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List of Symbols

D¢ The set of essential vertices of the graph G. [2]]

F{, The set of times 6 such that the vertex ¢ flashes.

G o H The rooted product of the graph G and the sequence of rooted graphs H. [17]
G o; H The rooted product of the graph G and the graph H with root j.

G U H The disjoint union of the weighted graphs G' and H.

: P(G) I
HY The set of zeros of ————. |b4
“ (G \ 1)

Si The set of vertices of G that are at distance k from i.

Sp The set of indexes of the eigenvectors associated with the eigenvalue 6.
T}, The rooted path tree of a weighted graph G with root 1.

V¢ The vector space of polynomials generated by {(adj(Ac(x)))i;}iem-
Vi The vector space of polynomials generated by {(adj(Ag(x)));k}jkem)-

Vr(0) The number of plus signs along the rooted subtree T in its respective path
tree. (A0

V.(#) The number of plus signs along the path c in its respective path tree.
We The vector space of polynomials generated by {1(G \ ¢)}eef— -

W¢ The vector space of polynomials generated by {1(G \ ¢)}eefi—s-

W/’ The vector space of polynomials generated by {u(G \ ¢)}eefisi-

[ — -] The set of paths in the graph G.

[i = j] The set of paths from vertex i to j on the graph G. @

Ae The product of —\, over the edges e of the path c.

Ce The set of disjoint unions of directed cycles on the graph G. [4]

Ce o The set of disjoint unions of directed cycles with length two on the graph G.



M The set of all matchings of the graph G.

¢r; The unique path from the root of the tree T' to its vertex j.

0S The frontier of the set S. 21

0;p The partial derivative with respect to z; of the multivariate polynomial p.
¢(G) The multivariate characteristic polynomial of the weighted graph G.

pe The weight of the directed cycle c. [4]

pe The weight of the path ¢ when the edge weights are p;;. |§|

adj(Ag(z)) The adjugate of the matrix Ag(z).

cr; The unique path from the root of the tree T" to its vertex j minus its last vertex
J- B

def(G) The number of vertices left uncovered by a maximum matching in G.

mg(G) The multiplicity of 6 as a zero of the matching polynomial of G.

pn The number of self-avoiding walks of length n in a rooted locally-finite vertex-
transitive graph. [77]

t7" The sum of the weights of walks of length m from the root ¢ to the last vertex of
the path ¢ in the path tree T¢,.

t The sum of the weights of the closed tree-like walks of length m starting at
vertex i. [I§]

zg The largest zero of the matching polynomial of the weighted graph G. [34]

+o,c The set of vertices of the weighted graph G such that their graph continued
fractions are positive at 6.

—o,c¢ The set of vertices of the weighted graph G such that their graph continued
fractions are negative at 0.

0g,c The set of vertices of the weighted graph G such that their graph continued
fractions are zero at 6. 23]

Ag(x)[i, 5] The matrix obtained by deleting row ¢ and column j from Ag(z).
Ag The multivariate adjacency matrix of the weighted graph G.

C¢ The set of vertices of the graph G that are neither essential nor have an essential
vertex as neighbor.

SubDiscy(p) The k-subdiscriminant of the polynomial p.

a;(G) The graph continued fraction of a weighted graph G with root i.



00g,c The set of vertices of the weighted graph G such that their graph continued
fractions are infinite at 6. 23]

Ai~j The contraction weight between the vertices ¢ and j.
1(G) The multivariate matching polynomial of the weighted graph G.
e The connective constant of the locally-finite vertex-transitive graph G.

+9,c The set of vertices of the weighted graph G such that their graph continued
fractions are positive or negative at 0.



Chapter 1

Introduction

This thesis focuses on a connection between matching polynomials and branched
continued fractions.

The first known use of matching polynomials dates back to Riordan’s work [94] p.
165], where he defined a variation for bipartite graphs known as rook polynomial and
used it to study permutations with restrictions. At the beginning of the 70’s, the
matching polynomial appeared in the context of chemistry and physics. In chemical
research, it appeared as a theoretical model of aromaticity and resonance energy in
the works of Aihara, Gutman, Milun and Trinajsti¢ [2,60,61]. In statistical physics,
it appeared as the partition function of the monomer-dimer model in a classic paper
by Heilmann and Lieb [64].

The matching polynomial was then studied from a mathematical perspective in a
series of works by Farell, Godsil and Gutman [37,55,/56], and is currently considered
a relevant part of algebraic graph theory [52]. A comprehensive overview of the
matching polynomial’s early history is available in Gutman’s survey [59).

In recent years, the matching polynomial has appeared in new contexts, such
as: the construction of infinite bipartite ramanujan graphs for all degrees [85]; as
an example in the theory of hyperbolic polynomials [3]; in a quantum computing
framework known as gaussian boson sampling [20]; on an upper bound for the
number of spanning forests of regular graphs [14].

We observe that the enumeration and search of matchings is a classic subject of
combinatorics and complexity theory itself, as can be seen in Propp’s survey [93]
and Lovasz and Plummer’s book [82].

On the other hand, there is the classic theory of continued fractions, which appears
in connection with Pell’s equation, orthogonal polynomials [69] and generating
functions [44], to name a few. A good description of this theory is given in the books
by Perron [89,90], Jones and Thron [67] and Khrushchev [69].

In this thesis we are interested in a generalization of continued fractions, called
branched continued fractions, that was introduced by Skorobogat’ko, Dronjuk,
Bobik and Ptasnik [96]. There are several works that aim to generalize convergence
theorems of continued fractions for this setting [17]. Recently, a more general type
of branched continued fraction was also considered in two papers by Pétréolle, Sokal
and Zhu [91,92] that study some notions of positivity for combinatorial sequences of
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polynomials.

It turns out that there is a fundamental connection at a generating function
level between matching polynomials and branched continued fractions that first
appears in Viennot’s work [101, p. 149]. In the same way that the characteristic
polynomial of a graph is connected to determinants of symmetric matrices, the
matching polynomial is related to branched continued fractions. In the first part of
this thesis, we recall some basic facts about characteristic and matching polynomials
and present this connection. From there, we develop our results.

On the matching polynomial side, in Chapter [3| we offer a conceptually simple
proof of a Heilmann and Lieb theorem, which states that matching polynomials have
real zeros. We then prove a refinement of a theorem by Ku and Wong [77], which
extends the classic Gallai-Edmonds decomposition [35,46] to the setting of weighted
matching polynomials. A corollary of this theorem by Ku and Wong is a result by
Ku and Chen [71], which states that the matching polynomials of vertex-transitive
graphs have distinct zeros.

The main motivation for this theorem by Ku and Chen was presented in an
article by Godsil [53]. As noted by Godsil, if a graph has a path of length [, then its
matching polynomial has at least [+ 1 zeros. But there is a conjecture by Lovasz [81],
which predicts that every vertex-transitive graph have Hamiltonian paths. Therefore,
if this conjecture is true, then the matching polynomials of vertex-transitive graphs
have distinct zeros, which is precisely what Ku and Chen proved.

Also for this reason, after proving the refined Gallai-Edmonds theorem for
matching polynomials, we focus in Chapters [3| and |4 on better understanding the
relationship between matching polynomials and paths in graphs. This theme is
developed in three directions.

First, we prove a generalization for matching polynomials of a modification by
Sylvester [98] of the classical Sturm’s theorem [97] about the number of zeros of a
real polynomial in an interval. Second, we characterize the number of distinct zeros
of a matching polynomial in terms of the dimension of a vector space generated
by the matching polynomials of a family of subgraphs. And finally, we present an
upper bound for the number of paths that start at some vertex i of a graph G using
only the matching polynomials of G and G\ i.

In the last chapter of the thesis, we shift the focus and consider classical periodic
continued fractions. We prove some formulas for means of continued fractions and
show how they help to illuminate the role of continued fractions in the classical
theory of the Pell equation.



Chapter 2

Spectral Graph Theory

In this chapter, we recall some classical results of spectral graph theory. First,
we define the multivariate characteristic polynomial of a graph and present some of
its properties. We then show the corresponding results for the multivariate matching
polynomial of a graph. Finally, we present the connection between multivariate
matching polynomials and branched continued fractions.

2.1 Characteristic Polynomial

In this section, we present some properties of multivariate characteristic polyno-
mials of graphs. All results from this section are obvious modifications from those
presented in Godsil’s book [52, p. 19, Chpt. 2-4].

Let G be a complete graph with vertex set [n] := {1,2,...,n}. Define variable
weights x; and real weights p;; for each of the vertices and edges, respectively.
Considering edges with weight set to zero as non-existent, this definition captures
all graphs. Two vertices ¢ and j are neighbors if p;; is non-zero. A graph defined in
this way is a weighted graph.

The multivariate adjacency matriz of G is the symmetric matrix = (@ij)ijeln]
where a; ; = a;; is equal to p;; if ¢ is different from j, and a;; = z; for every i.
The multivariate characteristic polynomial of G, denoted by , is defined as the
determinant of Ag. This is a real multivariate polynomial on the n vertex variables
z;. It is also convenient to set ¢(() = 1.

Two weighted graphs G and G’ are isomorphic if there exists a bijection between
their vertex sets that preserves edges and the vertex and edge weights. In general, if
G and G’ are isomorphic weighted graphs, then the multivariate adjacency matrices
Ag and A are different. However, there will be an n x n permutation matrix P such
that PAg PT = Ag. This implies that ¢(G’) equals ¢(G) so that the multivariate
characteristic polynomial depends only on the weighted graph and is well defined.

The multivariate characteristic polynomial of G has a natural interpretation in
terms of a weighted counting of directed cycles on the graph G. A directed cycle ¢
on the graph G is a finite cyclic sequence of distinct vertices ig, i1, ..., where k
is a natural number, for every j in [k] the vertex i; is neighbor of 7;_1, and iy and
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iy are neighbors. The length of a directed cycle is defined as its total number of
vertices. Note that the directed cycle c is equal to i, ..., i, t0, i1, . . . , im_1 fOr every
m in [k], but different in general from its reverse i, ...,i1,4%. In fact, a directed
cycle is equal to its reverse if, and only if, it has length 2. The weight of directed
cycle ¢, denoted by , is defined as (—1)*pigi, Pirin * * * Piryix Pirio-

A disjoint union of directed cycles C' on the graph G is a set of directed cycles
on G such that none of its cycles share a common vertex. For simplicity, write ¢ ¢ C
if the vertex ¢ is not in one of the directed cycles of C. Denote by |Cq| the set of all
disjoint unions of directed cycles on the graph G.

In this case, there is the following well known interpretation for the multivariate
characteristic polynomial.

Lemma 1 (Multivariate characteristic polynomial and disjoint union of directed
cycles). The multivariate characteristic polynomial of G is equal to a weighted sum
over all disjoint unions of directed cycles on G, i.e.,

P(G) = Z H%’HPc-

CeCa igC  ceC

Proof. The proof follows the same lines as the one presented in Godsil’s book [52} p.
20, Lem. 1.3]. For any n X n matrix B = (b;;), there is the following classic formula
for its determinant,

det B= Y sign(o) | [ biow,

0€Sh i€[n]

where S, is the set of permutations of [n].

Recall that every permutation can be written as a unique product of disjoint
cyclic permutations and the sign of the permutation is (—1)™ where m is the number
of its even length cycles. Denote by C, the set of cycles with length at least 2 of the
permutation . Observe that an element of [n] does not belong to a cycle in C, if,
and only if, it is a fixed point of 0. Write ¢ € ¢ if i belongs to the cycle ¢ and i &€ C,
if 7 is a fixed point of the permutation o.

Putting it all together, we have,

det B = Z H bii H sign(c) Hb?"(j)'
0E€Sn igCy  ceCy jec
Now, consider B equal to the adjacency matrix Ag of the graph G. Note that
for each permutation ¢ in .5,,, a cycle ¢ in C,, corresponds to a finite cyclic sequence
of distinct vertices of G. Observe that the expression sign(c) H ajq(;) is different
j€Ec
from zero if, and only if, ¢ corresponds to a directed cycle on GG, and in this case
sign(c) H ajo(;) is equal to p.. It follows that the product H sign(c) H o) 18
j€Ec ceCy jEc
different from zero if, and only if, C, corresponds to a disjoint union of directed

cycles C' on GG, and in this case H sign(c) H ajo(;) is equal to H Pe-

ceCy Jj€c ceC
AS a consequence,



o(G) =det Ag = Z H Qi H sign(c) Haﬂ?o(ﬂ') = Z sz Hpc.

0€Sn 1¢Cy ceCy j€Ec CeCq 1¢C ceC
]

The disjoint union of the weighted graphs G and H is the weighted graph denoted
by [G U H], where the vertex and edges with their respective weights come from the
disjoint union of the vertex and edge sets of the graphs G and H. For a multivariate
polynomial p(x1,...,z,) we denote by its partial derivative with respect to x;.

The Lemma [1] is useful for interpreting and proving results on multivariate
characteristic polynomials, as the next corollary shows.

Corollary 2. Let G and H be weighted graphs and consider a vertex i in GG. Then:
a) )(GUH) =¢(GQ) - ¢(H);
b) 0:¢(G) = o(G \ 1).

Proof. a) By Lemma , the multivariate characteristic polynomial is a weighted
count of disjoint unions of directed cycles. Since every disjoint union of directed
cycles of G U H is associated with a pair of disjoint unions of directed cycles of G
and H, the result immediately follows.

Another way to prove this item is to observe that after a permutation of the
vertices of G U H its adjacency matrix can be considered equal to,

A¢ O

AGI_IH - 0 AH

In this case, the determinant of Ag g is clearly the product of the determinants
of Ag and Ay.
b) By Lemma [1|it follows that,

igCeCq j¢C  ceC
J#i

]

A walk w in the graph G is a finite sequence of vertices ig, %1, ..., where for
every j in [k] the vertex 4; is a neighbor, or equal to, the vertex i;_;. The walk w is
said to be from iy to i,. A closed walk is a walk such that the first and last vertices
are equal. The length of a walk is defined as its total number of vertices minus one.
The weight of walk w is defined as a;y, @iy, = - - Qip iy -

With these definitions, the powers of the graph’s adjacency matrix have a natural
interpretation in terms of the weighted count of walks between pairs of vertices.

Lemma 3 (Powers of adjacency matrix and walks). Let G be a weighted graph with
adjacency matriz Ag and consider two of its vertices i and j. Then the sum of the
weights of all walks from i to j of length m is equal to (A% ); ;.

bt



Proof. For a proof see Godsil’s book [52, p. 22, Lem. 2.1]. ]

The multivariate characteristic polynomial also has a connection with paths
on the graph, which are a special kind of walk. A path is a walk which does not
repeat vertices. The weight of path ¢ given by the sequence of vertices g, 71, . .. ,zk

is .— Pigi1 Pivis " " * Pip_ip- FOr two vertices ¢ and j in the graph G denote by |[¢
the set of paths from 7 to j.

In this case, there is the following formula for the Wronskian of a multivariate
characteristic polynomial.

Lemma 4. For every two vertices v and j it holds,

9,¢(G) - 9;0(G) — 9,0;0(G) - (G) = d(G\ ))p(G \ j) — (G \ {4, 7 })¢(C) =

2

cEli—j]
Proof. For proof, see Godsil’s book [52, p. 56, Cor. 2.2]. ]
A stable polynomial is a polynomial p in R[zy,...,x,] such that whenever

Imx; > 0 for every 7 in [n], it holds that p(xy,...,z,) # 0. Using Lemma (4| it is
possible to prove that the multivariate characteristic polynomial of a graph is stable.

Corollary 5. For every weighted graph G its multivariate characteristic polynomial
is stable.

Proof. For proof of a generalization of this fact see Wagner’s work [102, p. 71, Thm.
6.1]. O

These are all the results for multivariate characteristic polynomials that will
be used in this work. From here on we focus on the special case where all vertex
weights are a linear monic polynomial on the same variable. Given a graph G, the
vertex weight of 7 is equal to x; = © — r;, where r; is a real number. In this way, the
adjacency matrix of G has the diagonal elements as linear monic polynomials in the
same variable z. In this context, the weight of the walks is considered with respect
to the adjacency matrix Ag(0), as will become clear in the next results.

If the vertex weights are all equal to  and the edge weights are all equal to 1 then
the multivariate characteristic polynomial of GG is equal to the classical characteristic
polynomial.

In this context, there is the classical Cauchy’s interlace theorem, connecting
the eigenvalues of a weighted graph with the those of its vertex deleted subgraphs.
Recall that if polynomials p(x) and ¢(z) have all real zeros r; <1y <--- <7, and
s1 < 59 < --- < s,_1, respectively, then we say that p and ¢ interlace if,

1 <81 Srpg < Sp < - <8 <1y



Corollary 6 (Cauchy’s Interlacing theorem). For every weighted graph G, its
characteristic polynomial ¢(G) has real zeros. Furthermore, for every vertex i, the
polynomials ¢(G) and ¢(G \ i) interlace.

Proof. A short proof is available in Fisk’s work [43, p. 1, Cor. 1]. H

Of special interest for this work is the generating function for closed walks from
a given vertex of a graph.

Lemma 7 (Generating functions for closed walks from a given vertex). Let i be a
vertex in the graph G. Then the generating function for closed walks starting at i is,

(~D)™(AZ0)i _ $(CG\3)
Z pmtl - ¢(G) ()

m>0

Proof. The proof is the same as in Godsil’s book [52, p. 52, Lem. 1.1]. Consider
the series,

()" ABO) _ Sy @diAe(@) _ adi(Ag(@))
D = Tt Ag(0) ™ = Agla) ! = QTS = TEECE,

m>0

where |adj (Ag(z))|is the adjugate of the matrix Ag(x).

Let [Ac(2)[¢, j]| denote the matrix obtained by deleting row ¢ and column j from
Ag(z). Recall that, by definition, (adj(Ag(x))):; is (—1)" det Ag(z)[i,j]. This
implies that,

3 (CD"(ABO)s _ (adj(Ao()))is _ (Z1det Ac@livi] _ 9(G\D)
= e o(G) () 3(G)(x) o(G)

The item (b) of Corollary [2 has the following immediate consequence which can
be combined with the previous lemma.

Lemma 8 (Derivative of the characteristic polynomial). Let G be a weighted graph.
Then,

O(G) () =Y $(G\i)(),

i€[n]

and, as a consequence,

6GY G\
o) = 2 oc)

As a corollary of Lemmas [7]and [§| the generating function for all closed walks in a
graph has a neat expression in terms of the logarithmic derivative of its characteristic
polynomial. This result is also present in Godsil’s book [52, p. 23, Lem. 2.2].
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Corollary 9 (Generating function for all closed walks). For every weighted graph
G, the generating function for all of its closed walks 1is,

T (A (<)
2 i %(Agmm ZH G W= @

There is also a formula due to Godsil [52, p. 53, Cor. 1.3] for the generating
function of all walks between a fixed pair of distinct vertices.

Theorem 10 (Generating functions for walks between distinct vertices). Let i and
j be different vertices in GG. Then the generating function for walks starting at i and
ending at j is,

(=D)™(AB0)i; V(G \)o(G\J) — (G \ {i,5})0(G)
R =

-2 T @

c€li—j

(z) =

m>0

Proof. For proof of first equality, see Godsil’s book |52, p. 53, Cor. 1.3]. The second
equality comes from Lemma [4] O]

A tree is a graph for which there is exactly one path between each pair of distinct
vertices, and a forest is a disjoint union of trees. Note that in the particular case of
forests the last sum in Theorem [I0] becomes simpler.

2.2 Matching Polynomial

In this section, following Godsil’s book [52, p. 1, Chpt. 1], we present some
properties of multivariate matching polynomials.

Let G be a weighted graph with vertex set [n]. Consider variable weights x; and
non-positive weights \;j, for each of the vertices and edges, respectively. Considering
edges with weight set to zero as non-existent, this definition captures all graphs.
Two vertices 7 and j are neighbors if A;; is non-zero.

A matching in G is a set of edges, none of which have a vertex in common.
Denote by the set of all matchings of GG. For simplicity write ¢ ¢ M if the
vertex ¢ is not covered by the matching M, i.e., none of the edges of matching M
are incident to ¢. Then the multivariate matching polynomial of G is defined as,

u(G) = Z Hxl H Ajk-

MeMg igM  jkeM

This is a real multivariate polynomial in the n vertex variables x;. It is also
convenient to define u(f)) = 1. In Figure we present an example of a weighted
graph and its multivariate matching polynomial.
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1(G) = 12923245 + T3T4T5N 12 + ToT3T5A 14 + T124T5 23 + T1T2T5A34

+x122T3 A5 + L1235 + T3 12Aa5 + TsA12A34 + X5 1403

X1 pal x

Al Atz
y x X 4 j; X4 X y Ts
o Ais oo 5 4 5 5 Xo
)\23 )\34

Figure 2.1: In this figure, G is a weighted graph and p(G) is its multivariate matching
polynomial. In the second, third and fourth lines are presented the matchings of G
with 0, 1 and 2 edges, respectively, with their respective weights.

For a given graph, if all vertex weights are equal to x and all the edge weights
are —1 then its multivariate matching polynomial is equal to its classical matching
polynomial. The classical matching polynomial evaluated at v/—1 gives the total
number of matchings in the graph up to a power of v/—1. A perfect matching is a
matching that leaves no vertices uncovered. The constant coefficient of the classical
matching polynomial gives the total number of perfect matchings in the graph up
to a sign.

The multivariate matching polynomial satisfies a number of recurrences. The
next lemma, which appears in Godsil’s book [52, p. 2, Thm. 1.1], presents these
recurrences and should be compared to Lemma [2]

Lemma 11. Let G and H be weighted graphs and ¢ and j be vertices in G. Then,

a) W(GUH)=pu(G)- pu(H);

b) w(G) = mip(G\ i) + Y (G \ {i, k});

ki
¢) p(G) = Aju(G\ {i, }) + (G \ ij);
d) Oip(G) = pu(G \ 0).

Proof. a) Since the matchings of G U H are a pair of matchings in G and H, the
result follows.



b) The matchings of G that do not cover the vertex i contribute x;u(G \ i) to
1(G). The matchings of G which cover the vertex ¢ must use one of the incident
edges and therefore contribute Z Xitit(G\ {7, k}) in total to p(G).

ki

¢) If we separate the matchings of G into those that contain the edge ij, or not,
the conclusion follows.

d) This item is an immediate consequence of item (b). O

Observe that the definition of the multivariate matching polynomial is reminiscent
of Lemma . Given a weighted graph G, consider a new weighted graph G obtained
from G where the new edge weights are p;; = y/—M\i;. As in the previous section
denote by p. the weight of cycle c. Write for the set of all disjoint unions of

directed cycles with length two on the graph G. In this case, there is the following
interpretation for the multivariate matching polynomial.

Lemma 12 (Multivariate matching polynomial and disjoint union of directed cycles
with length 2). The multivariate matching polynomial of G is equal to the weighted
sum over all disjoint unions of directed cycles with length two on G, i.e.,

n(G) = Z sz HPC-

CeCy, ,i¢C  ceC

Note that in Lemma [I| the counting is over all disjoint union of directed cycles
rather than just those with length 2. In other words, the sum in Lemma is
over the set Cs, which is a subset of Cs. The graphs for which the only directed
cycles are those with length two are precisely forests. As a consequence, we have
the following corollary that appears in Godsil’s book [52, p. 21, Cor. 1.4].

Corollary 13. The multivariate matching polynomial of G coincides with the mul-
tivariate characteristic polynomial of G if, and only if, G is a forest.

