraic and transcendental symbols of an operator T :
Rlzy, -+, 2, = Rlzy, -+, 2] to check if it preserves real stability:

Theorem 2.6.1 ([0, Theorem 1.1]). For a linear operator T : R*[xy,- -+, x,] — Rlxy, -+, xy],
define the algebraic symbol of T as:

n

_ n _
G - , M| — ay p—o
oiw2) = T | [T+ 2 | = 3 () 7@m)ame,
=1 alp
where Ty treats all z variables as constants and only acts on x variables, and (Z) = a!(ﬁia)!'

Then T preserves the class of real stable polynomials if Gr(x, z) is real stable.
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Theorem 2.6.2 ([5, Theorem 1.3]). For a linear operator T : R[xy, -+, z,) — Rlzy, -+, 2],
define the transcendental symbol of T' as:

— zC\C

Gr(z,y) = Y (-1 T~

al’
acN"

By abuse of notation, we can write Gp(x, z) = Tyle=®*]. Then T preserves the class of real

stable polynomials if G is the limit (uniformly on compact sets) of real stable polynomials
in 2n variables.

Suppose we have a linear operator T : R[xq, -+ ,x,] — Rlzy, -+, z,], and we want
to check whether T preserves real stability. We could either check if Gy is the limit of
real stable polynomials, or check if for all p € N", the polynomial G7, is real stable,
where T, = T‘R“[Ih_.’xn]. Can we utilize the methods from [5] to find an algebraic and a

transcendental symbol for operators on Laurent series that preserve the class of DL Laurent
series?

Connections to symmetric functions. The idea of DL Laurent series was developed
originally to attempt prove that Schur polynomials are DL using a more combinatorial

method compared to [21]. Consider the following equality, known as the Cauchy identity:
HH LI Z sx(@r, a)sa(yr Lyt
1 R A 1, yln JON yl ) 7ym .
=1 j=1 Yj A a partition

The left hand side of this identity is a DL Laurent series, in fact it is the Laurent series
C(xy,-++ ,xn; Y1, ,Ym) introduced in Remark 2.5.6. Would it be possible to apply an
operator to the right hand side of this equality to obtain s)(xy,--- ,z,), and then show
that this operator preserves the class of DL Laurent series?

Comparing bonds from Theorem 2 and [25]. Although our bound for K,,(IN)
from Theorem 2 is obtained more naturally compared to Theorem 1.4.8, how do these two
bounds compare numerically and asymptotically? Moreover, the authors of [25] use convex
analysis to find a dual formulation of Cap, (®):

Theorem 2.6.3 ([25, Proposition 3.1]). Let N, and 3 be the vectors from Theorem 1.4.8.

Then:
1 ((Iij + 1)ai7+1
Caviapy | [I 7=~ = sw ][] =

i+j<n - Izy] AGSO(-Fn (N)) i+j<n azg

where o(F,(IN)) is the image of a bijection ¢ from the set of N-flows of complete acyclic
graphs with n+1 vertices, to the set of K-contingency tables with marginals o, 3 for some
K. See [20, Section 1.3] and [25, Section 2.1] for more details about this bijection.

So any matrix A € ¢(F,(IN)) will give us a lower bound for Cap,, g,(®) using Theo-
rem 2.6.3 that is easy to compute from the computational complexity point of view. Can
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we apply their analysis to Capn (pk,,, ), and replace the capacity factor in our lower bounds
in Theorem 2 with its dual formulation, to obtain a bound that is easier to compute?

Other applications of lower bounds for DL Laurent series’ coefficients. Fi-
nally, what other classes of combinatorial objects could we find that Theorem 2.4.12 would
give a meaningful bound for?
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Appendix A

Missing proofs

For completeness, the proofs of results used without proof in previous sections are included
in this appendix.

A.1 Ratio test

We state and prove the ratio test for general positive sequences, and log-concave sequences.

Lemma A.1.1. Let {a,}n>0 be a sequence with a; € Ryg. The sum ano a, converges if

lim,, oo azzl < 1, and diverges if lim,,_,~ “ZII > 1.

Proof. Let L = lim, o “*. If L < 1, take some r € R satisfying L < 7 < 1. Then
there exists some large enough ng € N such that “= < r for all n > ng, and therefore,
n < ap,.r""°. Write:

Zan < Z an + Z Apr"

n>0 n<ng n>ng
1
= E Ap + Gpg—— < 00,
1—1r
n<ng

80 50 @n CONVErges.