Proof. Observe that ¢(G) — u(G) = Z sz Hpc. If G is a forest, then
CGCG\CG’2 iZC ceC

this last sum is clearly zero, which implies that the characteristic and matching
polynomials coincide.

Now, let n be the number of vertices of G and g be the girth of G, i.c., the length
of the shortest cycle of G. If G is not a forest, then g is bigger than, or equal to, 3.
This, in turn, implies that there exists a term of degree n — ¢ in Z H x; H pc

CeC\Cq o 1C  c€C

which is nonzero and therefore the characteristic and matching polynomials do not
coincide. [

In particular, for a graph G, its classical matching polynomial is equal to its
classical characteristic polynomial if, and only if, G is a forest. This result goes back
at least to the work of Godsil and Gutman [56, p. 141, Cor. 4.2].

The statement of Corollary [13] motivates the following assumption that we will
assume from now on. Given a weighted graph G, to compute its characteristic
polynomial the edge weights are always assumed to be the negative of the square

10



root of the edge weights used to compute its matching polynomial. With this
assumption, the multivariate matching and characteristic polynomials of a forest
always coincide.
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2.3 Graph Continued Fractions

The multivariate characteristic polynomial is, by definition, connected to deter-
minants of symmetric matrices. In this section, following Viennot’s work [101} p.
149], we establish the connection between multivariate matching polynomials and
branched continued fractions.

A branched continued fraction is a generalization of the classical continued
fractions that was introduced in the work of Skorobogat’ko, Dronjuk, Bobik and
Ptasnik [96]. There are several works that aim to generalize convergence theorems for
branched continued fractions. For example, Bodnar, Voznyak and Mykhal’chuk [17} p.
70] claim that branched continued fractions with integer entries converge.

For every rooted weighted tree, a branched continued fraction can be associated
in a natural way, as exemplified in Figure 2.2l We call a branched continued fraction
obtained this way tree continued fraction.

Figure 2.2: A rooted weighted tree and its associated tree continued fraction.

In this case, the following result holds.

Theorem 14. For a weighted tree T with root i, its associated tree continued fraction
w(T)

w(T \ 7)

Proof. For every graph G and vertex i, by item (b) of Lemma , it follows that,

s equal to

. . w(Q) Aij
G) = Aitt(G\A1, D) + (G \ 1) — —F==ux;+ _.
@) ; JUGN (i, 5}) + (G \ ) O\ ; e
(G \A{i,5})
To finish the proof, we replace the graph G for the tree T' in this last equation
and iterate the recurrence. O

Looking at the proof of Theorem [14] it can be seen that, in principle, it should
work more generally for every rooted graph, the only missing ingredient being the
analogue of a tree continued fraction. When iterating the recurrence for a rooted
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graph the end result is a tree continued fraction for the rooted path tree of the
rooted graph.

For a graph G with root ¢ its rooted path tree is the rooted tree with vertices
labeled by paths in G starting at i. Two vertices are connected if one path is a
maximal sub-path of the other. The root of T¢, is the trivial path i, and the weights
of T}, are taken from the weights of G, as exemplified in Figure .

This motivates the following definition.

Definition 15 (Graph continued fraction). The graph continued fraction of a

weighted graph G with root i is defined as|o;(G)|:= ﬁ

(G \ i)
Note that this is consistent with the definition of tree continued fraction. The

above observation leads to the following lemma, originally due to Godsil |50, p. 287,
Thm. 2.5].

Lemma 16 (Godsil). Let G be a weighted graph with root i. Then,
1(G) i mTE)
N Oéz(G> = Oéi(TG) = ; —.
u(G\ i) u(Te \0)

As a consequence of this lemma, every graph continued fraction can be trans-
formed into a tree continued fraction. This also allows the definition of graph
continued fractions for infinite graphs, which appears in Section 4.3.3] An illustra-
tion of the Lemma [16]is presented in Figure [2.3] where, for simplicity, the rooted
graphs represent their graph continued fractions.

Figure 2.3: An illustration of the equality ;(G) = a;(T) from the Lemma [16]

Using the Lemma we can give a proof of the classic result of Heilmann
and Lieb [64, p. 201-203, Thms. 4.3 and 4.6] about the position of the zeros of
multivariate matching polynomials.

Theorem 17 (Heilmann-Lieb [64]). The multivariate matching polynomial of G is
nonzero if one of the following conditions is satisfied:

o Im(x;) > 0 for every i,

o |z;| > 2\/Bg for every i, where Bg is equal to maXAr(I:l[a})i E —Aji if n >3,
J =[nj\J]
|A|=n—2 k€A

and equal to —X\12/4 or 0 if n is two or one, respectively.

13



Proof. The approach is the same as in [64, p. 201-203, Thms. 4.3 and 4.6]. Consider
a graph G and let R be the union of the regions [Im(x) > 0] and [|z| > 21/Bg] in
the complex plane. Our aim is to prove that pu(G) is different from zero in R"™. Note
that for a graph with only one vertex this result is trivial. Assume, by induction
hypothesis, that the statement is true for any graph with fewer vertices than G.
Choose any vertex ¢ as a root of G. By the induction hypothesis, and Bg > Bg;,

u(G)

it suffices to prove that the graph continued fraction o;(G) = 2G\ D) is nonzero in
i i
Rn

By Lemma[16] a;(G) is equal to the tree continued fraction a;(7%). Following
the rooted tree T}, structure, one can write o;(G) = o;(T},) as a composition of
some of the functions,

by
fialzy, ... x,) =2 +Zﬂv

with j in [n] and A a subset of [n] \ j. Each function in the composition
corresponds to a vertex in the rooted tree Tg. Observe that except for the last
function in this composition, which corresponds to the root of T}, all other functions
fj.a satisfy |A| <n — 2. This can be seen by carefully examining the examples in
Figures 2.2 and [2.3]

Finally, notice that the image of R" for each function f; 4 with |A] <n —2is
again contained in R, and that each function f; 4 with |A| =n — 1 is nonzero in R".
Putting all this together, it follows that «;(G) = «;(T},) is nonzero in R", which
ends the proof. n

Although the proof of Theorem [17]is the original one, the interpretation in terms
of composition of branched continued fractions seems to be new.

With the concept of graph continued fraction already in place, a natural question
is the effect of graph operations on a graph continued fraction. We consider one of
the simplest graph operations that exists, to remove a vertex from the graph. Notice
that,

N G(S)) G\ Jj)
W)=l =G T WG i)
_ (G, H)u(G) — (G (G )
p(GA\A{E, TG\ 9) '
Thus, we are led to consider the expression pu(G\i)u(G\j)—pu(G\{7, j ) pu(G). The
next lemma, which originally appears in the work of Heilmann and Lieb [64, p.213,
Thm. 6.3], simplifies this last expression and is one of the main tools in the study of
matching polynomials.

Lemma 18 (Christoffel-Darboux [64]). Consider a graph G and two distinct vertices
1 and j. Then,

Oip(G) - (G = 0,0;u(G) - (@) = (G \ D)u(G\ j) — (G \ A, j}H)ul(G) =
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Z )\c M(G\C)Q

cEi—j]

where |\ is the product of —\. over the edges e of the path c.

Proof. Proof by induction on the number of vertices of the graph, as in the work of
Heilmann and Lieb [64, p.213, Thm. 6.3]. ]

Note that since the edge weights are non-positive, —\. is non-positive for every
path ¢. The Lemma should also be compared to Lemma There are also
generalizations of both the Lemmas [4] and (18| in Gutman’s work [58, p. 58].

Using Lemma [18] we also get a simplified formula for the effect of removing a
vertex on a graph continued fraction,

- Z )\C/’L(G\C>2

cE[i—]]
G\ A, G Hu(G N\ G)

This generalizes the classical continued fraction difference formula,

ai(G) — (G \ j) =

n 1 n n— _1n+1
p_::a0+ T JvneN:p__p 1:( )

An ay + i An Gn—1 qn—14n .
R

Qn

It turns out that it is useful to rewrite the difference formula for the graph
continued fractions as follows.

Lemma 19 (Contraction). Let i and j be distinct vertices in the graph G. Then,

. = q; j L where |\; = # 2
a;(G) = z(G\J)"‘@j(G\i)’ here Ainj| = Ajni CG%J])\ ( G\{ZJ})>

is the contraction weight between the vertices v and j.

Since all the edges have non-positive weights, it follows that —\;.; is a sum of
squares. Furthermore, \;.; does not depend on the vertex weights of ¢ and j.

The Lemma [I9)is our main lemma and will be very important in Section
It is well known in the classical theory of continued fractions, as can be seen in
the books by Perron [90, p. 12, Satz 1.6] and Jones and Thron [67, p. 38]. Using
Viennot’s beautiful Heaps of Pieces theory [101, p. 149-150] it is also possible to
give a combinatorial interpretation to Lemma 19| which clarifies the role of A;-;.

The next example shows one of the most used instances of the classic contraction
lemma for continued fractions, as seen in Jones and Thron’s book [67, p.42, Thm.
2.10].

15



Example 20 (Classic contraction lemma). The following equalities are true,

a1 031
1_1 iy :1_1 Q03 -
- a — G2 — Q0
1— 3&4 1—(0&34—&4)—1_45
1-— o
1—
1—
109
=l-a- Q30y
1-— (OéQ—f-Oég)— 0 0
1—(0444-045)—1_”.

In Figure it is shown how to represent the first continued fraction as a rooted
graph and how to apply the Contraction Lemma |19 to prove the two equalities.

1-— —Q —Q —Qg —Qy
1 a2 - 9 -
- 1 a3 1 1 1 1
ay
1=
Btk
-1 —Q; —Qjt1 Qjy2 s Q-1 12— Qo1 =00y Qo
1 1 1 1 1 1-— Q; 1-— Qjy
—4q —Qj1

Figure 2.4: The first equality shows the representation of the continued fraction
of Example as a rooted graph. The second part shows how the Contraction
Lemma [19] can be applied to prove the equalities of Example 20, Applying the the
Contraction Lemma [19| with ¢ and j equal to the 2k-th and (2k + 2)-th vertex of
the graph continued fraction, respectively, for every natural number k, we obtain
the first equality of Example 20 On the other hand, applying the the Contraction
Lemma (19 with i and j equal to the (2k — 1)-th and (2k + 1)-th vertex of the graph
continued fraction, respectively, for every natural number k£, we obtain the second
equality of Example [20]

The Contraction Lemma [19] also implies a simple formula for the derivative of a
graph continued fraction.

Corollary 21. Let i and j two distinct vertices of a graph G. Then,

N

0;0;(G) = —=1—.

)= G
Proof. This follows immediately from Lemma (19 because both o;(G \ j) and A;;
do not depend on z; and 0;0,(G \ i) = 1. O
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For our next result we define the rooted product of graphs, which was originally
introduced by Godsil and McKay [57, p. 21, Def'n 1.1].

Definition 22 (Rooted product of graphs [57]). Let G be a graph in [n] and H be a
sequence of n rooted graphs Hy, ..., H,. Then the rooted product of G by H, denoted
by|G o H), is the graph obtained by identifying the root of H; with the i-th vertex of
G.

If G and Hy,..., H, are weighted graphs, then weights can be assigned to Go H
in a natural way. For the vertex of G o H which is the i-th vertex of G identified
with the root of H; assign the weight of the i-th vertex of G if H; is empty or assign
the weight of the root of H; otherwise. The remaining vertices and edges of G o H
receive the weights in the obvious way.

In the particular case where all the rooted graphs of the sequence are equal to
a same graph H with root j, we denote the rooted product of G by this special
sequence as

The rooted product of graphs arises naturally in the composition of two graph
continued fractions, as stated in the next lemma. This lemma and its connection to
branched continued fractions seem to be new.

Lemma 23. (Composition of graph continued fractions) Let G be a rooted graph in
[n] with root i, and consider a sequence H of rooted graphs Hy,. .., H, with roots
ki,..., kn, respectively. If x; is set equal to ay,(Hj) for every j such that Hj is
non-empty in a;(G)(xy,...,x,), then the result is equal to a;(G o H).

Proof. By Lemma (16| the graph continued fractions o;(G)(x1,...,x,), a;(G o H)
and oy, (H;) for every j such that H; is non-empty, are equal to the tree continued
fractions of their respective path trees. Note that if we replace in the tree continued
fraction of a;(G)(xy, ..., x,) all variables z;, for each j such that H; is non-empty,
by the tree continued fraction of ay,(H;) we will obtain precisely the tree continued
fraction of a;(G o H). This proves the equality of the statement. H

In the work [57, p. 22, Thm. 2.1] the authors also showed how the classical
characteristic polynomials of a rooted product of graphs can be obtained from the
respective polynomials of the graphs in the product.

The Lemma [23]is actually being used in the proof of the Theorem Combining
the Contraction Lemma [I9] Godsil’s Lemma [I6 and Lemma [23] we can also give a
simple proof of a formula for periodic continued fractions. This is shown in Figure [2.5]
The proof of the formula in Figure [2.5 seems to be new. The formula shown in
Figure can be used as the starting point for Pell’s equation theory |69, p. 84-92]
in terms of continued fractions.

These are all the results for multivariate graph continued fractions that interest
us. For the next result we focus in the special case where all the vertex weights are
a linear polynomial in the same variable. Given a graph G the weight of the vertex
1 is assumed to be equal to x; = x — r;, where r; is a real number for every .

Of special interest in this case are the walks in the path tree T}, that start at the
root. If 7 is a vertex in the graph G then these are called the tree-like walks starting
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Figure 2.5: Formula for a periodic continued fraction. The first equality uses
the Contraction Lemma the second the Godsil’s Lemma [16] and the third the
Lemma [23] The fourth equality is a simple calculation.

at 7. Denote by [t"| the sum of the weights of all closed tree-like walks starting at ¢
of length m. We are interested in the generating function for the sequence (t*),;>0-

This generating function first appeared in an article by Godsil [50, p.292, Thm.
3.6]. The corresponding result when the graph is a path, but in terms of classical
continued fractions and dyck paths, came a year earlier in Flajolet’s work p.129,
Thm. 1]. An interpretation for graphs in terms of continued fractions appeared in
Viennot’s work , p. 149]. The next lemma, which appears in Godsil’s work , p.
292, Thm. 3.6 (a)], presents the generating function for tree-like walks and should
be compared to Lemma [7}

Lemma 24 (Generating function for closed tree-like walks [50]). Let i be a vertex
in G, then the generating function for the closed tree-like walks starting at i is,

(=)™ 1
Z zmtl (G (x)

m>0

Proof. Observe that,
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The first equality comes from Lemma [7], which gives the generating functions for
closed walks starting at any vertex in any graph. Since T}, and T}, \ 7 are trees the
Corollary 13| implies that their matching and characteristic polynomials coincide,
which gives second equality. The third and fourth equalities are simply the statement
of Godsil’s Lemma [I6 O

m>0

Note that the item (d) of Lemma |11| has the following consequence which is
known from the beginning of the matching polynomial history, as seen in Gutman’s
survey |59, p. 83, Thm. 5.3.6].

Lemma 25 (Derivative of the matching polynomial [59]). For every weighted graph
G, it holds,

= > u(G\i)(x

1€[n]

and, as a consequence,

(G\ )
) =S B Y
ie% w(G)

Using the Lemmas and there is the following analogous statement of
Corollary [9 which provides an expression for the generating function for all closed
tree-like walks of a graph in terms of the logarithmic derivative of the matching
polynomial. The next result appears in Godsil’s work [50, p. 292, Thm. 3.6 (b)].

Corollary 26 (Generating function for all closed tree-like walks [50]). For every
graph G the generating function for all of its closed tree-like walks is,

Z G\ _ Gy
Z xm—i—l = ~ @) (2).

m>0 i€ln i€[n]

There is also an analogous version of Theorem [10] for tree-like walks.

Let ¢ : ¢ — j be a path in the graph GG. Then ¢ determines both a path and
its final vertex in the path tree Tj,. Denote by [t™| the sum of the weights of walks
of length m from the root i to the last vertex of the path ¢ in the path tree T}..
Then there is the following formula for the generating series of (¢7'),,>0 in terms of
matching polynomials. The next result, although not stated in the literature, can
be easily deduced from the results presented in Godsil’s book [52] and is certainly
well known.

Lemma 27 (Generating function for tree-like walks between different vertices [52]).
Let ¢ : 1 — j be a path in the graph G. Then,

mtm

Z ( xm—i—l \/_'U'

m>0
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Proof. The proof is the same as in Lemma [24] with some minor observations. Note
that,

(UM TN, TN (G
> = (@) = VAL ) = VAL T ).

2 amit PG

The first equality comes from Theorem [10], and notice that there is only one
term instead of a sum because T}, is a tree. Recall that py = /=M for every two
vertices k and [. This implies that p. = v/).. Finally, one can give a simple proof
by induction using Godsil’s Lemma [16| that,

(T \ o)
w(Tg)
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Chapter 3

Weighted Matching Polynomials

In the first section of this chapter, we present the classical Gallai-Edmonds
Structure Theorem [35,46] and prove a refined version of this theorem for graph
continued fractions. In Section we prove some easy lower bounds for the
largest zero of a matching polynomial. In Section we prove a generalization for
matching polynomials of a modification by Sylvester [98] of the classical Sturm’s
theorem [97] about the number of zeros of a real polynomial in an interval. This
generalization uses trees obtained as output of the depth first-search algorithm.
Finally, in Section [3.4] we study the number of zeros of a matching polynomial in
terms of the Gallai-Edmonds structure theorem for graph continued fractions.

3.1 Gallai-Edmonds Structure Theorem

Let G be a finite simple graph. The celebrated Gallai-Edmonds theorem [35,|46]
gives the structure of maximum matchings in a graph. A maximum matching is
a matching that uses as many edges as possible. An explanation of the Gallai-
Edmonds decomposition and its consequences is present in the work of Lovasz and
Plummer 82, p. 94, Thm. 3.2.1].

A vertex v is covered by the matching M if there is an edge in M which is
incident to v. The vertex v is essential if there is a maximum size matching in G
which leaves v uncovered. If all the vertices of a graph are essential then the graph
is called factor-critical. In this context, there is the following result by Gallai [46].

Theorem A (Gallai’s lemma [46]). If G is connected and factor-critical then each
mazimum matching leaves exactly one vertex uncovered.

In particular, for each vertex of a connected factor-critical graph, there is a
maximum matching that just leaves that vertex uncovered.

The frontier of a subset of vertices S of [n] is defined as the set of vertices that
are not in S but have a neighbor in S. The frontier of S is denoted by [0S] Denote by
(D¢ the set of essential vertices of G and define [C¢|:= [n] \ (Dg U dD¢). Denote by
de f(G)|the deficiency of G, i.e., the number of vertices left uncovered by a maximum
matching in G.

21



Theorem B (Gallai-Edmonds structure theorem [35,46]). For every graph G it
holds:

a) The components of the subgraph induced by D¢ are factor-critical;
b) The subgraph induced by Cq has a perfect matching;

c) Let S be a subset of 0D¢. Then there are at least |S| + 1 components of D
which are connected to a vertex in S in the graph G;

d) If M is any maximum matching of G, it contains a matching that leaves
exactly one vertex uncovered of each component of Dg, a perfect matching of
each component of Cg and matches all points of 0Dg with points in distinct
components of Dg;

e) def(G) = ¢(Dg) — |0D¢g|, where ¢(D¢) denotes the number of connected
components of the graph spanned by Dg.

In figure [3.1 we show an example of the Gallai-Edmonds decomposition for a
graph.

Figure 3.1: An example of the Gallai-Edmonds decomposition of a graph. A
maximum matching is shown in red.

The Gallai-Edmonds decomposition of a graph can be found in polynomial time
using Edmonds’s Blossom algorithm [35, p. 451]. In particular, the problem of
deciding whether a graph has a perfect matching is in P. On the other hand, the
problem of counting all perfect matchings of a graph is N P-hard, as can be seen
in [82, p. 307]. These results and more about matchings in general can be found in
Lovész and Plummer’s book [82].

The main step in the proof of Theorems [A] and [B]is the following result, which
appears in [82, p. 95, Lem. 3.2.2].

Theorem C (Stability). Let G be graph with a vertex i in 0D¢g. Then:

¢ Devi = De;
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[ ] aDG\Z = aDG \ i,’
e Covi = Cq.

In their work, Ku and Wong [77, p. 3390, Thms. 4.12 and 4.13], based on the
work of Godsil [53] and Ku and Chen [71], generalized Theorems and |C| for
the context of weighted matching polynomials. These same theorems have been
extensively studied in the particular case of trees with the name Parter-Wiener
theory, as can be seen in Johnson and Saiago’s book [66} p. 16, Chpt. 2].

Following a line of investigation carried out by Lovisz and Plummer [82], Ku
and Wong were also able to generalize in the works [72-78] some other classical
concepts of matching theory for weighted matching polynomials. Recently, Bencs
and Mészéros [15, p. 5-6, Thms. 1.9-1.12] also proved versions of Theorems
and [C] for infinite and random graphs.

Our main result in this section is a refinement of the stability lemma for weighted
matching polynomials proved by Ku and Wong. Our proof is simpler and applies
graph continued fractions.

Consider graphs with vertex set [n] where the vertex weights are x — r;, with r;
a real number, and the edge weights are non-positive \;;, so that we are working
with weighted matching polynomial. Theorem |17 has the following consequence in
this case.

Corollary 28 (Heilmann-Lieb [64]). All the zeros of the matching polynomial of

G are real and contained in the interval |minr; — 21/ Bg, maxr; + 2+/ Bg |, where
J J

B¢ is equal to max max Z —Ajk if n >3, and equal to —X\2/4 or 0 if n is two
J  AC[n]\j

or one, respectively.

Proof. As p(G) has real coefficients, if it has a non-real zero, then by conjugation it
has a zero in the upper half-plane. This is prohibited by Theorem [L7, so (G) has
only real zeros. The bound on the zeros follows immediately from the second item
of Theorem [I7 O

The particular case of equal edge weights in Corollary [28 was used by Marcus,
Spielman and Srivastava |85 p. 316, Thm. 5.5] in their construction of bipartite
Ramanujan graphs of all degrees. The matching polynomials appear in this work as
the "average" characteristic polynomial of a random 2-lift of a graph, as can be seen
in [85, p. 312-313].

Corollary 28| implies that «;(G)(x) is a real rational function with all its zeros
and poles in the real line. In order to better understand the position of the zeros
and poles we look at the derivative of graph continued fractions.

Lemma 29. Let G be a rooted graph with root i. Then,

_ mG\e) 2: N Ainj(7)
W@ @ =1+ 3 3 A ( \>”) L= 2 @G\ g@

i#jE[n] c€[i—7]
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Proof. Consider the derivative of the recurrence:

Iterating this recurrence for the derivative the result immediately follows.
An alternative proof can be given using the Lemmas [I8 and [25] or using the
Lemma 211 O

Corollary 30. Let G be a rooted graph with root i. Then all the zeros and poles
of a;(G) are simple. If 0 is not a pole of a;(G), then a;(G)'(0) > 1. In particular,
a;(G)(x) is increasing and surjective in each of its branches.

Proof. If p(G \ i)(#) # 0, then the Lemma [29] implies that «;(G)'() > 1. It follows
by continuity that a;(G)'(€) > 1 for every 6 that is not a pole of a;(G). In particular,
a;(G) is increasing and surjective in each of its branches and all of its zeros are
simple.

Observe that, since deg(u(G)) = deg(p(G \ 7)) + 1, the number of zeros of o;(G)
is one more than the number of poles counted with multiplicity of a;(G). But in each
branch, because «;(G) is increasing, there can only be one zero of «;(G). Putting
this all together, it follows that all the poles of «;(G) are also simple. m

Corollary |30 gives a precise picture of how a graph of «;(G)(z) must look like.
In Figure [3.2| we present an example of such a graph.
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Figure 3.2: An example of a graph of a;(G)(z).

Corollary [30| also implies the interlacing for the zeros of p(G) and p(G \ ). This
result was originally proved by Heilmann and Lieb |64, p. 200, Thm. 4.2]. Denote
by the multiplicity of 6 as a zero of the matching polynomial of G.

Corollary 31 (Interlacing [64]). Let i be a vertex in the graph G. Then u(G) and
w(G\ ©) interlace, i.e., between any two zeros of p(G) there is a zero of (G \ i) and
vice versa. It is also true that my(G \ i) belongs to {my(G),me(G) £ 1} for every
real number 6.
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Proof. By Corollary |30| the zeros and poles of a;(G) are simple. This implies that
me(G \ i) belongs to {my(G), my(G) £ 1} for every real number 6. The interlacing
of the zeros of p(G) and (G \ i) follows from the interlacing of the zeros and poles
of a;(G) and this last observation about the multiplicities mg(G) and mg(G \ 7). O

Given a real parameter #, partition the vertices of the graph G into four sets
according to the sign of the graph continued fraction with each vertex as a root.
That is, if 7 is a vertex then:

o if o;(G)(0) is negative;
° if a;(G)(0) is zero;

° if o;(G)(0) is positive;
° i if a;(G)(#) is infinite.

This way we have the partition [n] = —p ¢ U 0p g U 44,6 L 00g. Define also
= —p.¢ U +gg. Note that by Corollary

o ic0yg if mg(G\ 1) =mp(G)—1;
e 1 c j:G,G if mg(G\Z) = mg(G);
e 1 E 00g,G if mg(G\Z) = mg(G) + 1.

It the notation of Ku and Wong in [77, p. 3389-3390]: Op.c = Do.c:s to.c¢ = Noc,
Ape = 00p and ocogi \ 00 = FPpg. This shows that the partition [n] =
—0.c U 0g.cU+p,cL00p ¢ refines the one considered by Ku and Wong in |77, p. 3389),
where there was no distinction between +4 ¢ and —g .

As observed by Godsil [53, p. 1], if the vertex and edge weights of G are z and
—1, respectively, then for 6 equal to zero it holds my(G) = def(G) and also 0y ¢ =
D07G = Dg, 8007G = aD()yG = 8DG and :l:O,G L (OO(),G \ 8007g) = N()’G L PO,G = Cg.
As will be seen later this leads to a generalization of Theorem [B]

Looking at Figure [3.2] one can see that as the parameter 6 increases from —oo to
+o00 the sign of a;(G)(0) always changes in a prescribed order: — — 0 — + — oo —
—. This already shows that as 6 is varied the partitions of [n] change according to
some rules. The parameter f is seen as a time variable determining the values of
the graph continued fractions and partitions of [n].

Clearly, if 6 is not a zero of p(G), then the set 0y is empty. As observed by
Godsil |53, p. 5, Lem. 3.1], it turns out that the converse is also true.

Lemma 32 (Godsil [53]). The real number 0 is a zero of u(G) if, and only if, 0y ¢
18 non-empty.

Proof. 1f 6 is a zero of ;(G), then, by Lemma [25]
I AT P 1
*=wo "L @ O L s

J€ln] J€[n]

which implies that there exists a vertex j satisfying a;(G)(0) = 0, i.e., j is in
0p.- O
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The same proof of this last lemma implies:

Lemma 33. A vertex i is in ooy g if, and only if, one of its neighbors is in O c\;.

Proof. Ob that, co = o (G)(0) =0 —r;

roof. Observe that, co = a;(G)(6) T+§%G\
exists a vertex j satisfying \;; # 0 and «;(G \ 7)(0) = 0, i.e., j is a neighbor of i that
belongs to 0 q\;- ]

if, and only if, there

This last result is best understood using our new interpretation in terms of the
path tree. Looking at Figure [3.2] it is clear that that a vertex is in 0g ¢ if, and only
if, it is in the intersection —g_. ¢ N +¢1e for every € > 0 sufficiently small. This
means that a vertex ¢ is in 0p ¢ if, and only if, o;(G)(x) changes sign from — to +
at time . A similar reasoning applies for vertices in 009 G-

Using the recurrence o;(G)(z) = —r; + Z Lemma |33[ can be

#J )
m #0

interpreted as saying that «;(G)(z) changes sign from + to — at time 6 if, and only
if, for some neighbor j of 7, o;;(G \ i)(z) changes sign from — to + at time 6.
Consider the path tree T}, and write at each level the sign of the graph continued
fraction for its respective rooted subtree. That is, for a path ¢ : 7 = i; — i write
for the corresponding rooted subtree the sign of oy, (G \ {i1,...,ik—1})(#), as shown

in Figure
—0.76 0=0
/>+\—>
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— 0~ —1.84 + 0~ —1.41 .
_ N _/>_\ -~ _/>\
0=0 0~076 0 ~1.41 ~ 1.84
: 6\ 6\ +6\
+

Figure 3.3: A rooted tree with vertex weights x and edge weights —1. The signs are
of the graph continued fractions of the subtrees. As time passes the plus signs fill in
the tree.

Observe that for large negative times all subtrees have sign —, and for large
positive times all subtrees have sign +. As time goes by the + signs are created at
the root of the path tree and descend, sometimes duplicating, but always respecting
the rule: a node changes from + to — at time 6 if, and only if, one of its sub-nodes
changes from — to + at time 6. This is illustrated in Figure |3.3|

It is important to note that the signs in the path tree are not necessarily equal
to the signs in the initial graph, i.e., a; (G \ {i1,...,9x—1})(0) is different in general
from o;, (G)(0).

The interpretation in terms of the path tree is particularly interesting when
studying paths. Let ¢ : iy — i be a path in the graph G. Observe that,
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o gy = Qal(G)an (G i) aq (G i, e ) =

= i, (G, (G \ i) -+ iy (G \ {iny ik, - - i2}).

The difference my(G) — my(G \ ¢) can be interpreted in terms of the path tree.
The multiplicity mg(G) —mg(G \ ¢) is equal to the number of zeros minus the number
of infinities for the subtrees of T{} corresponding to the path c¢. More precisely,

mg(G) —me(G \ ¢) = [{i; € 0g,c\(i1,....i;_1} Fielkl] — {75 € 000,6\fir,nnij—1} Ficlk]| =

= {45 € Op.6\finigsny Yaewi] = His € 000.6\finiginy Yietml]-
The second equality corresponds to the same statement but for the reverse path
—c 11, — 11. In particular, this shows that the difference of zeros and infinities
along the path tree coincide for every path and its reverse. As a consequence we

have the following result, originally proved by Godsil [53, p. 4-6, Cor. 2.5 and Lem.
3.3].

Lemma 34 (Godsil [53]). Let ¢ : i — j be a path in the graph G. In this case,
me(G) —my(G \ ¢) <1, and, if there is equality, then both i and j are in Op .

Proof. Let ¢ :1, — 1, be a path in the graph G. First, notice that whenever there
is a zero in a node of the path tree Té} there must be an infinity for the node right
above it. In other words, if o, , (G \ {i1,...,%}) = 0 for some k € [m — 1], then
a;, (G \ {i1,...,ixk—1}) = co. This implies that the number of zeros is less than the
number of infinities along the path ¢ in the path tree Tél, from which follows that
mg(G) - mg(G \ C) S 1.

If the path c satisfies my(G) —my(G \ ¢) = 1, then, by the same reasoning above,
all the infinities along the path ¢ in Té} come from a zero inside the same path c.
But there is also one extra zero which does not have a corresponding infinity. Since
the extra zero does not have a corresponding infinity, it must be at the root of the
path tree T, (’;1 This implies that 7; is in 0y . The same reasoning for the reverse
path —c implies that ¢,, is also in O . O

In Section [3.3]it will be shown that the arguments used in the proof of Lemma
naturally lead to a generalization to graph continued fractions of the classical Sturm’s
theorem [97].

In order to prove the generalization of the Stability Lemma[C|to graph continued
fractions, we must study how a graph continued fraction changes when a vertex is
deleted. To approach this problem our main tool is the Contraction Lemma, [19]

For distinct vertices ¢ and j it was previously observed that —\;.; is a sum of
squares. So A;.;(6) is in [—o0, 0], but it can happen that A;.; is equal to —oo at
time 6. The next proposition, which is a direct consequence of Lemma [34] gives an
easily verifiable condition that guarantees A;.;(#) is finite.

Proposition 35. If \i.;(0) = —o00, then i € 0cogc\j and j € 00g ;-
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Proof. Assume 17 is not in cog . In order to verify that \;.; is finite it is sufficient
to prove that my(G \ {i,7}) < my(G \ ¢) for every path ¢ in [i — j]. Consider a
path c¢: 7 =1, — 1, = 7 between ¢ and 7, and let ¢ : ¢ = i1 — i;_; be the path in
G\ j obtained from c.

If i is in Op,cp\;, then, by Lemma [34] it holds, me(G\ j)—me(G\ ({j}Ue)) <1 =

mo(G\ {j,1}) = me(G\ j) =1 <me(G \ ({j}UT) = me(G\ ¢c) =

mg(G\ {7, 5}) < me(G\ ).

Assume now that the vertex i is in &4 ¢\ ;. In this case, by Lemma , the path
C:i =1 — ixy satisfies mg(G \ j) — me(G \ ({j} U€)) <0. This implies that,

mo(G\{j,1}) —me(G\ ¢) = mg(G\ j) —me(G'\ ({7} UE) <0 =

mg(G\ {7, 5}) < me(G\ ).
[
Proposition 36. If \;,.;(#) = 0, then o;(G)(8) = (G \ j)(0) and a;(G)(0) =
a;(G\i)(0).

Proof. By symmetry it is sufficient to prove the first equality. If o, (G \ ©)(0) # 0,
then the Contraction Lemma |19 implies o;(G)(0) = o (G \ j)(0). The general case
follows from a perturbation argument. Assume that (G \ i)(f) = 0 and consider
for a real number r the graph G, obtained from G where the new vertex weight
of jisax —r;+r. If r # 0, then o;(G, \ ©)(#) = r # 0 and \,-;(f) = 0, and
the Contraction Lemma [19|implies that a;(G,)(0) = (G, \ j)(0) = (G \ 7)(0).
But then «;(G,)(0) is a real rational function in r which is equal to o;(G \ j)(0)
for every real number r # 0. Thus, equality must also be true at r = 0, so

ai(G)(0) = ai(Go)(0) = ai(G \ 7)(6). O
Proposition 37. Consider \;;(6) € (—o0,0). In this case:

a) If i € +oj and j € 49\, 071 € —gq\; and j € —g.c\i, then i and j are
sitmultaneously in either one of —pc, Opc or +o.c;

b) If i € 49\ and j € —g i, theni € +9¢ and j € —pq;
c) If i € Og.\; and j € Og.cni, then i,j € 009 a5

d) If i € Og\j and j € +oc\i, then i € —g¢ and j € 00p G5
e) If i € Og.\; and j € —g.ci, then i € +9¢ and j € 00y g5

f) If i € 0ogcj, then a;(G\ 1)(0) = o (G)(0) and i € ooy .
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Proof. Consider ¢ € +9\; and j € +¢,c\;, the other cases being analogous. The

Ainj(0)

Contraction Lemma [19) implies that «;(G)(0) = a;(G \ j)(0) + and

Ai(8) a;(G\9)(9)
a;(G)(0) = a;(G\9)(0) + G\ D@ It then follows that a;(G)(6) and «o;(G)(0)

are both finite and have the same sign. This shows that ¢ and j are simultaneously
in either one of —0,G>» OQ’G’ or +97g. ]

Proposition 38. Let \;.;(6) € (—00,0). In this case:

a) If i € +o.c0j N+oc and j € +ociN+oa, then 0 < oy (G)(0) < a;(G\ 5)(0)
and 0 < o, (G)(0) < a; (G \7)(0);

b) If i € —g\; N —o,c and j € —g i N —o,6, then a; (G \ 7)(0) < a;(G)(0) < 0
and o;(G\ 1)(8) < a;(G)(0) < 0;

¢) Ifi € 4900 N+oc and j € —g i N —o,a, then a;(G\ 7)(8) < o;(G)(8) and
a;(G)(0) < a;(G\9)(0).

Proof. The proof uses the Contraction Lemma and is analogous to that of
Proposition O

Proposition 39. If \;;(f) = —o0, then i and j are simultaneously in either one
of =06, Op,c; +o.6 0T 00,

Proof. If \j~;(§) = —o0o, then Proposition [35 implies ¢ € cog\; and j € 0oga\;-
It follows that 7 € F0-e,G\j [ —0+e,G\j and j € Fo-e,G\i [N —0+e,G\i for every ¢ > 0
sufficiently small. Since \;.;(6 —€) # —o0, i € +o—e,\j and J € +g_c q\i, the item
(a) of Proposition [37| implies that «;(G)(6 — €) and a;(G)(6 — €) have the same sign
for every € > 0 small. Similarly, o;(G)(0 + €) and a;(G)(0 + €) have the same sign
for every € > 0 small. As a consequence, «;(G)(#) and a;(G)(6) have the same sign,
which finishes the proof. n

The content of Propositions [35] [36] and [39] is summarized in Figure

(+0.6:—06)  (0pay0006)  (—aa006) (0o +oc) (+o6,0006)  (Og.a—0c)  (00.6:06)  (0pc,006) (+o.6:+t06)  (—0.6,—0)
[ ]

(+o.0v =0.0\0) (09,65, 0.6\1) (—0.6\j» 0.6\) (0. Fo.av) (Fo.60, 0.6\1) 0.6\ —0.6\) (000,6\j:206.6\) (05,6 On.ni) (o +ocni) (—o.6v —0.6\)

Figure 3.4: The nodes represent possible signs for the pair of distinct vertices (i, 5),
both in G and in G\ j and G \ i. The edges join signs configurations that can
occur simultaneously. The green, black and yellow edges represent \A;.; in [—o0, 0],
(—00,0] and (—o0,0), respectively. The red and blue edges represent \;.; equal to
—oo and 0, respectively.
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Proposition 40. The frontier 00y ¢ is a subset of 0og .

Proof. Let i be in 00y with a neighbor j in 0. Since ¢ and j are neighbors,
Ai~j(0) is non-zero. By Proposition [37| this implies that ¢ cannot be in +4 ¢, so it
must be in 0oy . O

Corollary 41. Let i and j be neighbors in the graph G. If a;(G) changes sign from
— to + at time 0, then a;(G) changes sign from — to + or from + to — at time 6.

Proof. If a;(G) changes sign from — to + at time 6, then i € 0y . This implies by
Proposition 0] that j € 0y ¢ L 00p ¢, from which the result follows. O

Proposition 42. If i € 00y and j € £y then a;(G \ i)(0) = a;(G)(F). As a
consequence, —g.c\i = —a,c and +¢c\i = +o,G-

Proof. Let k € 0gg be a neighbor of i € d0s. By Propositions 35, [36], [37,
and (or Figure , since j € %4, it holds that k € 0p\; and i € Oy ;. But
the vertices k and i are also neighbors in G \ j, and from Proposition [40[ we have
00g.c\; € 00p,G\j, 50 it must be 7 € 0oy ;. Using item (f) of Proposition 37| the
result immediately follows. m

Now we are ready to prove our main result, a refined version of the Stability
Lemma [C] for graph continued fractions.

Theorem 43 (Stability for graph continued fractions). Let i be a vertex in 00y .
Then a; (G \ i)(0) = o (G)(0) for every j different from i. In particular:

® —pco\i = —0.G;

e 0gc\i = 0o,c;

® +pc\i = toG;

® 00g.a\i = O, \ i

Proof. Consider ¢ in 00y . By Proposition 42| we need to prove the second and
fourth equalities of sets. From Propositions [35] B9, 38 and [42] it is clear
that Opc C 0\ and 0op g\ € 00g g, but it could happen that the intersection
0g,c\i M 00y, is non-empty.

Assume, by contradiction, that there exists a vertex j in 0g,\; N 00g,¢ and let
k € 0g. be a neighbor of 7. Consider the graph G, obtained from G where the new
vertex weight of i is  — r; + €, with € > 0 small. As i € 0y g\; N 00p,¢ it follows
that i € +¢,¢.\; N 00p,c.. By Propositions , , and [38] this implies that
J € 0ggiN—pq. and k € 0gc.\; N0gc.. Since j € —p ¢, the Propositions , ,
imply that k& € 0g,¢.\;. Thus, i € +¢,\; is a neighbor of k& € 0y ¢.\; in G, \ 7, which
is a contradiction by Proposition [40] O]

A graph G is called §-critical if [n] = 0g . The f-critical components of a graph
G are the connected components of the induced subgraph in 0y . In this context
there is the following analogue of Theorem [A| proved by Ku and Wong [77, p. 3390,
Thm. 4.13].
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Theorem 44 (Gallai’s lemma analogue by Ku and Wong [|77]). If G is a connected
-critical graph then my(G) = 1.

Proof. Assume, by contradiction, that [n] = 0y ¢ and my(G) is at least two. Consider
a vertex i in [n| = 0p . In this case, since mg(G \ i) > 1, the Lemma |32 implies that
0p,2\i is non-empty. As i does not belong to 0og g, the Lemma [33| implies that the
neighbors of 7 are not in 0p,c\;. Since the graph G is connected, there exists a path
from some neighbor of ¢ to a vertex in Og ;. This shows that 90g ; is non-empty.

Let j be a vertex in d0g ;. In particular, by Proposition @, J € 00g,cni- As
J € 00p,cni N 0gc and @ € Oy, we have by Propositions 37 and [3§] that ¢ € cog e ;.
This implies by Lemma [33] that there exists a neighbor k of ¢ that is in 0y a\ (4}-
But by the Stability Lemma 43| applied to j € 00g,c\; it holds that Og.ci; = O c\i-
Thus the neighbor & of 7 is in 0 g\;, which implies by Lemma 33 that ¢ is in cog g,
reaching a contradiction. O

A graph is vertex-transitive if for every pair of vertices ¢ and j there exists
an automorphism of the graph that maps ¢ to j. Informally speaking, a graph is
vertex-transitive if it is the same from the point of view of each vertex. Theorem [44]
has the following corollary for vertex-transitive graphs, which was proved by Ku and
Chen [71, p. 121, Cor. 1.8].

Corollary 45 (Ku, Chen [71]). Let G be a connected vertez-transitive graph with
vertex weights x and edge weights —1. Then the matching polynomial of G has
distinct zeros.

Proof. Let 0 be a zero of the matching polynomial of G. By Lemma |[32] the set 0y ¢

is non-empty. Let ¢ be a vertex in Oy . As G is vertex-transitive, for each vertex j

the graphs G \ j and G\ i are isomorphic. Since the vertex and edge weights are all

x and —1, respectively, this implies that u(G \ j) = u(G \ ¢) for each vertex j. As a
Ny n(G) 4(S))

consequence, for every vertex j it holds a;(G) = ~ = ~ = ;(G) € Oy,

! wG\J) (G \i)

from which follows that j is in Og . This proves that all vertices of G are in 0y,
i.e., G is f-critical. Since G is connected and §-critical it follows by Theorem [44]
that 6 is a simple zero of the matching polynomial of G. Since all zeros of u(G) are
simple, we conclude that 1(G) has distinct zeros. O

In contrast to the result of the Theorem [5] for the matching polynomial, the
characteristic polynomial of any vertex-transitive graph with more than two vertices
has multiple zeros [16, p. 117, Thm. 15.4].

Corollary [45 was one of the motivations for the development of Theorem [44 The
reason for this is the following conjecture of Lovasz [81].

Conjecture 46 (Lovasz [81]). Every finite connected vertex-transitive graph contains
a Hamiltonian path.

Although Conjecture {46 is traditionally stated in a positive tone, it is wide open
and it seems there is no consensus as to whether one should believe it to be true.
Currently, the best result in the direction of this conjecture that applies for all
vertex-transitive graphs is in Babai’s work |10, p. 302, Thm.].
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Theorem 47 (Babai [10]). Every finite connected vertez-transitive graph with n > 4
vertices contains a cycle of length at least v/3n.

As explained in the work of Godsil [53] p. 2], if Conjecture [46| turns out to be
true, then Corollary [45) immediately follows. This happens because, by a result of
Godesil [50, p. 296, Cor. 5.3], if a graph contains a path of length [, then its matching
polynomial has at least [ + 1 zeros. The connection between paths and matching
polynomials will be the main theme of Sections [3.3 and [3.4] and of Chapter [ of this
thesis.

The Theorem {44] also leads to the following corollary by Ku and Wong [77, p.
3409, Cor. 4.14].

Corollary 48 (Ku, Wong [77]). The multiplicity of 6 as a zero of u(G) is equal to
the number of 0-critical components of G minus the number of vertices in 00g .

Proof. Note that by the Stability Lemma [43| the 6-critical components of G \ 90y ¢
are the f-critical components of G. But in G\ 00y ¢ all the #-critical components are
isolated. This implies by Theorem 44| that my(G\ 00y ) is equal to the number of -
critical components of G. By the Stability Lemma [43|it also holds that my(G\ 90p )
is equal to my(G) + |00,¢|, from which the result readily follows. O

The Corollary [48|implies that if € is a zero of u(G), then, since my(G) > 1, there
are more f-critical components of G than there are vertices in 90y . It turns out
that the analogue of item (c) of the Gallai-Edmonds Structure Theorem (B holds for
matching polynomials.

Corollary 49. For every subset S of 00y there are at least |S| + 1 6-critical
components of G that are connected to a vertex in S.

Proof. By the Stability Lemma [43| we can restrict ourselves to the graph G’ obtained
from G by first deleting all the vertices in d0g ¢ \ S and then deleting all the isolated
f-critical components. Observe that 00y ¢ = S and all the #-critical components of
G’ are f-critical components of G. Since mg(G’) > 1 and 80p,cr = S, the Corollary [4§]
implies that there at least |S| + 1 f-critical components in G’. But there are no
isolated #-critical components in G’, so all of the |S| + 1 #-critical components are
connected to a vertex in S. O

Using Corollary 49 and the path tree we can give a new conceptual explanation
for why the Stability Lemma [43]is true. Let ¢ and j € 00y ¢ be two distinct vertices
of the graph G and consider the tree continued fraction a;(T}%)(#). Observe that for
every path ¢ :i=1i; — i = j it holds a;(G \ {i1,...,—1})(#) = co. This means
that along the tree continued fraction o;(T})(6), the vertex j always corresponds to
a node with an infinity, and so it can be disregarded.

In order to see this, note that if the path ¢ does not go through 0y ¢, then by
Propositions , , , and [39| (or Figure the original #-critical components
are unaffected. It follows that there is a remaining #-critical component connected to
J which guarantees o (G \ {i1,...,1_1})(0) = co. Now, if the path ¢ goes through
0g.¢, then the Corollary @ guarantees that in this case there is also a remaining
f-critical component connected to j forcing it to be in 0og e fiy,..ix_1}-
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With this same reasoning, it is clear that the following new version of the Stability
Theorem (3] is also true.

Theorem 50 (Stability lemma II). Let G be a graph with two distinct vertices i
and j € 00y . Consider the graph G' obtained from G where the weights r; and
Njk <0, for all k # j, are modified. Assume that for every subset S of 00y ¢ there
are at least |S| + 1 O-critical components of G that are connected to a vertex in S in
the graph G'. In this case, a;(G")(0) = a;(G)(0) for every vertex i.