If L > 1 however, take some s € R such that L > s > 1, and there exists some n; € N

satisfying aZ“ > s> 1 for all n > ny, and therefore a,, > a,,. So we have:
D=y ant ) an,
n>0 n<ni n>ni
this sum diverges. O

o1



Lemma A.1.2. Let {a,}n>0 be a log-concave sequence with a; € Rsy. Then the sequence
{azzl}neN 18 decreasing and convergent, and the sum ano a, converges if and only if
limy, oo “2 < 1.

An41 .
Zn }nGN 1S

}nen 18 a decreasing positive sequence, and converges to some L € R.q.

Proof. Because 2 < 2= for a log-concave sequence {a, }nen, the sequence {
n n—

decreasing. So {

an

By Lemma A.1.1, ano a, converges if L < 1, and diverges if L > 1. It remains to
show that this sum diverges in case L = 1 as well.

an+1

Note that {a"+1 tnen is a decreasing sequence, and if L = 1, none of the terms can
be less than 1, or we will end up with a sequence that is eventually strictly less 1. So we
should have az“ > 1 for all n € N, and a,, > a;. Now we have:

SozYe

neN neN

and this sum diverges. O

A.2 Proof of Lemma 2.3.8 for n =3

Lemma A.2.1. Let
p(x1, g, 3) = 37 (21, T2) + (21, T2)

be a (d + 1)-homogeneous DL Laurent series. Assuming that r and s are both non-zero
Laurent series, we have (1,1) € €, if and only if (1,1) € Q.

Proof. Write:

3’;]_,.1’2 E rnajle 3

ne”L

s(xy, x9) = Z Sty T

ne’

and let D, := Deg, (s) = {n:s, # 0}, D, :== Deg, (r) ={n:r, #0}, and D := D, N D,.
We need to show that that ) _ p, Tn converges if and only if Y e p, Sn converges. s and
r are two bivariate DL Laurent series by Corollary 2.1.11, and therefore, the sequences
of their coefficients are log-concave by Lemma 2.1.4. Particularly, {7, }nez and {s,}nez
cannot have internal zeros, implying that D, and D, are two sets of consecutive integers.
We will prove that D,ADjg has finitely many elements.

Take an arbitrary n € D, and an arbitrary element m € D,. So we have v :=
(n,—m+d+1,0) € supp(p) and p := (m,—m +d, 1) € supp(p). Note that the support of
p is M-convex by Lemma 2.1.5, and we have two elements of p’s support differing in their
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third coordinate, implying that there should exist some i € {1, 2} satisfying p—es+e;, v+
es—e; € supp(p). Ifi = 1, we obtain (m+1, —m+d,0), (n—1, —n+d+1,1) € supp(p), and
therefore m+1 € Dy and n—1 € D,.. In case i = 2, we get (m, —m+d+1,0), (n, —n+d, 1) €
supp(p), so m € Ds and n € D,. Thus, we have proven so far that for any element n € Dy,
either n itself or n — 1 is an element of D, as well, and conversely, for any m € D,., either
mor m+1isin D,. So we have:

min(D,) > min(D,) — 1 and max(D,) < max(D,) + 1,

where min(A), max(A) are the minimum and the maximum elements of a finite set A
respectively. Taking into consideration that both D, and Dy are sets of consecutive integers,
we conclude |DADg|,|DAD,| < 1. We now just have to prove that the sum )
converges if and only if ) 7, converges.

neD Sn

For any n € D, define:

o Tn+1
€n = ;
Tn
Sn+1
511 = ;
Sn,

The idea is to prove that €, = 0(d,,), and that the coefficients of neither s nor r grow
faster than those of the other. Since p is a DL Laurent series, for any k € Z, the polynomial:

—k k—d+1, 1 _ o .2 2
Poly |z "y P| = Sk + Sp41T1%2 + Spo¥T + TET3T + Thy1 23T
is DL, and the matrix:

0 Ty Tk+1
VEN[Poly[ar* a5~ 'pl] = | 7 sk sen

Tk+1  Sk+1  Sk+2
has at most one positive eigen-value by Definition 1.3.3 (this hessian is written in the
reverse order of variables). So its determinant must be nonnegative. If k41 € D, we can

divide the first row and the first column of this hessian by ry1, to get a matrix whose
determinant is still nonnegative, giving us:

0 1 €L
0 S 1 Sk 5k3k
€k OkSk  OkOk415k

2
= —€.8k + 26,015k — OkOk415k,

which is a quadratic form in €, and as long as s, > 0 (so for instance if k € D), we will

get:
Ok — /0% — 0klks1 < €x < O + 1/ Of — OpOpt1-
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First, suppose (1,1) € €2, and let us prove that >, 7, and > . _ 7, both con-
verge, where Do = D NZso and Do = D N Zq. -

If D> is a finite set, >, .
is an infinite set. Recall that D is a set of consecutive integers, and therefore, D~ contains
all nonngeative integers greater than some M € Z>,. We conclude that ¢, is a well defined
ratio for all n > M. Apply Lemma A.1.2 to > . ,, s, to obtain §* := lim,,_, 0, < 1.