Using the techniques presented in this section it is possible to give new proofs
and refinements for other results presented in the works of Ku and Wong [72-78].

It is also interesting to note that the Stability Theorem 43| basically follows from
the Contraction Lemma [I9 As this last lemma is a consequence of the Christoffel-
Darboux Lemma [18] and there is the corresponding Lemma [4] for characteristic
polynomials, there is some kind of analogue of the Theorem [43] for characteristic
polynomials. The works by Van Mieghem [86] and by Johnson and Saiago [66] study
how the characteristic polynomial of a graph changes when a vertex is deleted.

In 2020, Banks, Garza-Vargas and Mukherjee [11] presented a result very close to
the Gallai-Edmonds structure decomposition for weighted matching polynomials. In
their work, they investigated the atoms of the universal cover measure of a weighted
graph.

The universal covering of a connected weighted graph G is the unique (up to
isomorphism) weighted infinite tree that is a covering of every other covering of G,
where the weights are assigned in the obvious way. The universal covering measure
of GG is the spectral measure of its universal covering. The work of Bordenave
and Collins [18] shows that the universal covering measure controls to some extent
the spectrum of random lifts of a weighted graph G. Random lifts are useful
in constructing expander graphs as seen in the articles by Marcus, Spielman and
Srivastava [85] and by O’Donnell and Wu [88].

Building on the work of Aomoto [6}|7], Banks, Garza-Vargas and Mukherjee |11, p.
8-9, Thms. 3.1-3.3] proved a structural result for atoms of the universal covering
measure analogous to the Gallai-Edmonds decomposition studied in this section. In
short, the work [11] presents situation analogous to this section where the path tree
is replaced by universal covering.

As a consequence of their structural result, Banks, Garza-Vargas and Mukher-
jee [11}, p. 8, Thms. 3.2] obtained that the atoms of the universal covering measure
are also zeros of the characteristic polynomial of the initial graph. In particular,
this gives a finite time algorithm [11], p. 9, Cor. 3.1] to compute the atoms of the
universal covering measure.

Although not noted in their work, their results imply that the atoms of the
universal covering measure are also zeros of the matching polynomial of the initial
graph. More generally, these atoms are zeros of every p-polynomial, which is a
common generalization of the characteristic and matching polynomials defined in
the work of Gutman and Polansky [62, p. 207]. This class of polynomials is also
considered in another paper by Gutman [58, p. 58, Thms. 1 and 2].

It also appears that the finite time algorithm for calculating the atoms of the
universal covering measure described in [11, p. 9, Cor. 3.1] can be improved using
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the structure decomposition for characteristic polynomials alluded to above. For
example, to determine whether 0 is an atom of the universal covering measure, one
can use the classical Gallai-Edmonds Structure Theorem [Bl

Also noteworthy are the recent work by Garza-Vargas and Kulkarni [48], which
study the universal covering measure from the viewpoint of the theory of free
probabilities, and the independent work by Simon, Avni, Breuer, Christiansen,
Zinchenko and Kalai [8,|9,25] that studies the universal covering measure with the
aim of generalizing the theory of periodic Schrodinger operators in one dimension.
Finally, in Aomoto’s work [5, p. 306] the theory of periodic continued fractions is
already mentioned in connection to the universal covering measure.

These connections are being investigated and will be the subject of our future
work.

3.2 Lower Bound for the Largest Zero of a Match-
ing Polynomial

Using the techniques from the last section, we can also prove an easy lower bound
for the largest zero of a matching polynomial in the same spirit as the Heilmann-Lieb
Theorem 28] The second part of the next lemma appears in Godsil and Gutman’s
work [56], p. 143].

Lemma 51. Let G be a connected graph. If 6 is the largest or smallest zero of u(G),
then G is O-critical. In particular, 0 is a simple zero of u(G).

Proof. Let 0 be the smallest zero of u(G). By Proposition [32| we know that 0p ¢ is
non-empty. Observe that, if = is smaller than 6, then [n] = —, ¢. This implies that at
time 6 all the vertices are in —g ¢ LI 0y . But G is connected and by Proposition
it holds 90pc C o0y, so it must be [n] = 0gg. This implies, by Theorem
that my(G) = 1, so 6 is a simple zero. For the largest zero of u(G) the proof is
analogous. O]

Given a graph G denote by |z¢| the largest zero of its matching polynomial.

Lemma 52. Let G be a connected graph and consider the graph G’ obtained from
G where the edge ij receives a new weight \jj < Aj; < 0. In this case, zg > zar.

Proof. The Lemma |51 shows that G is zg-critical. Using the interlacing of Corol-
lary [31] this implies that the largest zero of u(G \ {7,j}) is smaller than zg. It
follows that p(G)(z) > 0 and u(G \ {i,5})(x) > 0 for x > 2z5. As a consequence,
w(G") () = p(G)(x) — (Nij — Aij))u(G \ {i,7})(x) > 0, for x > zg. This shows that
the largest zero of p(G’) is smaller than the largest zero of u(G). O

Lemma 53. Let G be a connected graph with at least three vertices and r; = maxr;.
J

In this case,

34



j AC[n]\j 2* —7“]'

r; < 2*<zg<r;+2 [max max Z —A\jk, where z* —n+z
|A|=n—2 J#i

In particular, if rj is zero for every j, then,

maxz Nig < zg < 2 m?XAlél[E?L]}i] Z —Ajk-
k#j |A|l=n—2 keA

Proof. The upper bound for zg comes from Corollary [28 and the fact that G has
at least three vertices. For the lower bound consider the graph G’ obtained from
G where all the edges that are not incident to ¢ are set to zero. By Lemma [52| the
largest zero of u(G'), denoted by z*, is less than or equal to zg. As i is not an
isolated vertex in G’ the Lemma [52| implies that z* is bigger than r;. Finally, observe
that,

u(G)(x) = Hx—m +> N [[@—m) =

J#i k#i,j

e =%~ AUHz—m>:z*—n=Z—;f"i;.-
J J#i ki, j#i J
O]

3.3 Depth-First Search Trees and Sturm’s Theo-
rem

In this section, we obtain a new generalization for graph continued fractions of
the following modification by Sylvester [98] of the classical Sturm’s theorem [97] (or
see [69, p. 305, Thm. 7.10]) about the number of zeros of a real polynomial in an
interval.

Consider two monic real polynomials p and ¢ of degrees n and n — 1, respectively,
with real and distinct zeros. Assume that the zeros of p and ¢ are different and
interlace. In particular, one can take ¢ as the derivative of p divided by n, so that
p and ¢ are monic and interlace. It is known, as will be seen in Section that
performing the Fuclidean algorithm for p and ¢ results in:

A
Pay=c—r+ - :
q Az
T —ry+ ——
. /\n—l
r — Ty

where r; is a real number and ); is negative for every . The sequence of partial
numerators of this continued fraction is known as the Sturm sequence for the pair
(p,q) and is the starting segment of an orthogonal polynomial sequence, which will
be the subject of Section [4.1]
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Denote by 7;(z) and 7;(z), for every i in [n], the continued fractions,

Ai Ai
Ti(x) == x—ri+ 7i(x) == x—ri+ :
)\i+1 >\i—2
x_ri+1+—)\1 55_7’@'71‘1_—)\1
r — Ty ‘ r—T"r

Note that except for a finite number of values of 6 it holds 7;(9), 7;(6) € R\{0} for
every i in [n]. Let 6 be a real number with this property, and denote by V'(#) and V(6)
the number of positive terms among 71 (6), 72(0), ..., 7,,(0) and 71(0), 72(0), ..., T.(0),
respectively.

In this case, there is the following version by Sylvester [98] of Sturm’s theorem.

Theorem D (Sylvester modification of Sturm’s theorem [98]). Both V() and V (),

when defined, are equal to the number of zeros of p(x) in the interval (—oo, ).

First, we show how this theorem can be easily generalized to graph continued
fractions when the graph has a Hamiltonian path.

Consider a path ¢ : i — 4 in the graph G. Recall, from Section [3.1] that
for every real number 6 the multiplicity mg(G) — my(G \ ¢) can be interpreted by
counting zeros and infinities along the path c : i; — 7 in the path tree Té;l. This
fact was used, in particular, to verify that mg(G) — mp(G \ ¢) < 1 in Lemma

Observe that, except for a finite number of times 6, there are only plus and
minus signs along the path ¢ in Té}. In this case, there is also an interpretation for
the number of plus signs along the path ¢ :i; — 7 in TCZ}.

Note that the total variation of the number of plus signs along ¢ in Té} at time 6
is equal to my(G) — myp(G \ ¢). Since for a large negative time all subtrees of the
path tree have negative signs, it follows that, except for finite number of times 6,

Y (ma(G) = ma(G\ 0)) = iy € +o.6\(i1eniy1) il

<0

For this reason we call myg(G) — my(G \ ¢) the entry (of plus signs) at time 6 in
the path c in Tj. The fact mg(G) — me(G \ ¢) < 1, proved in Lemma ﬂ, means
that the entry at time 6 in ¢ is at most one. This is clear because the plus signs can
only enter ¢ through the root of Tg. If ¢ has entry equal to one at time 6, then the
Lemma [34] and its proof imply that no plus sign escapes ¢ and there is a new plus
sign that enters through the root of Té} at time 6.

Also, since (G \ ¢) is the same as u(G \ —c), the entry of ¢ is equal to the entry
of the reverse path —c for every time 6.

Denote by the number of plus signs along the path ¢ in the path tree
T4 at a time @ such that there are only plus or minus signs, i.e., V.(0) = |{i; €
+97G\{i17,_,,¢j71}}j€[;€]|. Since a path and its reverse have the same entry at all times, it
follows that V.(0) is equal to V_.(0), for every 6. Putting it all together, there is the
following new result.

Theorem 54 (Sturm’s theorem for paths). Let ¢ be a path in the graph G. Then,
both V.(0) and V_.(0), when defined, are equal to,
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D my(G) = ma(G\ ©).
<6
In case the path is Hamiltonian, we obtain the following new generalization of
Sylvester’s version of Sturm’s Theorem [D]

Corollary 55 (Sturm’s theorem for Hamiltonian paths). Let ¢ be a Hamiltonian
path in the graph G. Then, u(G) has distinct zeros and both V,.(6) and V_.(0), when
defined, are equal to the number of zeros of u(G) in the interval (—o0, ).

Proof. Note that because ¢ is Hamiltonian, it follows that G\ ¢ = (). Now, my(G) =
my(G) —my(G \ ¢) is the entry of ¢ at time # and so it is at most one by the previous
observations. This shows that my(G) is one for every zero 6 of u(G), and as a
consequence p(G) has distincet zeros.

By Theorem |54} it also follows that Z m.(G) is equal to both V.(#) and V_.(6),

<0
when defined. As p(G) has distinct zeros, the sum Z m.(G) is equal to the number
x<0
of zeros of (@) in the interval (—oo, 0). O

As the Theorem [b4] was obtained by counting plus signs along a path, this leads
to the question of whether a similar theorem holds true by counting along subtrees.
This is the case for a class of subtrees that can be obtained using the depth-first
search algorithm.

Depth-first search (DFS) is an algorithm used to traverse a connected graph.
The algorithm starts at a root vertex and explores as far as possible along each path
before backtracking. The output of this algorithm is a rooted spanning tree of the
graph, i.e., a rooted subtree which contains all the vertices of the graph.

The algorithm runs as follows. Consider a connected graph G with n vertices.
After the k-th step of the algorithm we have a subtree T}, of G with root i; and
vertices {iy,...,i}. To start with, choose some vertex i; of G and consider the
trivial rooted subtree T} of G which consists of the single vertex i;. If k is smaller
than n, then at the (k + 1)-th step of the algorithm one obtains a new subtree Ty
from the subtree T} by the following rule. Let j be the largest element in [k] such
that ¢; has a neighbor which is not in 7},. Since G is connected this element always
exists. Declare i1 as one of the neighbors of 4; which is not in 7}, and define the
rooted tree Tj11 as T}, plus the vertex iy;; and the edge ijip41. At the last step of
the algorithm one obtains the rooted spanning tree T;, of G with root ;.

More information about the depth-first search algorithm can be found in the
book [82, p. 55]. For this work, the important part is a property that characterizes
the spanning trees obtained in the intermediate steps of this algorithm. We present a
list of results with immediate properties of DFS-trees that are certainly well known.

Given a vertex j in a rooted tree T denote by the unique path from the root
to j, and by the path ¢p; minus its last vertex j. The vertex k is a son of j if j
is the endpoint of the path ¢z . In this setting we have the following definition.

Definition 56 (Partial DFS-tree). A rooted subtree T of the graph G is a partial
DFS-tree if for every vertex j inT" all of its sons are in different connected components
of G\¢r,;. If the partial DFS-tree is also a spanning tree, then it is called a DFS-tree.
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Observe that every path in a graph corresponds to a partial DFS-tree, and a
path is Hamiltonian if, and only if, it corresponds to a DFS-tree.

Proposition 57 (DFS-trees and the depth-first search algorithm). The rooted trees
obtained in the intermediate steps of a depth-first search algorithm are partial DFS-
trees. In particular, the output of a depth-first search is a DFS-tree. Conversely,
every DFS-tree is the output of a depth-first search.

Proof. First, we prove by induction on k that all intermediate trees T}, for k in [n],
of a depth-first search are partial DF'S-trees. Assume that T}, is a partial DFS-tree
and consider the vertex i; in T}, which is connected to ¢4 in Tj4;. Observe that,
since T}, is a partial DFS-tree by induction hypothesis, we only need to check the
definition of partial DFS-tree for the vertex ¢; in the tree Tj4,. In fact, if we can
prove that i, is not in the same connected component as i, in the graph G\ T for
j <r < k+1, then the induction step is valid. But, if this was not the case, then it
would follow that there exists a vertex i, for some j < r < k + 1 with a neighbor
which is not in T}, which is impossible by the definition of i;,,. This proves the
induction step and the first part of the statement.

For the second part assume that T is a DFS-tree in the graph G, we want to
show that T is the output of a depth-first search in the graph G. First, perform a
depth-first search in the tree T starting at its root. The output of this algorithm
is the rooted tree T itself and an enumeration {iy,...,4,} of its vertices where i;
is the root. We claim that by following the enumeration of the vertices i1, ..., 1,
we are also performing a depth-first search in the graph G, which has the tree T'
as output. To prove this, we need to show that if 75, is connected to ¢; in the
tree T' with j smaller than £, then no vertex i, with 5 < r < k has a neighbor in
{ik+1,-.-,0,} in the graph G. In fact, if this were not the case, then it would follow
that there exists neighboring vertices 4, and i, in the graph G with j <r <k and
k41 <s <n. Since no vertex in {4;41,..., 4} has a neighbor in {ix41,...,4,} in
the tree 7', it follows that there is a last common point 7; of the paths ¢p; and ¢,
which is contained in {i;,...,7;}. But then, since i,i, is an edge in the graph G, it
follows that two sons of i; are in a same connected component of G \ ¢r,,, which is
impossible because 7" is a DFS-tree. This shows that no vertex i, with j <r <k
has a neighbor in {ig11,...,i,} in the graph G, which finishes the proof. O

The next proposition shows that partial DFS-trees can be restricted to specific
subgraphs.

Proposition 58 (Restriction of partial DFS-trees). Let T' be a (partial) DEFS-tree
in the graph G and consider a vertex j in T which is different from the root. Denote
by T" the subforest with root j obtained by restricting T to the connected component
of j in the graph G \ cr;. Then T" is a (partial) DFS-tree in this same connected
component.

Proof. Observe that we only need to show that 7" is connected, because the property
of being a (partial) DFS-tree is, then, inherited from T'. Let k be a vertex in 7"
different from j, we will show that the path €7 goes through j. This implies that
the restriction of the path ¢ry to G \ ¢r; provides a path between j and k in 77,
proving 17" to be connected.
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Denote by v the last common vertex of the paths ¢r; and ¢rj. Observe that v is
different from k because it is not in G \ ér ;. Now, if v is also different from j then
two of its sons are in a same connected component of G \ ¢r,, because j and k are
in the same connected component of G \ ¢r;. But this is impossible since T" is a
DFS-tree. This shows that v is equal to j, and finishes the proof. n

Conversely, if T" is a partial DFS-tree in the graph G, j is a leaf of T" different
from the root, and 7' is a partial DFS-tree with root j in G\ (T'\ j), then the rooted
tree T” obtained from T by adding all edges of Tisa partial DFS-tree.

Although a partial DFS-tree need not be a subtree in an intermediate step of a
depth first-search algorithm, the next proposition shows that it is always a subtree
of a DFS-tree.

Proposition 59. Let T' be a rooted subtree of the connected graph G. Then T is a
partial DES-tree if, and only if, it is a subtree of a DFS-tree T' with same root.

Proof. Clearly, if T is a subtree of a DFS-tree T" with the same root, then T is a
partial DFS-tree. We will prove by induction on the number of vertices of a partial
DFS-tree that it is a subtree of a DFS-tree with same root. Let ¢ be the root of the
subtree T'. If the partial DFS-tree T is the trivial rooted tree with the single vertex
1, then one can perform a depth-first search in the connected graph G starting at
i and obtain that T is a subtree of a DFS-tree 7" with root i. Now, assume by
induction hypothesis that 7" is a partial DFS-tree with more than one vertex, and
that every partial DFS-tree with less vertices than T" that lives in a connected graph
is a subtree of a DFS-tree with same root.

Denote by Hi, ..., Hy the connected components of G'\ i. Since G is connected
and 7T is a partial DF'S-tree, one can choose for every j in [k] a neighbor i; of ¢ in
Hj, such that if H; contains some vertex of 7', then ¢, is the only son of 7 in H;. If
i; is a son of ¢ in the tree T', then, by Proposition [58 the restriction 7} with root i;
of the tree T' to the component H; is a partial DES-tree. Now, if ¢; is not a son of ¢
in the tree 7', then one can define the trivial rooted tree 7} with root 7; in H;. In
any case, for every j in [k], T} is a partial DFS-tree with less vertices than 7" in the
connected graph H;, and so, by induction hypothesis it is a subtree of a DFS-tree
T} with root i; in the graph Hj.

Define T” as the spanning tree with root i of G which has exactly all of the edges
ii; and all the edges in the trees T} for every j in [k]. Note that 7' is a subtree of
T'. As the components Hy, ..., Hj, are disjoint and T} is a DFS-tree for every j, it
follows that T" is a DFS-tree with root 7. This proves the induction step and finishes
the proof. n

The last three propositions together show that there are many (partial) DF'S
trees for each connected graph and give us a method for finding them.

The next result shows that DFS-trees also have an interesting property in terms
of the path tree. A mazimal path in the graph G is a path c¢: 7 — j that cannot be
extended to a larger path. Notice that in this case the corresponding path in T}, is
also maximal.
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Proposition 60 (DFS-tree in a path tree). Let T be a DFS-tree with root i in
the graph G. Then for every leaf j of T which is different from i, the path ¢r; is
mazimal in the graph G, and, as consequence, in the path tree T},. Conversely, for
every mazimal path ¢ : v — j in the connected graph G there exists a DFS-tree T
with root i and leaf j such that c is equal to ¢r ;.

Proof. If €7 ; is not a maximal path in the graph G, then there exists a vertex k
which is not in the path €7 ; and such that jk is an edge in G. Since 7' is a DFS-tree,
and the path ¢r; is maximal in 7', there exists a vertex v, different from j and &,
which is the last common point of the paths ¢r; and ¢7 . But then, since jk is an
edge in G, there are two sons of v in the tree T" which are in the same connected
component of G \ ¢r,, which is impossible because T" is a DFS-tree. It follows that
Cr; is a maximal path in the graph G.

For the second part of the statement consider a maximal path ¢ : ¢ — j in the
connected graph GG. The path ¢ corresponds to a partial DFS-tree with root 7. It
follows, by Proposition that there exists a DFS-tree T" with root ¢ for which c¢ is
equal to the path ¢ ;. Since c is a maximal path in G, it is also a maximal path in
T, from which follows that j is a leaf of T'. O

Finally, we are ready to state and prove our main result of this section, which is
a new version of Sturm’s theorem for graph continued fractions in terms of partial
DFS-trees. Let T be a rooted subtree with root i of the graph G. Consider a
time 6 such that along T in the path tree T}, there are only plus and minus signs.
In this case we can define as the number of plus signs along T in T}, i.e.,
Ve(0) = [{j € +ocrer, bier| = 14 € T 1as(G\ er)(0) > 0}

Theorem 61 (Sturm’s theorem for partial DFS-trees). Let T' be a partial DFS-tree
in the graph G. Then,

w(G)

WGNT) [Tes(G\ery).

JET

As a consequence,

x<0

for every real number 6, when Vr(0) is defined.

Proof. The first part of the statement of this theorem is a reformulation of a theorem
and observation by Lovdsz and Plummer 82, p. 338-339, Thm. 8.5.6 and Rmk. 1],
and its proof is similar to Proposition [59]

We will prove by induction on the number of vertices of a partial DFS-tree that
the first equality holds. Let ¢ be the root of the partial DFS-tree T'. If T is the
trivial rooted tree with the single vertex i, then the equality is clearly valid. Assume,
by induction hypothesis, that T is a partial DFS-tree with more than one vertex,
and that the equality holds for every partial DFS-tree with less vertices than T

Let 71, ..., 1 be the sons of 7 in the tree T'. By Proposition 58] since T is partial-
DEFS tree, one can restrict the tree T to the partial DFS-tree T, with root i, in a
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connected component Gy, of G'\ i for every m in [k]. Denote by G the union of the
components of G'\7 which are not among G4, . .., Gy, so that G\i = GoUG1U- - -UGy.
It follows that, G\ T = Go LU (Gy \T1) LU -+ - U (G \ Tk).

By induction hypothesis, since T}, is a partial DFS-tree with less vertices than
T, it holds,

Gm
% H aj (G \ e1,,5),

J€Tm

for every m in [k]. Now, as T'\ ¢ =Ty U - - - U T, it follows,

G\ erg)  Go) - - (GG \ €, 5) 1 (Grngr) - - 11(Gr)

GO\ = G\ ery) ~ (Go) G )G \ 1y )G+ 1(G)
_ MG \erny) _ o (G om ) — o
- M(Gm \ETm,j) J(Gm \ Tm,J> = ](G\ TJ) J(Gm \ Tm,J)a

for every j in T,,. And finally,

1(Go)p(Gh) - - - p(Gl)

w@) o p(@) p(G\9) _
w(Go)(GL\Th) - - - (G \ Ti)

W T) g went)

—ail6) [T A = ol &) T IT s \en) = [T oG \ero)

me(k] k] j€Tm jeT

which proves the first part of the statement.

For the second part of the statement observe that, by Corollary , a;(G\ ery)
has only simple zeros and poles for every j in T. This fact and the first part of
the statement imply that for every real number 6 the number of zeros minus the
number of infinities along 7" in T}, is equal to me(G) — my(G \ T). More precisely,
{7 € Opcrer, bierl — {7 € o0.a\er; bier| = mo(G) — mo(G \ T), for every real
number ¢. This implies that the variation of the number of plus signs along 7T inside
T}, at time 6 is equal to me(G) — me(G \ T). As for a large negative time all the
subtrees of the path tree have negative signs, it follows that,

Z me(G) —m(G\T) = Vr(0),

<6

when Vr(6) is defined. O

Let T and T" be two partial DFS-trees in a same graph G, then the Theorem
implies that u(G \ T) is equal to p(G \ T”) if, and only if, V() is equal to Vi/(6)
for every time 6 such that both are defined. In particular, if G\ T and G \ 7" are
isomorphic with same vertex and edge weights, then Vr(0) is equal to V() for
every 6.

Since a DFS-tree is a spanning tree, the Theorem [61] has the following corollary.
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Corollary 62 (Sturm’s theorem for DFS-trees). Let T be a DFS-tree in the graph
G. Then, Vp(0), when defined, is equal to the number of zeros of (G) in the interval
(—00,0).

In particular, for every DFS-trees T' and 1" in a same graph G, it holds that
Vr(0) is equal to Vp/(0) for every time 6 such that both are defined.

Since every Hamiltonian path corresponds to a DFS-tree, the Corollary [62] is a
generalization of Theorem Also, in the particular case the graph is a tree the
second part of Corollary [62] specializes to a result due to Godsil [51], p. 157, Thm.
7]. This also has the consequence that the total number of plus signs inside the
path-tree at time 6 is equal to the number of zeros of the matching polynomial of
the path tree in the interval (—oo,#).

Note that the Corollary [62| works even if the matching polynomial does not have
distinct zeros. In this case, the number of plus signs inside the DFS-tree increases
not only through plus signs entering at the root of the path tree, but also with
duplications inside the DFS-tree. The next example shows how this happens.

Figure 3.5: The first arrow indicates the rooted graph G and the corresponding path
tree. The second and third arrows indicate in red the DFS-trees with the same root
as G and their corresponding images in the path tree.
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Example 63. Consider the rooted graph G shown in Figure|3.5. This graph has the
property that both spanning trees with the same root as G form DFS-trees. Observe
that, by Proposition [60, the DFS-trees are made up of mazimal paths, and this is
seen in Figure . The matching polynomial of G is u(G) = 2% — 62 + 322, and
has the multi-set of zeros {0,0,+1/3 £ 1/6}.

In Figure it s shown how the signs in the path-tree evolve with the time
0. Note that there is a change in some sign precisely at the zeros of the matching
polynomials (G \ ¢), where ¢ is a path starting at the root of G.

Observe in Figure that the total number of plus signs at time 6 along the
DFS-trees in the path tree is equal to the number of zeros of u(G) in the interval
(—00,0), as stated in Corollary @ As can be seen in Figure the number of plus
signs inside the DFS-trees increases precisely at the zeros of u(G). In particular,
at time 0 = 0 the number of plus signs in the DFS-trees jumps from 2 to 4 because
mo(G) = 2, and the new plus signs come from a triplication and quadruplication.

As this last example shows, the number of plus signs along a DFS-tree can
also increase by a multiplication of the plus sign inside it. Since, by Corollary [62]
the number of plus signs along the DFS-tree increases at time 6 by mg(G), the
multiplication is guaranteed to happen for all DFS-trees when my(G) is bigger than
one.

This leads to the question of whether the Gallai-Edmonds decomposition of G
at time 6 can lead to the vertex of the DFS-tree for which there is a multiplication
at time 6. It can be shown, using the same argument preceding the Theorem [50]
that there is certainly a duplication for the vertices in 90y ¢.

3.4 Flashes of Vertices

In order to obtain more combinatorial information from the Gallai-Edmonds
decomposition, we look at the number of times that a vertex is in Og . This is the
motivation for the following definition:

Definition 64 (Flash). A vertez i of the graph G flashes at time 6 if it is in Op .
The vertex i flashes k times if there are exactly k values of 6 for which it is in Og .
In particular, the number of flashes of © in the graph G is equal to the number of
zeros of the graph continued fraction o;(G).

The number of vertex flashes has already been considered with another name for
the particular case of trees in a recent article by Johnson, Duarte and Saiago [65, p.
10], but the results for matching polynomials in this section are new.

Note that if a vertex of the graph G flashes k times then u(G) has at least k
distinct zeros. In particular if a vertex flashes the maximum possible number of
times then the matching polynomial of the graph has distinct zeros. Our first result
connects the number of flashes of a vertex with the length of the largest path starting
at it. Recall from Section [3.3| that for a path ¢ : i3 — ix, we call my(G) — my(G \ ¢)
the entry (of plus signs) at time 6 in the path ¢ in T}
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Lemma 65 (Flashes and paths). Let ¢ : iy — iy be a path in the graph G. Then
¢ has entry equal to one at least k times. As a consequence, the vertices i; and iy
flash simultaneously at least k times.

Proof. Observe that to fill in the path ¢ : iy — i, with plus signs in the path tree
T¢! it must have entry equal to one in at least & times 6. By Lemma for these k
times 6 both 7; and i) are simultaneously in 0y . O

This shows that vertices that are far apart flash simultaneously. Also, that the
length of the largest path starting at the vertex gives a lower bound for the number
of flashes. The next result, which essentially appears in the work [53, p. 12, Cor.
4.6], is a generalization of this last fact.

Proposition 66 (Flashes and largest path). Consider a path ¢ : iy — iy in the
graph G and let m the number of flashes of iy, in the graph G\ {i1,...,ix_1}. Then
11 flashes at least m + k — 1 times in the graph G. In particular, if i, flashes the
mazimum number of times in G'\ {i1,...,ix_1} then i flashes the mazimum number
of times in G.

Proof. Observe that at least m — 1 plus signs must go across the path ¢ : 7 = i; — i
in the path tree T}, to get to the subtree corresponding to a;, (G \ {iy,...,ix_1}).
But to fill in the path ¢ we need an additional £ plus signs. This shows that ¢ flashes
at least m + k — 1 times in G. O

In Section we give another explanation for the results of Lemma and
Proposition The next proposition shows that neighboring vertices flash at least
half.

Proposition 67 (Flashes of neighbors). Let i and j be neighbors in the graph G.

1
If © flashes m times, then j flashes at least {%—‘ times.

Proof. Let 0y, -- ,0,, be the m times that ¢ flashes. Observe that, by Proposition |40

the neighbor vertex j is in Op, ¢ U 00g, ¢ for every [ in [m]. If among these m times

1
the vertex j flashes in at least [%-‘ of them, then the result follows. For this

reason, assume that j is in ooy, ¢ for at least {%J values of [ in [m]. Now notice
that the number of times for which a vertex is in oop ¢ is one less than the total
number of its flashes. This implies that j flashes at least {%J + 1 times, which
finishes the proof. n

The statement of Proposition [67] can be seen as the analogue of the following
fact for largest paths: Let ¢ and 7 be neighbors in the graph G. If the length of the
largest path starting at ¢ is m, then the length of the largest path starting at j is at

m+ 1 . . . :
least — | The reason for this analogy will become more clear in Sectlon
Also note that the bound in Proposition [67] is sharp, as can be seen in the example

of Figure [3.7
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Vertex weights: T
Edge weights: —1

Figure 3.7: Neighboring vertices ¢ and j flash 9 and 5 times, respectively.

The next result uses the rooted product of graphs defined in Section [2.3]

Proposition 68 (Rooted product of graphs). Let i and j be vertices in the graphs
G and H, respectively. Consider the rooted product G o; H of G and H where the
root of H is the vertex j. Then the following relation holds,

a;(Go; H) = 0;(G) o aj(H).
Proof. This is an immediate consequence of Lemma O

Corollary 69 (Multiplication of flashes). If i flashes | times in the graph G and
J flashes m times in the graph H, then i flashes | - m times in the graph G o; H.
In particular, if © and j are mazimum flashers in the graphs G and H respectively,
then i is a mazimum flasher in the graph G o; H.

Proof. Observe that the number of flashes is equal to the number of branches of a
graph continued fraction. Thus a;(G) and o;(H) have [ and m branches, respectively,
which implies that the composition «;(G) o a;(H) has [ - m branches. But from
Proposition 6§ it holds «;(G o; H) = «;(G) o o;(H), and as a consequence the graph
continued fraction «;(G o; H) has [ - m branches. This shows that ¢ flashes [ - m
times in G o; H. [

The next example shows that although the number of flashes and length of the
largest path have a connection, the former may be much larger than the later.

Example 70. Let G be the graph with vertex set [2] where there is an edge between
the two vertices. Assume that vertices weights is x and the edge weight is —1. Note

that the graph continued fraction for any of the vertices is x — —. This implies that
x

both vertices of G are maximum flashers.

Consider now the sequence of graphs (Gy,)n>1, where Gy = G and Gy = G, 01 G
for every n bigger than, or equal to, one. Observe that G, is a tree with 2™ vertices
and the length of its largest path is 2n — 1. Now, since G' has only maximum flashers,
this implies, by Corollary[69, that G, has a mazximum flasher for every n. Closer
analysis actually shows that all vertices of G,, are maximum flashers for every n.

It follows that for every natural number n the graph G,, has a vertex that flashes
2™ times while the length of its largest path is 2n — 1. This shows that the number
of flashes of a vertex may be much larger than the length of the largest path starting
at it.

In the next chapter we present some other connections between the number of
flashes and paths using combinatorial formulas for graph continued fractions.
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Figure 3.6: The signs are from the subtrees of the path tree of G shown in Figure|3.5]
As time passes the plus signs fill in the path tree of the graph G.
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Chapter 4

Combinatorial Formulas

In this chapter, we begin by recalling in Section [4.1] some basic facts and formulas
of the classical theory of orthogonal polynomials. Next, in Section we pay
special attention to this theory in a discrete setting involving interlacing polynomials.
In Section [4.3] inspired by the theorems of the theory of orthogonal polynomials,
we present some parallel results between spectral properties of characteristic and
matching polynomials.

In Section we characterize the number of distinct zeros of a matching
polynomial in terms of the dimension of a vector space generated by the matching
polynomials of a family of subgraphs and prove analogous result for characteristic
polynomials in terms of the adjugate matrix.

In Section we present some formulas for quotients of characteristic polyno-
mials and graph continued fractions that allow us to recover some classic results
of the theory of distance regular graphs and prove analogous results to matching
polynomials. In particular, we prove that the sub-discriminants of characteristic
and matching polynomials can be written as a sum of squares, and we present an
upper bound for the number of paths starting at some vertex i of a graph GG using
only the matching polynomials of G and G\ i.

Finally, in Section [£.3.3] we show that the formulas in Section generalize to
locally-finite graphs and we prove an upper bound for the connective constant of a
locally-finite vertex-transitive graph in terms of matchings.

4.1 Orthogonal Polynomials

In this section, we recall some basic facts about the classical theory of orthogonal
polynomials [24,69,/100]. We focus on the equations satisfied by the various objects,
and in the next section pay special attention to the discrete version of the theory,
which is connected to graph continued fractions and interlacing polynomials.

Let 7 be a measure in R with finite moments, i.e., 7, 1= /r"dT(r) is finite

R
for every n in NU{0}, and consider the associated linear map £ : R[z] — R,
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L(p) = / p(r)dT(r). This map comes equipped with the scalar product given by

< p,q >:5 L(pq). The orthogonal polynomial sequence associated with 7 is the
unique sequence of monic orthogonal polynomials with respect to this scalar product.
This sequence is finite if, and only if, the measure 7 consists of a finite number of
atoms.

Denote by (p,(z))n>0 the orthogonal polynomial sequence associated with the
measure 7, where deg p,, = n for every n in NU{0}. Tt is a classical result |24, p. 18,
Thm. 4.1] that the sequence (p,(z)),>o satisfies a three term recurrence:

pn—l—l(x) - (ZL’ - Tn—&-l)pn(x) + /\npn—l(x)a V?’L € N7

where 1, is a real number and )\, is negative for every natural number n. Conversely,
a classical theorem of Favard [38] (or see |24 p. 21, Thm. 4.4]) states that every
sequence of monic polynomials that satisfies a three term recurrence of this type is
an orthogonal polynomial sequence for some measure in R with finite moments.

In general there can be more than one measure with the same orthogonal poly-
nomial sequence. The classical moment problem consists in determining conditions
under which an orthogonal polynomial sequence is associated with a unique measure.
A well-known solution to the moment problem that interests us, and that will be
useful later, is that whenever both sequences (7,),>0 and (\,)n>0 are bounded, the
measure associated with the orthogonal polynomial sequence is unique and has
bounded support.

In this thesis we are particularly interested in simple equations connecting the
measure 7, the moments 7, and the three term recurrence coefficients that the
orthogonal polynomial sequence satisfies. The fundamental equation connecting
these objects comes from the Stieltjes transform of the measure 7:

dr(r) Tn 70
/Rx_r_zxnﬂ_ A\

n>0 xr—1r;+

A2
T -1y —
T =134

Observe that the negative of the Stieltjes transform of 7 is a function f(x) from
the upper half-plane to itself. In this sense, the last equation can be interpreted as
showing three ways of writing this special function f(x): as the negative of a Stieltjes
transform, a Laurent series at infinity and as a continued fraction. From this point
of view, the moment problem is to determine to what extent the representation of
the function f(x) as the negative of a Stieltjes transform is unique.

It is also clear that the Laurent series for f(z) is always unique and that the
continued fraction can be obtained from the Laurent series by means of a continued
fraction algorithm. This simple algorithm is presented in Khrushchev’s book [69, p.
250, Thm. 6.2]. In addition to its use in orthogonal polynomial theory, such an
algorithm is the main ingredient for the Berlekamp-Massey algorithm [103] in error-
correction codes theory, which serves to determine the minimal polynomial of a
linear recurrent sequence in an arbitrary field.

It was already known to Sylvester [99 p. 474], at least if the measure T consists
of a finite number of atoms, as the measure 7, moments, three term recurrence
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coefficients and orthogonal polynomial sequence are more directly related:

70 T T2 o Tp—l
Ty To o . Tn
[P — / H —xk dT(iL‘l) s dT(l’n) = det To
R i k}Cln :
T?’L*l Tn ... .. T2TL*2
_ (_1)n(n 1) nAn 1An 2, )\711 1
and also,
1 2
n! R™ .
{5,k}CIn]
[ 70 1 cee Tn—2 Tn—1 |
T1 T2 e Tn—1 Tn
=det | oo b = ) Ay,
Tn—2 Tn—1 - Ton—4 T2n-3
| T T+l 0 T2n—2 T2n-1 |

2

;/Rx i/n [T =) IT @ - airten) - dr(a,) | drte) =

A, 1A n!
n+1&=n jE€[n] j<k<n
Xn+1 Xn r
- 1
AnJrl An b

and,

J€[n] Jj<k<n
To T T2 v Tn
1 T2 T o Tp4l
1 .. .. .. :
= —det 72 ) ' ' : ,
A, . ) ) ) )
Tn_l Tn “ e PR 7‘2n—1
1 x  z? x"

for every natural number n.
In Section it will be shown that generalizations of these formulas are valid

for graph continued fractions and admit combinatorial interpretations.
There are also direct formulas connecting the orthogonal polynomial sequence,
measure, moments and linear map. In a recent paper, Garsia and Ganzberger [47]
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explain these formulas for orthogonal polynomials using Viennot’s Heaps of Pieces
theory [101].

The next three theorems are simple examples of the connection between the
measure 7 and the zeros of the orthogonal polynomial sequence. These classical
results are present in Chihara’s book [24].

Theorem 71 ( [24], p. 27, Thm. 5.2). Let 7 be a measure in R with finite moments
and orthogonal polynomial sequence (p,(x))n>0 and consider a closed interval I that
contains the support of 7. Then the zeros of p,(x) are all real, simple and located in
the interior of I.

Theorem 72 (Gauss quadrature formula [24], p. 32, Thm. 6.1). Consider a measure
7 in R with finite moments and let 7 < --- <zl be the zeros of p,(x) for some
natural number n. Then there are positive numbers af, ..., a such that for every
polynomial p(x) of degree at most 2n — 1 it holds,

£) = [ pr)irtr) = 3 o)

J€[n]

Theorem 73 (Interlacing for orthogonal polynomials [24], p. 34, Thm. 6.2). Let
(Pn(2))n>0 be an orthogonal polynomial sequence. Then, between any two zeros of
pm(x) there is a zero of py(x) for everyn > m > 2.

Proof. Let a and b be two consecutive zeros of p,(z) and assume, by contradiction,
that the polynomial p,,(x), with m bigger than n, does not have a zero in [a, b]. Now,
o) i= —Lmt?)

(x —a)(x —b)
x not in (a,b). Since p,(x) does not have zeros in (a,b) it follows by Theorem
that,

is a polynomial of degree m — 2 and p(z)p,(z) > 0 for every

< p.om >=L(ppm) = Y afp(a})pm(a]) > 0.

j€n]
But the polynomial p(x) has degree m — 2 and so it can be written as a linear
m—2
combination p(x) = Z bjpj(x), from which follows < p,p,, >= 0, reaching a
contradiction. = O
Since by Favard’s theorem [38] the orthogonal polynomial sequences are precisely
the sequences of polynomials that satisfy a three term recurrence, the interlacing of

the Theorem [73]is true for every sequence of polynomials satisfying a three term
recurrence.

As will be seen in the next section, interlacing polynomials can be used as the
starting point for the theory of orthogonal polynomials for discrete measures.
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4.2 Interlacing Polynomials and Sturm Sequences

In this section, we consider orthogonal polynomials for a measure with a finite
number of atoms. It will be convenient to start with two interlacing polynomials.

Consider two real monic polynomials p and ¢ of degrees n and n — 1, respectively,
with real, distinct and interlaced zeros. We are interested in ways to write the

quotient ]—)(x) and how to get from one to another.
q

The quotient E(x) can be written as:
q

where p; and \; are negative and s;, 7; and r; are real for every j. Note that the
last two equalities appear in the previous section and the last equality also appears
in the beggining of Section [3.3] The observation that the coefficients in the partial
fraction and continued fraction are negative is due to Sylvester [99, p. 474], but this
fact also follows from the theory presented in the previous section. As mentioned in
Section the sequence of partial numerators of the continued fraction is known
as the Sturm sequence for the pair (p(z),q(x)) and is the initial segment of an
orthogonal polynomial sequence.

It is also interesting to note that the functions +P appear in ergodic theory [80),
p.277], since they are precisely the rational functions of R(z) that preserve the

Lebesgue measure in R.
We call canonical forms the following four different ways of writing the quotient

—(z): as it is; as a partial fraction; as a Laurent series; as a continued fraction.
q

Observe that both the partial fraction and continued fraction expansions of ]—?(x) can

be written as a graph continued fraction of a star and a path graphs, respectively.
In Figure [4.1] we show an example of these two representations. For this reason,
we refer to these two canonical forms as star continued fraction and path continued
fraction. The number of vertices in both the star and path continued fractions of

the quotient ]—9(9(:) is equal to the number of zeros of B(:c)
q q

Similarly, one can write the inverse g(x) as a partial fraction, Laurent series and

continued fraction and talk about its canonical forms. In this case, new coefficients
and information are obtained that do not appear in the canonical forms of 1—?(317)

(with the exception of the continued fraction coefficients which are equal). Also note
that in this case the theory is closer to that presented in Section However, we

mainly use the canonical forms of the quotient E(m), because of the connection to
q

graph continued fractions.
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xr— S P2 Tr — S3

Figure 4.1: In the first part, there is a representation of a partial fraction expansion as
the graph continued fraction of a star. In the second part, there is the representation
of a continued fraction as the graph continued fraction of a path.

A natural question is how to move from one canonical form to another. Consider
the case where the polynomials p and ¢ are given in terms of their coefficients. In
this case, it is clearly possible to obtain a closed formula from one canonical form
to another, with the exception that there is no closed formula for a star continued
fraction. This exception occurs because there is no general formula a polynomial’s
zeros in terms of their coefficients. Such expressions for moving between canonical
forms can be obtained directly from the definition and formulas presented in the
previous section.

If there is not a simple closed formula from one canonical form to another, the
next best thing to want is an easy algorithm. For example, to obtain the path

continued fraction from the quotient, just run the Euclidean algorithm for E(x)
q

For each family of interlacing polynomials originating from a combinatorial object,
it is expected that there is a combinatorial interpretation for its canonical forms.
Note that the edge coefficients of the path continued fraction are always computable
and negative, which not only suggests that they count something, but also that they
may be written as the negative of a sum of squares. These coefficients can be studied
for small cases using some mathematical software, e.g. Sage or Mathematica.

Both characteristic and matching polynomials satisfy interlacing by Corollaries [0]
and [B1] respectively. This raises the question of what the combinatorial interpreta-
tions of canonical forms are in these two cases. Note that for Laurent series there is
already a combinatorial interpretation in terms of walks and tree-like walks by the
Theorems [7] and [24] The question now is whether anything significant can be said
about the star and path continued fractions representations. This will be the topic
of the next section.
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4.3 Graph Continued Fraction to Canonical Forms

In this section, we establish the star and path continued fractions for quotients
of characteristic polynomials and graph continued fractions. We show how the
star continued fraction leads to a relationship between distinct zeros of matching
polynomials and linear independence of matching polynomials of subgraphs. We
also show how the path continued fraction naturally leads to bounds for paths that
start at the root of the graph continued fraction.

4.3.1 Star Continued Fraction

Although there is no closed formula for the star continued fraction of a quotient
of characteristic polynomials, there is an interpretation for the inverted quotient in
terms of eigenvectors of the adjacency matrix.

Let {v1,- -+ ,v,} be an orthonormal eigenbasis for the hermitian matrix —Ag(0).
For an eigenvalue 6 of —A;(0), i.e., a zero of the characteristic polynomial ¢(G),
denote by |Sy| the set of indexes of the eigenvectors associated with 6. Recall that
adj(B) denotes the adjugate of the matrix B.

Theorem 74 (Godsil [52], p. 27-30). For every graph G it holds,

E ’Uk;U]?

adj(Ag(z)) kESe
EC. 2 x—0

P(G)(0)=0

The sum Z vkvg is independent of the initial choice of orthonormal eigenbasis
keSy
{v1,...,v,} and the multiplicity of 0 as a zero of ¢(G) is equal to the rank of

Z vpv}, for every 0 that is a zero of ¢(G).

keSy

As a corollary of this last theorem, there is the following partial fraction expansion
for the adjugate matrix entries.

Corollary 75. For every graph G and vertices i and j it holds,

(vr)i(vr) 5
(adj(Ac(x)))i; 3 kezse
iy

oG (@)

?(G)(0)=0

In particular,

$CND) () (adilaa))s _ g~ s
—0

P(G)(0)=0



As observed by Godsil [52, p. 29, Thm. 5.3] this last result implies Cauchy’s
interlacing for characteristic polynomials, which is described in Corollary [6] of this
work. The Corollary {75 also appears in the work of Van Mieghem [86, p. 6, Cor.
2], where it is used in the study of a centrality metric for graphs. A reformulation
of the second equation in Corollary [75] has recently received a lot of attention as
explained in the article [29].

We now show how Corollary [75|gives a relationship between zeros of ¢(G) and the
vector spaces of polynomials generated by entries of the adjugate matrix adj(Ag(x)).
Given a vertex ¢ in the graph G denote by and [V/| the vector spaces of polynomials
generated by {(adj(Ac(x)))jr}jrem and {(adj(Ac(x)))i;}jcm), respectively. Note

- G
that Vo = Z V. Also, denote by |H( | the set of zeros of ¢Ebé \)z)
i€[n]

.

Theorem 76. For every graph G it holds that:

a) The number of distinct zeros of ¢(G) is equal to the dimension of Vi,

¢(G)
¢(G\ i)

b) The number of zeros of is equal to the dimension of Vi;

¢) The cardinality of every finite expression obtained from {Hf }icp using inter-
sections and unions is equal to the dimension of the same expression where
each HY, is replaced by Vi and the unions are replaced by sums.