T, converges without any further issues. So suppose D>

Let ky € N be a large enough integer satistying ko, ko + 1 € D and o0, < 1, and let

_ 2
¢ = T0k)” Now, there exists some large enough k > kq satisfying 6x — dx11 < ¢, therefore:

20,
ek < 0+ V/0k/O — a1 < Oy + /O v/C < 1

So lim,, o0 €, < 1, and )

neDs, 'n CONVErges by Lemma A.1.2.

If D_g is finite, we don’t have anything to prove. So we can assume that D_q is the set
of all negative integers smaller than some M € Z, and that §_, is a well defined ratio for
all n > |M|. Apply Lemma A.1.2 to get 67! := lim,,_,o0 0_ < 1.

If 6, # oo, we have that lim, .0, = d, > 1. Let k; be a large enough integer

1\2
satisfying 6_j, > 1, and let ¢ = %. There exists some large enough k£ > k; satisfying

0k — 0, <cand d_p — d_gr1 < c. Note that {§_, },en is an increasing sequence and we
have:

€_p > 57k — v/ (S,k.\/ ((S,k — 5,k+1) > (S,kl — \/(5_*\/E >1

So {0_p }nen is an increasing sequence with &, > 1, and therefore lim,, o, 0", < 1.

On the other hand, let J, = oo, and assume for the sake of contradiction that e_; is
always less than 1 for £k € N. We know that §_; — \/53k, — 0 10 g1 < € <1, and we
can rewrite this inequality to get:

0% — 0k jy1 = (6 — 1)
— (S_k(Q — 5—k+1) >1

and therefore, 0_j,; < 2, a contradiction since we know lim,, ,, §_,, = co. Note that we
could assume that the sequence {€_j}ren is bounded above by any number and derive a
similar contradiction. So in this case, not only lim,,_,,, €_,, is strictly larger than 1, but it
is infinite as well.

Overall, we have proven that lim,, GZ}L < 1,and ) r, converges by Lemma A.1.2.

n€D<o

For the second part of the proof, assume that (1,1) € €2,. We need to show that both
of the sums > _p, spand Y, _p s, converge.

Suppose D> is the set of all nonnegative integers greater than M, or we have nothing
to prove. By Lemma A.1.2, the limit of ¢, as n goes to infinity be some ¢* < 1.
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25
the sequence {0 }x>n converges by Lemma A.1.2, and therefore, there exists some large

enough m satisfying d,, — 0,11 < ¢, therefore:

e )2
Let my be a large enough integer satisfying €,,, < 1, and let ¢ = A-cmo)” - Note that
mQ

6m S €m+ \/a\/ (Sm - Um+1
S €myo + \/a\/ (5m - 5m+1
< mo + VOmeV/e < 1

For the last part of this proof, assume that D_q = Z_.o. The ratio test for the conver-
gence of ZneN r_n tells as that lim,_,. e_L < 1. If this limit is exactly 1, we will get a
contradiction, so let €' = lim, o €~} < 1.

For the last part of this proof, suppose D_q is an infinite set and contains all negative
integers smaller than some M € Z. Then €_,, is a well-defined ratio for all n > |M], and
by Lemma A.1.2, ' = lim, oo e ) < 1.

If €, = oo, we have:

ek <0+ \/53k — 0 30 pq1 < 204,

and {0_p, }n>|m| goes to infinity, in which case lim, 6F < 1land S, converges

by Lemma A.1.2.

n€D<o
So assume that 1 < €, < co. Moreover, if 6! := lim,,_,o (5:,1” we can assume 0, < 00 as

well (note that {67, },>ar converges by Lemma A.1.2). Let m; be a large enough integer
(6*7711_1)2

satisfying €_,,,, > 1, and let ¢ = —=5%

0_m — O0_myi1 < ¢, and we will get:
5—m Z €-m — \/5—m\/5—m - 5—m+1
> €—my — \/5_*\/E

> 1

. There exists some large enough m such that

So 0_,, > 1 for some m > |M]|, and lim, ,,, 0", < 1. So Zn€D<O S, converges by
Lemma A.1.2, completeing the proof. O]
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