Proof. a) This item is a consequence of the item (c¢). The following equation is from
Lemma [&

6GY oG\
o) = 2 orc)

This equation implies that 6 is a zero of ¢(G) if, and only if, it is among the zeros

of &) M From this it follows by the item (c) that the number of

o(G\1)" "7 o(G\n)
zeros of ¢(G) is equal to |[HL U ---U HE| = dim V3 + -+ + V& = dim Vg, as we

wanted.

O(G'\ i)
, o(G)
of V4. To do this we prove a more precise statement from which both this result
and item (c) follow. If ¢(G) has m distinct zeros 6y, ..., 0,,, then the vector space
V. can be identified with the vector space generated by,

b) We need to show that the number of poles of is equal to the dimension

D iwr)gees D (e)ilor);

kESgl k€S, jeln]

To prove this, first notice that by Corollary [75]
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> (w)i(vi) > )il | [ 1Sl S, |
kESgl kEng €T, — 81 Ty — 01
S (wn)i(vn)a S (wn)i(vn)n [S6..] A
keSg, keSo,, | xry — em T — em i
_ ) -
0 - 0
. . G)(x
(@i(Aste)a  (adi(Agtz)a ] | O
(adj(Ac(z))in -+ (adj(A(Tm)))in !
0 el 0 —
I O(G)(zm)
for every xi ..., x,, which are distinct and different from 6,,...,6,,. Observe that

the second matrix in this last equation is invertible, since its determinant can be

evaluated to,

|591’

r1 — 91
det :
|56,

xl_em

using Cauchy’s double alternant |70, p. 355, Eq. 2.7]. Since z, ..

xm_em

|S91|

Tm — 91
: = |So,| -+ S0,
S

m |

IT (=) (6 —6))

{5,k}C[m]

IT (@ —6x) 7

J,k€[m]

., Ty, are not zeros

of ¢(G), the diagonal matrix in the equation above is also invertible. Now, since the

only condition on xq, ..

., T, is that they are distinct, one can use a vandermonde

matrix argument to conclude that the vector space V. can be identified with,

Now, notice that,

Z (Uk;)i(vkz)l

keSe,

Z (Uk)z(vk)n

kESgl

kES@m

D (or)ior)s

k€S,

Z (Uk)z(vk)n

kEng

D Wilwr)g s D (e)i(vr)

kESQl

J€n]

where B; is the n x m matrix with entry (B;) equal to (vg);, if k is in Sy, or
0, otherwise, for every k in [n] and [ in [m]. Since the second matrix in this last
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equation is invertible, because {v1, ..., v,} is linear independent, this implies that
V) can be identified with the subspace U; of R™ generated by the rows of the
matrix B;. Observe that the [-th column of B; is different from zero if, and only
if, Z (vr)7 # 0. Since [n] is the disjoint union of Sp,, ..., Sy, it follows, by the
keSp

deﬁnitilon of B;, that a set of rows of B; is linear independent if, and only if, no two
indexes of these rows are in a same Sp, for some [ in [m]. Putting it all together, it
follows that,

U= (21,...,2) €R™ ‘xl = 0 for every [ s.t. Z (ve)? =0

kGSQl

G\
Finally, observe that, by Corollary , 0, is a pole of % if, and only if,

Z (vp)? # 0. Tt follows that the dimension of Vj, which is the same as the

k€S,
AG\D)
¢(G)
¢) Observe that in the last part of the proof of item (b) there is characterization of
H, in terms of the non-zero coordinates of vectors in U;. Using this characterization,
it follows that the cardinality of every finite expression obtained from {H( }iepm
using intersections and unions is equal to the dimension of the same expression
where each H}, is replaced by U; and the unions are replaced by sums. Finally, since
for every i the space U; is in correspondence with the space V{ through a same
linear transformation, the result follows. O

dimension of Uj;, is equal to the number of poles of , proving item (b).

The item (a) of Corollary [76|is generally stated in terms of the walk matriz of
a graph and appears in Hagos’ work [63, p. 104, Thm. 2.1]. Ttem (b) of Corollary
appears in Godsil’s article |54, p. 886, Cor. 7.2] in terms of the walk matrix.

In the particular case that the graph is a tree T, the adjugate matrix adj(Ar(z))
has a nice form. Given vertices ¢ and j of T' denote by ¢« — j the unique path from ¢
to j.

Theorem 77 (Godsil [51], p. 156, Thm. 6). Let i and j be vertices in the tree T'.
Then,

(adj(Ar(2)))i; = pimsi (T \ i = j)(x).

The Theorems [76] and [77] together imply an interpretation for the number of
flashes of a vertex in terms of vector spaces of matching polynomials of subgraphs.

For a vertex ¢ in the graph G we denote by [i — | the set of paths starting at ¢,
and write for the set of paths in the graph GG, when there is no danger of
confusion. Given two distinct vertices ¢ and 7 in the graph G denote by and
the vector spaces of polynomials generated by {1(G\ ¢) }eef—, {1(G\ €) }eeli
and {4(G \ ¢)}eefi—sj), respectively. Observe that Wg = Z Wi and W}, = Z Wy .

i€[n] J€[n]
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Also, denote by the set of times # such that i flashes. Note that by Lemma
the set of zeros of (@) is precisely U F.

i€[n]
In this case, there is our new analogous statement of Theorem [76| for matching
polynomials.

Theorem 78. For every graph G it holds that:

a) The number of distinct zeros of u(G) is equal to the dimension of We;
b) The number of flashes of i is equal to the dimension of W};

¢) The cardinality of every finite expression obtained from {F(.}icp) using inter-
sections and unions is equal to the dimension of the same expression where
each F}, is replaced by Wi, and the unions are replaced by sums.

Proof. a) Since the set of zeros of u(G) is equal to U F}, this result follows from

i€[n]

T T
b) By Godsil’s Lemmait holds o;(G) = nTe) = (Tc) . This implies

WTE\D  STE\D
that the number of flashes of i is equal to the number of zeros of % By
Theorem (76| this number of zeros is equal to the dimension of the vector gpace ijé ,
which is generated by the polynomials {(adj(Azs (x)))i;| j is a vertex of T} }. Since
T}, is a tree, the Theoremimphes that (adj(Ag; (v)))ij = pisj@(TE\ i — j)() for
every vertex j of T¢. It follows that the dimension of Vzié is equal to the dimension

item (c).

of the vector space generated by {d(Tf \ ¢)}eefis-

Recall that, by the definition of path tree, the paths of G in [i — -] are in direct
correspondence with the paths of T¢ in [¢ — -]. This fact together with Godsil’s
Lemma [16{ implies that for every path ¢ of T, in [1 — -] it holds,

B(T5\ ) _ p(Ti\e) _ u(G\ o)
o(1¢) u(TE) u@)

As a consequence, the dimension of the vector space generated by {¢(T¢\c) }eepios ]
is equal to the dimension of the vector space W, generated by {u(G \ ¢)}eefis -
This proves that the number of flashes of 7 is equal to the dimension of W(.

c¢) Observe that, unlike in the proof of item (b), one cannot directly apply the
Theorem [76] to prove this item, because for distinct vertices i and j of the graph G
the path trees T}, and T; é are not isomorphic in general. However, for every vertex i

T\ 4
of GG one can consider the vector space U; associated with the poles of % as
G
given in the proof of the item (b) of Theorem . Since by Godsil’'s Lemma 16| it
Ti\ @ G\i
holds oI5 > ) = ACEAD) for every vertex i, one can see that all the vector spaces
o(1¢;) pu(G)

U; obtained this way can be considered inside of a same space R™ where m is the
number of distinct zeros of u(G). Using this observation the proof is analogous to
that of item (c) of Theorem [76] O
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The Theorem [7§| provides a refinement of the result by Godsil [50, p. 296, Cor.
5.3] that the matching polynomial of a graph with a path of length [ has at least
[ 4+ 1 distinct zeros. It is easy to see that Theorem [78|implies this result. Indeed, if
G has a path ¢ : 43 — 4,41 and ¢; denotes sub-path from ¢, to ¢, for every j in [l +1],
then {u(G \ ¢;)}jeps1) has dimension I 4 1, since the degree of u(G '\ ¢;) is equal to
the degree of p(G) minus j for every j in [l + 1]. This shows that the dimension of
We is at least [ 4 1, and therefore that p(G) has at least [ + 1 distinct zeros.

This same strategy shows that Theorem [78 has the following corollary.

Corollary 79. Let ¢ and j be vertices in the graph G. Then,

|FL N FL = dim W, N W, > dim W,
In particular, if there exists a path ¢ : 1 — j of length k, then © and j flash
simultaneously at least k + 1 times.

The Corollary (79| gives another proof of the second part of Lemma but does
not prove that a path of length & — 1 has entry equal to one at least k times.

Observe that in the proof of Theorem [76] we have associated with the vector
space of polynomials V, a matrix with evaluations of some polynomials using a
vandermonde matrix. This type of characterization of vector spaces of polynomials
can also be combined with the following lemma.

Lemma 80. Let M be an n by m matriz, where n < m, with rank equal to n. If J
and K are subsets of [n| and [m], respectively, with |J| + |K| > m, then there exists
(4,k) in J x K with (M), different from zero.

The next result illustrates what may be obtained by combining Theorem [78] the
characterization of vector spaces of polynomials alluded to above, and Lemma [80}

Corollary 81. Let i be a vertex in the graph G that flashes m times. Then there
exists a set of paths {c;}jeim) i [i — -] with {p(G \ ¢;)}jepm) linear independent.
In this case, the determinant det (u(G \ ¢;)(0k))jkeim) @s different from zero for
every choice of distinct complex numbers 6y, ..., 0,, that are not zeros of (G). In
particular, if J and K are subsets of [m] with |J| + |K| > m, then there exists (j, k)
in J x K with (G \ ¢;)(0k) different from zero.

4.3.2 Path Continued Fraction

In this section we present formulas for the path continued fraction of a quotient
of characteristic polynomials and graph continued fractions. These formulas allow
us to recover some classic results of the theory of distance regular graphs and prove
analogous results to matching polynomials. In particular, we prove a new upper
bound for the number of paths starting at some vertex ¢ of a graph GG using only
the matching polynomials of G and G\ i.

¢(G)

The path continued fraction of a quotient of characteristic polynomials m
i
can be calculated using the formulas in Section and the classic Cauchy-Binet

formula.
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Proposition 82 (Cauchy-Binet formula). Let M and N be m x n and n X m
matrices, respectively. Then,

(Mg, - (M), Mg - (Nim
det MN = 3 det A : ' P
{iim n] (M)mgy = (M), (Vi1 (Nim
The following corollary of Proposition will be the main ingredient in the
calculation of the path continued fractions.

Corollary 83. Let A and B be nxn matrices, and consider s1,...,8, andty, ... t,
in NU{0} and i in [n]. Then,
(Asl Btl)m .. (Asm Btl)m,
det : . : =
(Asl Btm)i,i . (Asm Btm)’i,i
(A)is - (A™)iin, (B")ivi o (B™)ig
= ) det A : A
{i1,ersim}Cnl (A)iiy o (A" )i, (BM)ipi = (B"™ )i
Proof. Consider the m x n and n x m matrices M and N given by (M), r = (A%); %
and (N)y; = (BY)g,, respectively, and apply Proposition ]

The determinants in Corollary [83|also have a combinatorial interpretation in terms
of non-intersecting walks using the Lindstrom-Gessel-Viennot-Karlin-McGregor
Lemma presented in [49, p.1, Thm. 1}, [68, p. 1] and [1, p. 195]. The interpretation
in the work of Karlin and McGregor [68] is similar in spirit with what we have in
mind. Generalizations of this kind of interpretation also appear under the name of
transfer matriz argument [22, p. 3-7].

We are now able to compute the path continued fraction of a quotient of
characteristic polynomials. In this section, for ease of notation, we write the
adjacency matrix of G evaluated at zero, Ag(0), simply as Ag. The next result
seems to be new.

Theorem 84 (Path continued fraction for a quotient of characteristic polynomials).
Let i be a vertezx in the graph G with vertex set [n|. Then,

9(G) d
~(z) =z —r+ ,
P(G\ 1) ot dy
- d,_,
T — Ty
where, for every k in [n],
_ 2
(k—D)k (AOG)iﬂ'l (AZ' l)z',z'l
Ak = (_1)lef_1d§_2"'dllgfl — Z det ’
{1, }C[n] (AOG>Hk e (Agfl)mk



and,

T A
Ty = g’;Tgkgk, 9r 9k = Ak,
k
with,
(A)ii (AG )i
o= det : E =
(91 (AG )i (AZ )i
(A%)i; (A& )iy
AO i Akil 1,1
( Gj)71 ( G:),l (A%’)Z,Zl
S A A |
{i1,-si—1}C[n] Ltk—1 et Ad)ii _1
(A%)i,j (Alcc; 1)i,j ( G) )k

for every j in [n].

Proof. By Theorem (7| and the formulas of Section [4.1 we can write:

(A52)

(G \ i) (=1)™(AZ)ia o
=3 C B _
9(G) m>0 e rT—r+ i
ds
T =T+
dn—l
. . _|_
r — Ty
where,
(k—1)k _ _
Ap=(=1) > 7hdyds™? o dy =
(A%I)i,i —(éé)z i (—1)k_; (A;é_l)i,z'
— det —(Ag)ii (A%)ii (—=1)"(AE )i
(DR AE i (—1)F(AE) (A )i
and,
Xk = (T1+"'+Tk)Ak:
[ (A)ii —(Ag)ii (—1)’“7;(/1;5;_1)@2‘ |
—((A&)ii (AZ)ii (=1)*(A&)ia
= det : : :

(1R 2(A82) (—1F (A,
(C1)H(AE),,
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for every k in [n].
Notice that by multiplying the even rows and columns of the determinant Ay
and using that 7 = (—1)°(A%);; = 1, we may simplify the formula for A to obtain,

(AQ)is -+ (AE i
(k—1)k . )

Ap=(=1)7=2 di'di2.-.d, | =det : - ;
(AG i - (AZ )i

Now, applying the Corollary [83| with A and B both equal to Ag(0), s; and ¢;
both equal to j — 1 for every j in [k], and using that A;(0) is symmetric, it follows
that Ay is equal to,

(AL -+ (A Yia
(k=1)k ' . '

(i1, }Cln] (A%)ia, - (A ia

This proves the first equality of the statement. The second and third equalities
follow from a more general equality.

First, notice that by multiplying the rows and columns of the determinant y; it
follows that:

[ (A (AR o (AR ]
(Ah)ii (A8 - (Af)is
Xr = det : : :
(AG )i (Alké_i)i,z‘ e (Ajc‘;z_i’)iyz‘
(A& (AG)ii - (AZ™ i |
Now, let Di be the matrix,
(AL)ii -+ (AE )i
: (AG )i - (A%k_lg)i,i
(AQ)ij - (AG )ij

so that (gi); equals det D} by definition. ‘Denote by DIk, s] the matrix obtained by
deleting the row k and column s from D;. Observe that Dj [k, s] is independent of j
in [n], Dj[k, k] equals Ax_; and Dj [k, k — 1] equals x;_1. We proceed as follows:

G ALg = Y (9)i(AL)jm(gk)m = D (AG)jmdet D det D" =

jme[n| 4,mé€[n]

= > (A)im Y (FUPFHTHAGY), det D[k, r](AG )i det DY [k, 1] =

j4,meE[n] rte[k]
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> (1)t det Dk, ) det Difk,t] Y (AG)i g (A%) jm(AG i =

r,telk] jmeE[n]

= Y (=1 det D[k, ] det Dy [k, t] (A7), =

rte[k]

=) (=DM det Dylk, 7] > (= 1)FHTR(AGT); det D[k, 1] =

relk] te(k]

(AQ)ii -+ (AF i
=Y " (=1)"""2det D[k, 7] et o - s —
D (D e (AT,
(Agrsfl)i’i . (Ag+s+k72)i’i
(A2)ii -+ (AG i
— Z:(—l)k”’2 det Di[k,7] det o B -
relk] (Ag 2” e (Ag ) );,z'
rzh—s (AG" Dii o (A7)
As a consequence,
(A)ii -+ (AF i
FAL gy = Z(—l)k“_z det Di [k, 7] det : e 3
9 Gk kLS Ak=2 A2k=3 ’
Tl ( ¢ —2” ( +G+k)§’i
rzhes (AG™ )i - (AG %)

for every s in NU{0}. Plugging s equal to 0 in this last equality, it immediately
follows that gf gx equals ApAy_;, which proves the third equality of the statement.
Applying the above with s equal to 1 and using the formulas of Section [4.1] it follows
that,

_ XkAr—1 — Xe-10% o ngAng
B ApAg_q B nggk;
proving the second equality of the statement.
Finally, observe that the last equality of the statement, with the definition of
(gk);, is a consequence of Proposition . O]

Tk

Observe that the Theorem [84] also shows that the coefficients r, and dj, in the
9(G)
o(G\ 1)

the vertices which are at distance less than, or equal to, k from 1.

only depend on the k-neighborhood of i, i.e.,

path continued fraction of
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Using a modification of Corollary [83| and the same proof strategy of Theorem
one can give a formula for the path continued fraction,

P(G\9) 1]
() = )
iEZI ¢(G) xr—r;+ dl d
$—T2+—2d71
+$—7"n

where [ is a subset of [n].
As a particular case of such result there is the following formula for the path
continued fraction of the logarithmic derivative of a characteristic polynomial.

Theorem 85 (Path continued fraction of the logarithmic derivative of a character-
istic polynomial). Let G be a graph with vertex set [n|. Then,

(G) N n
Qb(G) (.I‘) - dl )

where, for every k in [n],

(k—1)k

Ap=(=1) = nfdtds 2 d) | =

2

(A%)ihjl T (Aé‘_l)ildi
= Z det : . : ,
{G1,91)5-(k,3k) ] % [n] (A(()?)ik,jk e (A’éﬁl)ik,jk
and,
A
T = Tk Tng’ nggk = AkAk—la
9k 9k
with,
D (Aii o ) (AF i
i€(n] i€[n]
(gr); 1= det | N a2y ST (aZ), |
i€[n] i€[n]
D (A e D (A
i i€[n] i€n] i

for every j in [n].
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The k-subdiscriminant of a monic polynomial p of degree n, with n > k£ > 0, in
C[z] is defined as follows. Let xy, ..., x, be the multiset of zeros of p in Clz]. Then
the k-subdiscriminant of p is by definition,

SubDiscy(p)| = Z H (z; — z4)°.

IC[n] {i,j}CI

Il=n—k

Subdiscriminants generalize the classic notion of discriminant. Observe that the
0-subdiscriminant is the usual discriminant, and that SubDiscg(p) is different from
zero if, and only if, p has at least n — k distinct zeros.

Using the formulas of Section it is not difficult to see that the expression
Ay in the Theorem |85 is equal to the (n — k)-subdiscriminant of the characteristic
polynomial ¢(G), i.e.,

SubDisc,_(p(G)) = Ay.

But this last expression in Theorem [85|is actually a sum of squares. Using a
combinatorial interpretation for Corollary in terms of non-intersecting walks
then leads to a combinatorial proof of a result in [95, p. 3, Prop. 4], that all the
subdiscriminants of the characteristic polynomial of a matrix can be written as a
sum of squares.

It is also interesting to note that the best result up to date in Domokos’ work 33} p.
453, Thm. 6.2] writes the discriminant A,, of an n x n symmetric matrix as the sum
of (2:__11) — (2:__13) squares. On the other hand, as seen in Theorem , the product
A, A, 1 (which is different from zero if, and only if, A,, # 0) can be written as the
sum of just n squares.

The same reasoning presented above proves that for every graph G and subset
of [n], the resultant of ¢(G) and Z ¢(G \ 1) is also a sums of squares.

iel

In the next result we show how the formula of Theorem is related to the
diameter of a graph. Given a vertex ¢ in the graph G and a natural number k,
denote by |S}| the set of vertices of GG that are at distance k from 4. It is useful to
denote by S the set {i}.

Theorem 86 (Quotient of characteristic polynomials and diameter). Let i be a
G
vertez in the graph G, and consider the path continued fraction for M Then,

¢(G\ 1)

2

1

jeSE jest

for every k in [n].

Proof. Let j be in S}. First notice that (A%(0));; is equal to 0 if m is smaller than
k. This implies that for every subset {i1, ..., i} of [n] it holds,
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2

(AD)iss -+ (A i (A8)ia
(AQ)ig, - (A%_ll)i,ik (A&)ii
(AQ)iy - (A Yy (A&,
_ 2
(A%)iin - (AEYia

= (A]g;)zzg - det : . :
(AQian - (AG i
Also notice that if {iy, ..., i} contains an element of S} then this last determinant
is 0. Putting this all together it follows by Theorem [84] that,
() sl
(_1)(k 2)(k— Udk ldk 2 'dllc_l -

(k— l)k

(=1)*dydy -+ - di =

2
(A%iis - (A&)iiy
> det : : :
{il","’ik“}ig[n] <A%>i7ik+l (Alé)iyik+l
Zk+1€Sk .
(_1)““ 2)( dk ldk 2 'dllcfl
_ 2
(AQ)isy -+ (A& i (AE)in
DD ST I S S
R k—=1y
j€St {i1,..,i,}C[n] ((IZCOJ)%% - ((i%l))l,lk ((i ))Z )ik
_ G Jij _
(-1 A,
_ 2
> > (A2)iiy -+ (AG i
(Ag)fg det : :
j€s} {i1, ik}l (AD)iie = (AF i
() g g
2
k) k
_ZA 1]— |Sl| Z(AG)@J' ’
]ESZ jeS;’C
where this last inequality is Cauchy-Schwarz. O

It follows from Theorem [3] the well known fact that ¢(G) has at least diam(G)+1

o(Q) diam(G .

———— has at least —————= + 1 zeros for every vertex ¢ of the
P(G\19) 2

graph G.

The really interesting part about the inequality in Theorem [86|are the conditions
that guarantee equality up to some point, as the next results show.

zeros, and that
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Theorem 87. Let i be a verter in the graph G with S°,_, non-empty, and consider

¢(G)

the path continued fraction for —.
¢(G\ 1)

a) (—=1)*didy - dy, = Z(Ag)fj, for every k in [m];

JjeS;

Then the following are equivalent:

b) The vectors ((AE)ij, Jkeim) and ((A%)j, )kepm) are scalar multiples for every jy
and jo which are in a same component of the partition St --- 1S .

Proof. Observe that implicit in the proof of Theorem the equality,

(—1)*dydy - - - dp = Z(Ag)?,jv

jest
holds for some k if, and only if|
0 k 2
(A (Ad)ii
> det : ; =0.
{i1,eesip1 JCSEUSIL--LSE (AOG>i,ik+1 - (A/(f;)i’ik+1

First, we prove that (b) implies (a). Consider k in [m] and observe that by the
Pigeonhole Principle, for every choice of subset {i1,...,ixy1} of S4USTU---USE
there are two distinct elements 7, and 75 which are in a same component of the
partition. By the assumption of item (b), ((A%&)ii, )kepm and ((AL )i, )kepm) are scalar
multiples. This implies that the determinant of ((Agl)i,ij)(t,j)e[k]x[k] is zero. Since
the subset {iy,...,ix 1} is arbitrary, it follows that,

> det((AG )i, )eetu i = 0

{i1,esip1 YCSEUSIL--LISE |

which, by the criteria above, shows that there is equality in the item (a) for the
given k.

We now prove that (a) implies (b). Let j; and js be two vertices in a same
component S} of the partition S U---US! ;. In this case, both (A%);;, and
(AL);;, are zero for k smaller than ¢, and both (A%); ;, and (AL);;, are non-zero.
(Ac)iz
(A&)iji
{0,--- ,m}. This is clearly true for k£ smaller than, or equal to, ¢, so assume k is in
{t+1, - ,m).

Since S _, is non-empty we can consider iy, ...,i in S§, ..., Si |, respectively,
with i;,1 equal to j;. Then, by the criteria above for the equality in item (a) for k
and the induction hypothesis,

We will prove by induction in k that (A%);;, equals (AL); j, for every k in

2

(AL)iiy -+ (A (AR

0 = det : : : =
(A)igy -+ (A:G_i)z',z‘k (AL )i
(A%)ije - (A ige (AL)ije



(A% o (A s (A&
0 ' : :
= det : (AR (;é%)tz)zk -
GJi,j
- 0 c. 0 (Alé’)i,jz - (Atg)z,jj (AI&>2J1 |
02 k—1y2 k (AtG)i,jz k 2
= (AG)i,il T (AG )”k (AG)i7j2 - (At ) , (AG)ijl =
G/%J1
(AG)igs 4
(Ak )i, j2 — : (A )21
R (AtG)i,]'l I
This proves the induction step and finishes the proof. O

We say that S’ sends same weight to S} if the sum Z(AG)UJ is constant as v
JES:
varies in S?, and if this constant is equal to w then we say S¢ sends weight w to S.
Observe that this definition is meaningful only if |r — ¢| is at most one.

Theorem 88. Let i be a vertex in the graph G with S°,_; non-empty, and consider

_2G)

the path continued fraction for Ok Then the following are equivalent:
1

2

1 .
a) (—1)*dydy - dy = Al E (AL)i i | 5 for every k in [m];
kl\ o
JES;,

b) ((AL)i;)kepm only depends on the component of j in the partition SiUl---LUSE

c) Sk sends same weight to Sx_1, Sy and Sky1 for every k in OU [m — 2], S;_1
sends same weight to S,,_s and S,,_1, and S,, sends same weight to S,,_1.

Furthermore, if one of these conditions is satisfied, then,

(—1)kd1d2 cedy = |Sllc’(‘4]é’)%2,]’

for every k in [m] and j in Si. Also, Si_, sends weight ry, to Si_, for every k in
[m], and —dy, is the product of the weights that Si_, sends to S; and S} sends to
S 4, for every k in [m — 1].

Proof. We prove that (a) is equivalent to (b), and (b) is equivalent to (¢). Assume
that (a) holds, then, since there is equality in the Cauchy-Schwarz inequality of
Theorem [86], it follows that (A%);;, is equal to (Af);;, for every ji and jo which
are in a same component S! with ¢ in [m]. But, by the equivalence in Theorem ,
((AL)ijr )kepm) and ((AE): i) kepm] are scalar multiples for every ji and j, which are in
a same component of the partition S LI+ --LS? . Tt follows that ((Af); ;, )kepm) and
((AE)ij ) kepm) are in fact equal for every ji and j, which are in a same component
of the partition S} LI --- U S?,. This proves that (a) implies (b).
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Now suppose that (b) is valid. Then, by the equivalence in Theorem [87|it follows
that, for every k in [m],

2

(—1)fdady - dip = > ((Af)i1)" = |5L11| > (A8 |

jest jesi

where the second equality is because (A%); ;, is equal to (AL); j, for every j; and jo
in Si. This proves that (b) implies (a).
The proof that (b) is equivalent to (¢) follows from the equality:

(AG)iw= Y (AGi(A)iw + D (AG)ii(Ac)iw + D (AGi(Ac)jm,

jesi_, jes; €Skt

for every ¢ in [m] and & in {0} U [m], where v is in S}.

Assume that (b) holds. Then, for any given k in [m], using the equality above for
t equal to k and v in S}, one can prove that Sj sends same weight to Si_;. Using
this information and the equality above for ¢ equal to k + 1 and smaller than m,
and v in S}, it follows that S sends same weight to S} for every k in {0} U [m — 1].
Finally, by these observations and the equality above for ¢ equal to k£ + 2 and smaller
than m, and v in S}, it follows that Sj sends same weight to Sj_, for every k in
{0} U [m — 2]. This shows that (b) implies (c).

Now suppose that (c¢) is valid. We will prove by induction in ¢ that for ¢ in
{0} U [m], (AL);, only depends on the component of v in S§ LI --- I Si. Observe
that this is clearly true for ¢ equal to zero. The induction step is true because by the
equation above, (A");, for ¢ in {0} U [m] only depends in the entries of the matrices
A, ..., A1 and the weights that the components of S, --- ,Si send to each other
as described in item (c). This shows that (c¢) implies (b).

For the last part of the statement, observe that the items (a) and (b) together

imply,

(—1)*didy - - - di = [SLI(AR)};,
for every k in [m] and j in S;. Now consider j; in S;_; and vy in S;. Note that if
Sk and Si_1 both send same weight to each other, then,

1Skl Y J(Aa)jw = > (Ac)iw =1Si D (Ac)u,-

vest jesi_,vesi jesi

As a consequence,

1SE | D0 (AE™)ii(Ac) jun
|SH(AG) ., JESk

2,01

O ISEl(AETE, |Sitl(AG3

1,1 1,51

— Uk
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2

= SilISil | D (e | = [ Do Addia | | Do (A6)uy

jesi vest JES}

This proves that —dj, is the product of the weights that S} _; sends to S; and S},
sends to S;_,, for every k in [m — 1].

From the item (b) and the Theorem [84] it follows that, for every k in [m + 1],
(gr); equals (AL 1), ;A for every j in Si_, and zero otherwise. As a consequence,
for every k in [m),

D (A A i (AE ) Y (AEDL D (Ag)w

- ggAng o JweSE_y . JESL_y vESL_y
k — — =
9t gk JAVYA VA (—1)k=tdydy - - - dp_y
- Z (AG)j1,U7
UES]i_l

where j; is in S{_,. This proves that ry, is equal to the weight that S!_, sends to
Si_, for every k in [m]. O

For distance-reqular graphs there is always equality in the Theorem In fact,
the equivalent items of this theorem are inspired by the properties of distance-
regular graphs. The Theorem [88|is a simplified weighted version of results which
originally appear in the work of Fiol, Garriga and Yebra [39-41], providing a
local characterization of distance-regularity. For a nice overview of the theory of
distance-regular graphs one can read Godsil’s book [52, p. 195-217, Chpt. 11].

In the case of d-regular graphs one can do slightly better in Theorem [88 and
compute the number of vertices in each sphere S;.

Corollary 89. Consider a d-regular graph G with vertex weights x and edge weights
—1. Leti be a vertex in G with S%,_, non-empty and assume that the path continued

mcz’onoM
raction of S g

|Si| can be computed from the path continued fraction for every k in [m].

satisfies one of the equivalent statements of Theorem . Then

Proof. First notice that, since GG is d-regular, one can prove using Theorem [88| and
the last part of its proof that S’ ; sends same weight to S! and —d,, is the product
of the weights that S, _; sends to S’ and S!, sends to S!,_;. Denote by pyy1 the
weight that Si sends to Si_, for every k in [m], and by s;.; the weight that Sy
sends to Si,, for every k in {0} U [m — 1]. Then one has the relations: s; = d,

Pttt The1 + Sk = d for every k in [m — 1], sgpre1 = —dy and |S)_,|sr, = pra1]Si]
for every k in [m]. Using these equations one can compute recursively the values of
|S¢]| for every k in [m]. O
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Using the proof strategies of Theorems |88 and but with the path continued
fraction of the logarithmic derivative of a characteristic polynomial, one can give a
proof of a result nowadays known as the spectral excess theorem [40, p. 180, Thm.
4.4]. For a simple proof of this theorem and some of its applications we recommend
the articles [28, p. 7, Thm. 1] and [42, p. 395, Thm. 2.1].

Now we focus on graph continued fractions. Using the Theorem [84] and Godsil’s
Lemma [16| we can obtain the path continued fraction of graph continued fractions.
This is our main result of this section which is definitely new. Recall from Lemma
that for every path ¢ in the graph G we may write,

Z( )"t \/—MG\

m>0

where 7" is the number of walks from the root ¢ to the vertex corresponding to the
path ¢ in the path tree T},.

Theorem 90 (Path continued fraction of a graph continued fraction). Let i be a
vertez in the graph G with vertex set [n]. Then,

d
s G)w) = & — 71 + L
T — 1Ty + 2d
n—1
. . +
r—1r,
where, for every k in [n],
0 L. ¢kl 2
(k=1) “ €1
Ap=(-1)"7 d 2 dl = Y det | 2o |
{Cl,---7Ck}g[’i—)~] t(C)k oo t?};l
and,
T
9 A1i g
Tk T ; Ik gk = ArAg1,
9k 9k
with,
0 ookl
(gr)e := det o tzk_?’ =
Zt[) .. tk 1
0 k—1
tfl tc% tgl t51_2
- 2 det R - det 05 kfg ;
{eree1}Cl—~] Cg(;l tclgk:ll tck T tCk 1

for every c in [i — -].
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Proof. Observe that by Lemmas [16] and [24] we may write,

UM o = 2T8) 5 EY AR
S =@ = ) = Y

m2>0 m>0

Also notice that by Lemma [27] we have,

(D"t fu (T4 \ o) (=D™(AT Jic
=P (¥) = )
2 org) )T
The proof then follows from Theorem [84] O]

Analogous to the Theorem [85 there is a formula for the logarithmic derivative of
matching polynomials. Let G be the weighted graph obtained from G by joining
a new vertex v with weight z to all the vertices of G trough edges of weight —1.
Then, by Lemma [25]

av(é’)(x) =z —

Also notice that the set of paths starting at v in G is in direct correspondence
with the set of all paths in GG, and the weights of the paths also correspond under
this map. Applying Theorem . to (@ we obtain the following corollary.

Corollary 91 (Path continued fraction of the logarithmic derivative of a matching
polynomial). Let G be a graph with vertex set [n]. Then,

((ﬂ) = )
G d
HJ( ) r—T + ! d
T — 1T+ 2d
n—1
T =7,
where, for every k in [n],
tg1 R L 2
k—1)k
Ak:(— )( 1) kdk ldk2 "dllc—lz Z det 7
{e1,er}Cl—] t(c]k tlgkfl
and,
T
9 Az gk
Th = o, 9r ge = DAy,
9k 9k
with,
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(gk)c = det tkfg t2k'73 -
W
0 k—1
t?I ‘e tc{ tgl L tlfl_z
= Z det tD o tk_l det 0, . k. , )
{e1,en—1}C[—] Cgo’l o t%kjll L AN

for every c in [ — -].

As a consequence of Corollary 01} the subdiscriminants of matching polynomials
can also be written as a sum of squares. This observation about matching polynomials
seems to be new. The Theorem [00] and Corollary [91] also provide another perspective
on the results of Section [£.3.11

The Corollary 45| proves that the discriminant of the matching polynomial of
a vertex-transitive graph is nonzero. It seems reasonable to conjecture that the
discriminant is large for this class of graphs. The zero position of the matching
polynomial of vertex-transitive bipartite graphs was also studied in the work of
Csikvari [206].

Analogous to Theorem [86], the Theorem [90] implies an upper bound in terms of
the matching polynomials of G and G \ i for the number of paths with length k
starting at the vertex ¢. The next result seems to be new.

Theorem 92 (Graph continued fraction and paths). Let i be a vertex in the graph
G, and consider the path continued fraction for a;(G). Then,

(—1)fdydy - - dy, > Z(Agé)?,c,
c€li—]
l(c)=k

for every k in [n]. In particular, if all the vertex weights of G are x, then,

(—=1)fdady - di =Y A,

c€li—]
l(c)=k

for every k in [n].
Proof. This is an immediate consequence of Theorem |86 and Godsil’s Lemma

It is also possible to give a simple proof by induction using only the formulas of

Section [4.11 0

The Theorem [92] can be seen as more precise version of Lemma [65] presenting
a quantitative connection between paths and matchings. The next two examples
present the bounds of Theorem (92| for two graphs.

In general the bound of Theorem (92 is bad, as the next example shows.
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Example 93. Consider the family of graphs of Example[70. Let G be the rooted
graph with vertex set [2] where there is and edge between the two vertices and the
root is 1. Assume that the vertices weights is x and the edge weights is —1, so that

the graph continued fraction of G is x — —. Consider now the sequence of rooted
x

graphs (Gp)n>1, where Gy = G and G,y = G, 0 G for n bigger than, or equal to,

one. Observe that the root of G, is a maximum flasher while length of the largest

path starting at it is evactly n.
In Figure[{.9 we present the graph continued fraction for G written as a quotient

and path continued fraction.

_m8—7x6+13x4—7x2+1_
a 7 —A4xd + 423 — x a

e
&
o

Figure 4.2: Graph continued fraction of the graph G3 written as a quotient and
path continued fraction.

Table [{.1] presents the bounds given by Theorem [93 for Gj.

Table 4.1: Bounds of Theorem (92| for the graph Gj.
k 1 2 3 4 5 6 7

(—1)*dydy---dy 3 3 3 2

1
6 15

Pathsoflength k& 3 3 1 0 0 0 O

As n grows the bound of Theorem [93 for G, becomes worse.

However, for some graphs the bound of Theorem [92]is sharp, as the next example
shows.
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Example 94 (Petersen graph). The Petersen graph is a small vertez-transitive
graph. In Figure[{.5 we present the graph continued fraction for the Petersen graph
written as a quotient and path continued fraction.

2! — 1528 4 752° — 1452 + 9022 — 6
29 — 1227 4+ 452° — 58x3 + 18z T

3 10 38
2 9 45
O

.
51 J
K0
5 J
20
51
=20
8

=20
20

Figure 4.3: Graph continued fraction of the Petersen graph written as a quotient
and path continued fraction.

Table verifies that the bound of Theorem [94 works for the Petersen graph
and is sharp for some path lengths.

Table 4.2: Bounds of Theorem [92] for the Petersen graph.
k 1 2 3 4 5 6 7 8 9

232 232
(=D)*dydy---d, 3 6 12 24 36 54 60 = 5

Paths of length & 3 6 12 24 36 48 60 60 24

The fact that the bound of Theorem [92] works well for the Petersen graph is
not accidental. This happens because there is the analogous statement for graph
continued fractions of Theorem R7

A non-backtracking walk in a graph is a walk such that a step is never followed
by its inverse, i.e., if the walk is i1, @2, ..., % then i; is different from ;o for every j
n [k —2]. A walk that is not a path, i.e., repeats vertices, is said to self-intersect.
The next theorem is definitely new.
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Theorem 95. Consider a reqular graph G with vertex weights x and edge weights
—1. Let i be a vertex in G and consider the path continued fraction for a;(G). Then,
—dy is equal to the degree of every vertex in G, and, if m is the largest index such
that —ds, ..., —d,,—1 are all equal to —(dy — 1), then,

(=1)*drdy - dy, = |{c € [i = ] [1(c) = K},

for every k in [m]. In particular, the total number of shortest non-backtracking walks
starting at i that self-intersect is d(d — 1)"™ — (=1)™dydy - - - d.

Proof. Assume that G is a d-regular graph. Let m be the smallest natural number
such that there exists a non-backtracking walk starting at ¢ that self intersects. We
show that this m satisfies the properties of the statement.

TZ
Since «;(G) equals M their path continued fractions are equal. For this
o(Te \ 1) ,
o(1¢)

reason, we focus on the path continued fraction of ————.
o(Te \ 0)

Consider the path tree TZ, and let S} be the set of vertices of T, that are at
distance k from the root i for every k in {0} U [m]. Using the definition of m and
the facts that G is d-regular and T}, is a tree it follows that: S sends weight d to
Si, S sends weight d — 1 to S}, for every k in [m — 2], S} sends weight 0 to S}, for
every k in {0} U [m — 1] and S} sends weight 1 to S;_, for every k in [m].

Since T¢, is a tree with vertex weights z and edge weights —1 there is only a path
of weight 1 between every vertex and the root. It then follows by Theorem 8§ that,

2

(Vi = 1 | S Ay | =180 = e € i = 116) = k),

JES}

for every k in [m]. By Theorem [88 and the discussion above it holds that —d; is
equal to d and —dj, is equal to d — 1 for every k in [m — 1]. Since G is d-regular the
total number of non-backtracking walks of length m is d(d —1)™, and by the equality
above exactly (—1)"dyds - - - d,,, of these don’t self-intersect. By the definition of m
there exists a non-backtracking walk of length m that self-intersects, so d(d — 1)™
is bigger than (—1)™dydy---d,,, and as a consequence d — 1 is bigger than —d,,.
Finally, by the definition of m, the total number of shortest non-backtracking walks
starting at 4 that self-intersect is d(d — 1)™ — (—=1)"dyds - - - dp,. O

Theorem shows that for every vertex ¢ in a regular graph G, the path
continued fraction for a;(G) determines the length and total number of shortest
non-backtracking walks starting at ¢ that self-intersect.

As a corollary of Theorem [05], there is equality for regular graphs in the bound
of Theorem [92] at least up to the girth, i.e., the length of the minimal cycle. The
girth of the Petersen graph is 5, so Theorem [95| explains why there is equality up to
5 in the Table [£.2]
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n(G)'

Theorem 96. Consider the path continued fraction of for a regular graph G

u(@)
with vertex weights x and edge weights —1. Then, —dy is equal to the degree of every
vertex in G, and, if g is the largest index such that —ds, ..., —d,_1 are all equal to

—(dy — 1), then g is the girth of G and,

(—Dfndidy -+ di = [{c € [ — ]| 1(c) = k}|,

for every k in [g]. In particular, nd(d — 1)9~ — (=1)9ndydy - - - d, is equal to the
total number of minimal directed cycles in G.

Proof. The proof is analogous to that of Theorem [95], but using the path continued
fraction of the logarithmic derivative of a matching polynomial. For the last part
of the statement notice that the total number of shortest non-backtracking walks
that self-intersect is precisely equal to the total number of minimal directed cycles

in G. O]

The Theorem [96| shows that the matching polynomial of a regular graph deter-
mines its degree, girth and total number of minimal cycles. This is one of the main
results of the article by Beezer and Farrell [13, p. 12, Cor. 3.1].

In 2020, at the University of Waterloo’s weekly seminar on Algebraic Graph
Theory, Godsil posed the following question.

Question 97 (Godsil). Let G be a connected graph with vertex weights x and edge
weights —1 such that u(G\ i) equals u(G\ j) for every pair of vertices i and j. Then,
is G vertex-transitive?

As a corollary of Theorems and (96| we show a strong condition on graphs
satisfying the hypothesis of Question [07] The result stated in the next corollary
seems to be new.

Corollary 98. Let G be a connected graph with girth g, vertex weights x and edge
weights —1. If a;(G) equals a;(G) for every pair of vertices i and j, then u(G) has
distinct zeros and G is a reqular graph such that every vertex is in a same number
of cycles of length g.

Proof. First, observe that the same proof of Theorem implies that pu(G) has
distinct zeros.

Let 7 be a vertex in the graph G and consider the path continued fraction for
a;(G). By Theorem 90| it follows that —d; is equal to the degree of i. Then, since
all the graph continued fractions are equal, it follows that all vertices have the same
degree and so (G is a regular graph.

Now, since G is a regular graph, the Theorem (95| applies. Let m be the largest
index such that —ds, ..., —d,,_o are all equal to —(d; — 1). Then, Theorem
implies that,

(=1)fdidy - dyy = |{c € [i = ] |1(c) = K},

for every vertex ¢ of G and every k in [m]. Theorem 96| together with Lemma
implies that m is actually equal to g.
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If a vertex ¢ is in a minimal cycle of G of length g, it then follows that the total
number of minimal cycles containing i is, é(d(d — 1971 — (=1)9d1dy . . . d,), which
is independent of i.

If the vertex i were not in a minimal cycle, then, by the equality above, there
would be a non-backtracking walk of length g starting at ¢ that self-intersects at a
vertex different from ¢. But this would necessarily produce a cycle that has length

strictly smaller than g, which is impossible. This shows that every vertex is in a
minimal cycle. [l

4.3.3 Graph Continued Fractions for Locally-Finite Vertex-
Transitive Graphs

A graph, possibly infinite, is named locally-finite if every vertex has finite degree.
The study of graph continued fractions for locally-finite graphs has recently appeared
in the literature with the works of Abért, Csikvari and Hubai [27] and Bordenave,
Lelarge and Salez [19] in matching measures and by Bencs and Mészaros [15] in
versions of the Gallai-Edmonds Theorem [BL

The formulas for path continued fractions in Theorem [90]| also apply to locally-
finite graphs. This is the case because for a vertex ¢ in a graph G, the coefficients
with index smaller than k of the path continued fraction of ;(G) depend only on
the k-neighborhood of the vertex ¢. For this same reason, the graph continued
fraction of a locally-finite rooted graph can be approximated by the graph continued
fractions of a sequence of rooted graphs converging to it.

There is also a general continuous version for infinite graphs of the formulas in
Theorem [84], similar to the equations in Section [4.1 which can be obtained using
the Andreief-Heine identity [45, p. 2, Eq. 1.7] in place of the Cauchy-Binet formula
of Proposition [82]

For a locally-finite vertex-transitive graph GG with vertex weights x and edge
weights —1, its matching measure, as defined in |27, p. 1, Def'n 1.1], is the unique

measure with Stieltjes transform equal to , for some vertex ¢ of GG. This

a; (G
measure is unique because it has bounded supplcgrt )by Theorem and thus satisfies
the solution of the moment problem mentioned in Section [4.1] As a consequence,
the matching measure and the graph continued fraction of a locally-finite vertex-
transitive graph carry essentially the same information.

In the article [27, p. 3] the authors note that there is some hope that for a locally-
finite vertex-transitive graph its matching measure may reveal some interesting
information about it.

In this section, we show that Theorem [92] extends to the setting of locally-finite
vertex-transitive graphs and leads to an inequality involving its connective constant
and the coefficients of the path continued fraction of its matching measure.

The connective constant of a locally-finite vertex-transitive graph is a quantity
that encapsulates the growth of its self-avoiding walks. For a locally-finite vertex-
transitive graph GG with root ¢, denote by |p,| the number of self-avoiding walks of
length n starting at ¢. Since a self-avoiding walk of length n 4+ m can be broken
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in two self-avoiding walks of lengths n and m, it follows that p,im < pppm. As a
1

consequence, the limit := lim p;; exists and is called the connective constant of
n

G.

Self-avoiding walks and connective constants are an active topic of research. For
more information about them see Madras and Slade’s book [84] and the survey
article by Bauerschmidt, Duminil-Copin, Goodman and Slade [12].

The next theorem presents an inequality connecting the path continued fraction
associated with the matching measure and the connective constant of a locally-finite
vertex-transitive graph.

Theorem 99. Let G be a locally-finite vertex-transitive graph. Consider the
path continued fraction of o;(G) for some vertex i in G. Then, (—1)*dydy---dy,
is bigger than, or equal to, py for every natural number k. As a consequence,
limkinf((—l)kdldg e dk)% is bigger than, or equal to, the connective constant of G.

Proof. This is an immediate consequence of Theorem [92] O

In the next two examples, we examine the bounds of Theorem [99 for the square
and hexagonal lattices. The path continued fractions for both lattices were calculated
using the formulas of Section [4.1] and the number of tree-like walks of length smaller
than 49 of both lattices, which are available in |21} p. 4, Table 1] and |27} p. 15].
The number of self-avoiding walks for the next examples was taken from [84] p. 394,
Table C.1] and [83, p. 1433, Table 2].

Example 100 (Square lattice). Consider the path continued fraction associated with
the matching measure of the square lattice. In Table we present the approrimate
Pk
Pk-1
that the product (—1)*dydy - - - dy, is a lot larger than py. The connective constant of
the square lattice satisfies the rigorous bounds, 2.625622 < 2 < 2.679193, as can

be seen in [12, p. 4, Eq. 1.14].

value of —dy in comparison with to 3 decimal places. This table already shows

Pk
Pr—1
k 1 2 3 4 5 6 7 8 9 10 11

Table 4.3: Comparison between —d; and for the square lattice.

—d, 4 3 3 2777 2902 2.771 2.884 2.760 2876 2.765 2.858

Pk
Pk—1

4 3 3 27777 2840 27746 2.784 2.723 2749 2.710 2.727

Since the square lattice can be well approximated by the cartesian products
C, x C, with n large, where C,, is the cycle graph with n vertices, the values of
Table apply for these graphs as well.

Example 101 (Hexagonal lattice). Consider the path continued fraction associated
with the matching measure of the hexagonal lattice. In Table [{.4) we present the
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Pk
Pk—1
shows that the product (—1)kd1d2 ---dy s also a lot larger than py in this case.
The connective constant of the hexagonal lattice is known to be exactly \/2 + V2 =
1.84775 ..., by the work of Duminil-Copin and Smirnov |34].

approrimate value of —dy, in comparison with to 3 decimal places. This table

Pk
Dk—1
k 1 2 3 4 5 6 7 8 9 10 11 12 13

Table 4.4: Comparison between —d; and for the hexagonal lattice.

—dr 3 2 2 2 2 1875 1991 1.957 1.950 1.896 2.011 1.912 1.940

Pk
Pk—1

3 2 2 2 2 1875 1933 1931 1928 1.879 1.911 1.896 1.899

The information presented in Examples and leads to the following
question.

Question 102. Let GG be the square or hexagonal lattice and consider the path contin- .
ued fraction of a;(G) for some vertexi in G. Then, is it true that limkinf((—l)kdldg ceedy)k

is strictly larger than the connective constant of G ¢

In the article by Bencs and Mészaros [15, p. 36-37] there are other questions
about the matching measure of lattices.
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Chapter 5

Means of Near Continued
Fractions

In this chapter, we shift focus and use the techniques presented in Section
to provide a different perspective on results in the classical theory of continued
fractions and Pell’s equation. In particular, we present a factoring algorithm that
uses only the continued fraction of the square root of a natural number.

Classic continued fractions will be denoted by,

[ao,al,ag,...,aj,...]::a0—|— 1
a2+—" 1

_'_ JE
aj+---

Two finite continued fractions are said to be near if one of them has one more term
than the other. A pair of near continued fractions is represented by [ag, a1, .. ., a]
and [ag, ai, . ..,ax, ary1]. In particular, two consecutive convergents of an irrational
number are near continued fractions.

Our main theorem in this chapter provides formulas for the arithmetic, geometric,
harmonic and cotangent means of near continued fractions. This theorem must
certainly be known, but unfortunately we do not find it in the literature and we do
not know who was the first to prove it.

Theorem 103 (Means of near continued fractions). Given ag,ay,. .., a1 positive
real numbers, it follows that,

lag, a1, ..., ax) + [ag, a1, ..., ap, appa]
9 = [ao,al,...,ak,2ak+1,ak,...,a1],
\/[CLo,ah---,ak] : [a0>a1;---aakaak+1] = [ao,a17-~~7ak72ak+1,ak>--~aa1,2a0],
2
1 1 — [a07a17“'7ak72ak+17ak7"‘7a17a0]7
+
lag, a1, ...,ax]  [ao,a1,...,ak, agi]
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t~1 t~1
cot (CO [a())ala aa'k] +C;) [aovala 7ak7ak’+1]> _

= lag, ay,...,a, 2041, Qg, . . ., 1, ag.
A complex version of Theorem [103]is also available.

Theorem 104 (Means of near complex continued fractions). Given ag,ay, . .., g1
positive real numbers, it follows that,

[a’07a17 coes A, Qg1 — 7’] + [a07a17 ceey Oy Qg1 + Z]
2
— [a(],al) ey Ok, Qg1 Q41,5 Ay - - - 7a1]7
\/[a07a17 ceey ks Qg1 — Z] ) [@0,&1, cees Qs Qg1 +Z] =
= [a())al;' ooy Oy Q41 Q41,5 Ay - - - 7a1a2a0]a
1 1 o
-+ -
[ao, a1, ..., ak, ag1 — @] [ag, an, .. ag, agyr + 1]
= [ag, @1, ..., Gk, Qgy1, Aps1, Qp, - - -, A1, Qo)
71 . 71 .
ot (Cot lag, a1, ..., a, agpyr — @] +cot™ ag, a, ..., ap, api1 +17) |
2
= [Go, 1, - -+ Gk, Qi 1, At 1, Oy - - -5 A1, o)

Both theorems are proved using only algebraic manipulations of continuant
polynomials, which are the numerators and denominators of classical continued
fractions, and matching polynomials of paths. The condition of the positive numbers
in both statements is to ensure convergence and that the objects are well defined,
but the results apply to other types of continued fraction entries and notions of
convergence.

The Theorem [103] should also be compared to the results of the work of Van der
Poorten and Shallit |31, p. 239, Prop. 2] and [30, p. 604, Prop. 3]. These articles
present a result analogous to the Arithmetic Mean formula with some signs changed,
which is useful to transform some series into continued fractions.

In this section denote by Klag, aq, ..., a,| the matching polynomial of the path
with n + 1 vertices with weights ay, . .., a,, respectively, and edge weights all equal
to 1. Observe that,
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Klag,ay, ..., a,)
Klay, ..., a,)

In this setting, the Christoffel-Darboux Lemma |18 admits a particularly simple
form.

lag,ai, ..., a,) = , VneN.

Lemma 105 (Christoffel-Darboux for continuant polynomials). For every ag, . . . , Gy,
it holds,
Klag,ay,...,a,)-Klay, ... ap,an1]—Klay, ... a6, Klag, a1, ..., an, ane1] = (=1)"

The next lemma uses the recurrences of matching polynomials presented in
Lemma [11] for the particular case of continuants.

Lemma 106 (Properties of symmetric continuants). For every ag, ay, ..., a1, it
holds:

a) Klag,...,ak, 20511, ax, . .., ao) = 2+ Klao, ..., a] - Klao, . .., ag, ar41];

b) K[CLO, ag, ..., 0k, 2ak+17 Ay - - - 7a1] =

:K[aﬂa"'aak]'K[a17"'7ak+1]+K[a07"'aak+1]'K[alw"aak];

C) K[ao,...,akﬂ,akﬂ,...,ao] =
:K[a07"'7ak+1]2+K[a’07"'7ak]2:

:K[CLO?"'Jak’ak-‘rl_i]'K[a()?“‘aa‘knak-l-l—'_i];

d) K[ao,al, ey Qpg1, Qfgt1y - - - ,al] =

= Klag, ..., ap41] - Klay, ... ap1] + Klao, ..., ag] - Klag, ..., az).

Proof. a) A generalization of this item can be easily proved using graph continued
fractions, as shown in Figure [5.1]

b) Klao,...,ak 2a5:1, g, ..., a1] =

= 2ay41 - Klag, ... ax) - Klay,...,ax) + Klag,...,a5-1] - Klaq, ..., ag]+

Klag,...,a) - Klay, ... a1 =

= Klag, ..., ax] - (apy1 - Klay, ..., ax] + Klaq, . .., ar_1])+

Klay,...,ag] - (ags1 - Klag, ..., ax] + Klag, ..., a5-1]) =

= Klag,...,a;] - Kla1, ..., ap41] + Klao, - . ., ar1] - Klaq, . .., ax).

¢) Conditioning at the edge connected to the two vertices weighted a1 implies:
Klag, ..., Qry1, Qpyt, - - -5 00) = Klag, ..., ap1)> + Klag, . . ., ai]?.

Now, notice that, Klay, ..., ar1)*> + Klao, ..., a1]* =

= (Klag,...,ax+1] — 1 - Klag, ..., a))(Kao, ..., apt1] +1- Klag, ..., ax]) =

= K[a07"'7akaak+l _Z] ’ K[a07"'7akaak+l +Z]
d) Once again, conditioning at the edge connected to the two vertices weighted
aj1 this item immediately follows. m

Theorems and are immediate consequences of Lemmas and [106]
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4 0o k1 k Me M1 N =2, ap \ )\Aqak Qg i1
ag aj 2ap41  Qk ao — 20 TP,
agp Qg

Figure 5.1: Proof of the item (a) of Lemma using graph continued fractions.
The first equality is a simple statement about continued fractions. After clearing
the denominators, the second equality is obtained.

Proof of Theorems and[10f]. We prove the formulas for all the means in The-
orem (103l The proof of Theorem [104] is analogous and uses other properties of
continuants listed in Lemma [I06]

Arithmetic Mean:

K[CLOua’l?""ak] K[a’()?alv"'aakJrl]
[a()aalv"-va’k] + [a07a17"'7ak7ak+1] _ K[ala"'a@k] K[ala"'7ak+1]
2 2
_ K[a07a17"'7a/k‘].K[ah'"aak‘-i-l]+K[a07a1a"°7ak+1]'K[alﬂ"'yak] _

2-Klay, ... ax] - Klaa, .., agpa] N

_ Klag, a1, ..., a4, 2011, 0, ..., a1]
e = [ag, a1, . .., ak, 2041, Ak, - - ., G1].
lay, ..., ag, 20541, Qg, . . ., 1]
Geometric Mean:
Consider = = [ag, a1, . . ., ag, 2ax11, A, - - . , a1, 2ag], we need to prove that,
T = \/[a0>a17' - 7ak] : [a0>a17 s 7ak7ak+1]-
Note that,
xr = [ag,a, ..., a5, 20541, Ak, - - ., Q1,00 + T] =
- K[a()aala"'7ak72ak+17ak7"'7a1aa0+x] o
Klay, ..., ax, 20541, g, - . ., Q1,00 + ]
o Klag,aq, ..., ag, 20541, ay, ..., 01 - + Klag, a1, . .., ag, 26541, G, . . -, a1, Go)
Klay, ..., ak, 20541, 0%,y - .. a1] - ¢+ Klaq, ..., ax, 2041, g, - - -, a1, ag|
2
Klay, ..., ag, 20541, a, - .., a1]x” = Klag, ay, . .., ag, 20511, Gk, - - -, a1, @) =
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Klag, a1, ..., ax, 2541, Ck, - . ., 01, Q0]

8
I

Klay, ..., ax, 20541, 0k, . .., G1]

2-K[ao,a1...,ak]-K[ao,al,...,ak,akH] _

2-Klay, ... ai] - Klaa, . .., ag, agpa]

= \/[ao,al, Ce ,ak] . [ao,al, Ce ,ak,ak+1].

Harmonic Mean: Observe that,

2
1 1 = [ao,al,...,ak,QakH,ak,...,al,aO] <~
lag, a1, ... ag]  [ao,ai,..., ¢k, agi1]
[07a07a17"'7ak]+[07a07a1a"'7ak7a’k+1] — 10 9
) = [0,a0,a1,...,a, 2a,1, ag, . . ., ay, ap,

which is true by the formula for the Arithmetic Mean.
Cotangent Mean:

Consider z := [ag, a1, . . ., Gk, 2ak+1, Ak, - . . , a1, Ao, we need to prove that,
£ | +cot™!| ]
CcO ag, 1, ...,0 CcO ap, a1y ... ,0k, Ag11
T = cot
2
Note that,
xr = [ag, a1, ..., a0, 20541, Ak, - - ., Q1, Ao, T] =
o K[(lo,al,...7ak,2(lk+1,ak7...,(ll,ao,.T]
Klay, ..., ax, 2041, ag, - .., a1, ag, ]
K[a(balw--aak72ak+1aak7"‘7al7a0] '{E—f-K[ao,al,...,(lk,Qak+1,ak7...,a1]
= —
Klay, ..., ax, 20541, Gk, - - . a1,00] - ¢+ Klaq, ..., ag, 26541, Qg, - . ., a1]
2
> =1  Klag, a1, ..., a5 2541, ak, ..., 01,a0) — Klay, ..., a, 20541, a5, ..., a1]
2x 2 Klay,...,ap, 2a511, ak, - . ., a1, ag)
K[aﬂvah"'aa’k] 'K[a07a17"‘7ak7ak+1] B K[alv"'aak] ) K[a17"'7ak7ak+1]
Klay, ..., ax, 20541, ag, - . ., a1, ag)
K[a07a17"'7a’k] 'K[a’O?ah"‘aak;a’kJrl] B K[a17"'7ak] ) K[a‘lv"'aak7ak+1]

K[a07a17"'7ak]'K[ala"'aakaakJrl]+K[a07a17"'7ak7ak+l] 'K[ala"'7ak]
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_ [a07a17"'aak] ) [a07a17"‘aak7al€+1] —1

—
lag, a1, ... ,ax] + [ag, a1, ..., ag, axi1]
z?—1 _ lag, a1, ..., ax] - [ag,a1,. ..,k apeq] — 1
2x [ag, a1, ... ,ax] + [ag, a1, ..., ag, axi1]

Using this last equation and the formula for the cotangent of the sum:

ty-cotz—1
cot(y+z)=coy cot z

coty + cot z

we obtain,

-1 -1 -1
2cot™ x = cot” [ag, ay, ..., ag] + cot” [ag, a, ..., ax, agr1] <=

Tr = cot

<Cot1[a0, ai,...,ag] +cot ag, ay,...,a, ak+1]>
5 .

O
The Theorem [I03] can be generalized to the case of graph continued fractions

using the same idea that is presented in Figure to obtain a formula for periodic
continued fractions. In this way, formulas are obtained for the means of «;(G) and

Oéi(G\j)-
5.1 Pell Equation and Factorization

For b € Q. which is not a square in Q, it is well known that,
q

p
\/g = [a0/2,a1,(12, s ,&2,@1,@0],
1+\/§
Ve

= [(14b9)/2,b1,bg, ..., bo, b1, b,

2
with a; and b; natural numbers for every j, ap even and by odd, where the central
words, (a1, a9, ...,as,a1) and (by, by, ..., by, b1), are palindromes. Assume from now

on that the periods of these continued fractions are minimal. For natural numbers
these continued fraction expansions are of particular interest, as they give rise to

the fundamental solutions of the Pell equation. If Pis equal to a natural number n,
q

then,
K[a0/2,a1,a2, ce ,ag,al]Q —n- K[al, as, ... ,ag,a1]2 = (—1)l,

(2 . K[bo/Q,bl,bg, Ce ,bg,bl])Q —n- K[bl,bg, Ce ,bg,bl]Q = 4(_1)7717
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where [ and m are the period lengths of the continued fractions expansions of y/n
1 n

and +T\/_, respectively.

In this case, [ is odd if, and only if, the equation 22 — ny? = —1 is solvable.
If n is divisible by a prime p congruent to 3 modulo 4, then this last equation is
unsolvable, because —1 is not an square modulo p. It follows that [ is even whenever
n is divisible by a prime congruent to 3 modulo 4. A similar reasoning applies for
the parity of m.

Observe that,

\/ﬁ = [CL()/2,CL1,CL2, sy Ak, Ay o 7a27a17a0]7

if | =2k + 1 is odd, and,

Vn = [ao/2,ay, @z, -, Gk, Grs1, Gk, - - -, Gz, G1, Ao,

if | =2k + 2 is even.
In this second case, one can apply the formula for the geometric mean of near
continued fractions in Theorem [I03] to obtain,

\/_ - \/[a0/270’17 s 7ak] ’ [a0/27a17 s 7ak7ak+1/2] —

n = [a0/2aa1a s 7ak] ’ [a0/27a1a s 7akaak+1/2]‘

In the case ag, is even, it then follows that n can be factored as the product
of two near continued fractions with natural numbers as entries. This procedure is
clearly reversible, as one can go from such a factorization to the continued fraction
expansion of \/n using the geometric mean formula in Theorem |103]

Since both Klag/2,aq,...,a;] and Klay,...,a], and Klag/2,aq, ..., ak, agi1/2]
and Klay,...,ax,ary1/2] are pairs of co-prime natural numbers, it follows that n
can be factored as the product of two natural numbers as,

K[G’O/Qaala"'aak] K[a0/27a17"'7ak>ak+1/2]

:K[alv"'7ak‘aak‘+1/2] K[alv"'aak’]

This factorization is non-trivial. Indeed, if this were not the case, then,

Klag/2,a1,...,a5] = Klay, ..., ak, axy1/2],
and from item f) in Lemma [105]

K[aO/Qaala s 7ak] ’ K[ala s 7ak7ak‘+1/2]_

K[&b ce 7ak] ’ K[GO/zaala . .- 7ak7ak+1/2] = (_1)k+1'

As a consequence,
K[a0/27 agy. .- ,CLk]Q —-n: K[a’h s 7ak]2 = (_1)k+1a
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is a nontrivial solution for the Pell equation of n that is smaller than the fundamental
solution, which is impossible.
The two non-trivial factors of the natural number n obtained this way are also
co-prime because K[ag/2,a1,...,a;] and Klag/2,a1,...,ax, axs1/2] are co-prime.
In conclusion, from the continued fraction of /n it is sometimes possible to
obtain a non-trivial factorization of n as the product of two co-prime naturals. This
procedure, which appears to be new, is shown in practice in the next example.

Example 107.

V741 = [27,4,1,1,13,18,13, 1, 1,4, 54] = \/[27,4,1,1,13] - [27,4,1,1,13,9] =

3321 30134 3321 30134
=V 122 107 Vior 1o T V3T o Tl=3-un

A similar observation appeared in the work of van der Poorten and Walsh [32] p.
52, Thm. 1], where they also mention a connection to the lagrange equation. The
advantage of our approach is that the geometric mean formula of Theorem [103
holds under more general conditions and immediately shows that there exists a
factorization.

In the way described above this factoring algorithm is slow in general because
the period length of the continued fraction of \/n can be large. Using the theory of
quadratic forms it is possible to obtain a faster algorithm, as presented in the work
of Elia [36, p. 5-7].

If the period length of the continued fraction of \/n is odd, then it was already
known by Legendre [79, p. 59-60] that one can obtain a primitive sum of squares
representation of n. This fact can also be proved using the geometric mean formula
in Theorem [104]

It is also possible, using Theorems and [104] to give simplified proofs of some
other results about the Pell and Lagrange equations and continued fractions of
square roots.

5.2 Mordell’s Conjecture

In this section, we study, using the procedure of Section [5.1], the continued
fraction of \/p*™~1 where p is a prime congruent to 3 modulo 4 and m is a natural
number. As a consequence, we obtain, following Chakraborty and Saikia [23], a
restatement of a conjecture by Mordell [87].

First, notice that since p is congruent to 3 modulo 4 the period length of the contin-
ued fraction of 1/p?™~1is even. Write \/p?>™~1 = [ao/2, a1, -- -, Gk, Gk11, Ok, - - -, C1, Go) s
where ag = 2| /p?™~1]| is even, and the period is minimal.

Observe that ag,, is odd, otherwise, by the procedure of Section [5.1], one can
obtain a non-trivial factorization of p?™~! as the product of two co-prime natural
numbers, which is impossible.
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Define,

Sok+1 =2 Klag/2,a1,..., a5, ax11/2], so:= Klao/2,a4,...,ax,

Sk+1 = 2- K[ala R 7ak7ak+1/2]7 S = K[ab s 7ak]7

and observe that sg 11, S0, Sg+1 and s are natural numbers. By the geometric mean
formula in Theorem [103] and Lemma [105] it holds that,

Sp- S s s

2m—1 0" 20,k+1 0 0,k+1 k+1

p = = : y 50 Sk+1 — S S0,k+1 = 2(=1)"".
S Sk+1 Sk+1 S

S0 S0,k+1
and

Sk+1
and s are all odd.

Observe that by the second equation above it holds that both ged(so k41, Sk+1) and
ged(so k1, So) are equal to 1 or 2. It also follows from Lemmathat ged(sg, ) = 1.
Now, using the definition of continuant,

We prove that are co-prime natural numbers and sg x+1, So, Sk+1

Sok+1 = Qg1 - So +2- Klag/2,a1,. .., ap_1],  Skp1 = Qg1 -5+ 2 Klaq, ..., ap_1],

from which follows, since a4 is odd, that both sg 41 and sy, and s and s are
pairs of natural numbers with the same parity. Now, as ged(sg, s) = 1, we get that
the parity of the pair s ;41 and s¢ is different from the parity of the pair si;1 and s.

It follows that ged(sgg+1,Sk+1) = 1. As a consequence, since both ged(so k41, Skt1)

50,k+1

S
and ged (s g1, Sk+1) are equal to 1 and the product =0 is a natural number,

Sk+1 S
. S0 50,k+1
it follows that and are natural numbers and sy and si,; are odd.
Sk+1 S
Now, as ged (s k41, S0) is either 1 or 2, so 11 and sp have the same parity and

S0 S0,k+1 . . S0 50,k+1
the product —— - 2L i5 odd, it follows that and
Sk+1 S Sk+1
numbers and So x+1, So, Sk+1 and s are all odd.

are co-prime natural

. S0 50,k+1 .
We also have s < sy, g1 < Sox+1, from which follows — < ———. Finally,
Sk_;’_l S
we obtain,
So 1 S0k+1 _ om—1
— =1, == .
Sk+1 S

By the geometric mean formula in Theorem this implies,

/—p2m71 _ [Sk+1 Sokt1 _ [Sk41 SOk+1
So S S So

- 2\/[ak+1/27 A, - - - 70’1] ’ [ak+1/27 g, -..,01, a0/2] =

=2- [ak+1/27ak7 -..,01,00,01, - .- aakvak-i—l] =
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p2m71
2

1+\/W:[(
2

As a consequence, ag.; is either |/p?™~1| or [/p?™~1| — 1, whichever is odd.
Mordell’s conjecture [87, p. 283] concerns a divisibility property of the fun-

damental solution of the Pell equation of p, where p is a prime congruent to 3
modulo 4. This conjecture was inspired by a similar conjecture of Ankeny, Artin
and Chowla [4, p. 480], where p is a prime congruent to 1 modulo 4.

= [&k+1/2,ak, e, a1,00,07, ... ,ak,akﬂ] <

1+ ap1)/2,a, -, a1, Qo, G, - - -, Gk, Gk 1)-

Conjecture 108 (Mordell [87]). Let x? — py* =1 be a fundamental solution of the
Pell equation of p, where p is a prime congruent to 3 modulo 4. Then p does not

divide y.

This conjecture can be rewritten in the language of continued fractions. Write
VP = lao/2, a1, @, gy, Gk, - - -, G1, Gg), then Conjecture m is easily seen as
equivalent to the statement that p does not divide Klay, ..., ag, Ggi1, ag, - . ., a1].

In their work, Chakraborty and Saikia [23, p. 2551, Thm. 4.1] proved that
Conjecture is equivalent to the statement that p does not divide Klay, ..., ax].
This is also a consequence of our results presented above.

First, observe that, by item (a) of Lemma [106] Kai,...,ak, agi1, ay, . .., a1

equals sy - s. Notice that s is, by definition, equal to Klay, ..., ax]. It suffices then
50,k+1

to verify that s, is not divisible by p. But p = and ged(Sokt1, Sk+1) = 1, S0

Sg+1 is not divisible by p.
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