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Preface

Tutte polynomial is a fascinating object that unifies several counting problems about
graphs including the enumeration of proper colorings, spanning trees and acyclic
orientations.

This lecture note consists of two parts. In the first part we introduce the basics
of the Tutte polynomial. Even in this part we included recent advancements like the
refutation of the Merino—Welsh conjecture for matroids.

The second part of the lecture note is about limits of Tutte polynomials. This
part is admittedly much more involved and the tools introduced here go way beyond
the study of the Tutte polynomial. It turns out that it is very hard to work with
the Tutte polynomial directly, and we need to introduce concepts like the matching
polynomial that are much more amenable to study. Building a bridge between the
Tutte polynomial and the matching polynomial also requires new tools like the gauge
transformation which is essentially a combinatorial identity prover technique that
also provides unexpected connections between subgraphs and orientations. Another
useful concept that we will utilize is the empirical root measure that constitute a
bridge between finite graphs and their limit objects. Here we also need to develop
the basics of the Benjamini-Schramm convergence to make our graph convergence
arguments rigorous.

This is a hard course that involves ideas from several branches of mathematics. If
you understand the first part and have a superficial understanding of the second part
that is already a very good achievement. We will not be able to cover everything at
the classes. Parts that are omitted at the lectures are marked with a *.

I hope you will you enjoy the course!



Part 1

Basics



1. Tutte polynomial

1.1 Introduction

In this chapter we introduce the so-called Tutte polynomial.

Definition 1.1.1 (|48]). Let G = (V, E) be an arbitrary graph. Then the Tutte

polynomial of G is defined as

Ta(x,y) = Z(x _)RAKE) () )RAHAIIV],
ACE

where k(A) denotes the number of connected components of the graph (V) A).

There are many excellent surveys about the properties of the Tutte polynomial
and its applications [9, 21, 56, 24| or the book [25].
In this lecture note we allow loops and multiple edges. The Tutte polynomial satisfies

the following recursion:

2Tg_e(z,y) if e € F(G) is a bridge,
TG(I> y) = yTG—e(x7 y) if e € E<G) is a 100p7
Ta—e(z,y) + Tee(x,y) if e € E(G) is neither a bridge, nor a loop.

Bridge is just another word for a cut edge.

From this recursion it follows that
TG(:L‘7 y) = § tz,szij
,J

where ¢; ; > 0. These numbers have a combinatorial meaning in terms of spanning

trees.



1.2 Special points

The main feature of the Tutte polynomial is the wide variety of enumeration problems

that are special evaluations of the Tutte polynomial.

Theorem 1.2.1. Let G be a connected graph.
(a) Te(1,1
(b) Te(2,1
(C) Tg(l,Q
(d) T (2,2

counts the number of spanning trees.

counts the number of spanning forests, that is, acyclic edge subsets.

counts the number of connected subgraphs.
= 2¢(Q),

—_ — ~— ~—

?

Proof. We have

Te(z,y) = Z(m — 1)HAORE) () — )RAHAIIV]
ACE
where k(F) = 1 since G is connected. Note that 0¥ = 0 except if k¥ = 0, thus
(1 — 1)RA=RE) (1 — 1)AHAEVE = 1 if and only if k(A) = k(E) = 1, and |A| =
V| — k(A) = |V| — 1, thus A is the edge set of a spanning tree. Parts (b) and (c)

follow the same way, part (d) is completely trivial. O
a) Tz (2,1) spanning forests ) Tz(1,1) spanning trees
¢) T(2,0) acyclic orientations d) T(0,2) strong orientations

Theorem 1.2.2. Let G be a connected graph.

(a) T(2,0) counts the number of acyclic orientations.

(b) T:(1,0) counts the number of acyclic orientations with a unique source vertex
that is fixed.

(¢) T:(0,2) counts the strongly connected orientations.



Proof. We only prove part (a), the other two parts are similar.

Let a(G) be the number of acyclic orientations. If G contains a loop, then a(G) =
0. If G contains a bridge e, then a(G) = 2a(G — e) since we can direct the edge e
anyway. If an edge e is neither a loop, nor a bridge, then let us consider an acyclic
orientation O of the graph G—e. Such an orientation always comes from a topological
order, that is, an ordering of the vertices in such a way that every edge is oriented
according to the orientation, left to right. Thus we can always orient the edge e at
least one way: simply orient it according to some topological order consistent with
the acyclic orientation O. It can happen that we can orient the edge e in both ways.
This means that in G — e there is no directed path between the end vertices of e in
any direction. Then it means that O corresponds to an acyclic orientation of G/e.
Hence a(G) = (a(G —e) —e(G/e)) + 2a(G/e) = a(G — e) + a(G/e). For the empty
graph O,, on n vertices we have a(0,,) = Tp, (2,0) = 1 (empty edge set A), thus the
recursion and the base cases of a(G) and T(2,0) coincide. Hence T¢(2,0) = a(G).

[]

1.3 Chromatic polynomial

In this section we introduce the so-called chromatic polynomial.

Definition 1.3.1. [45] Let G be a graph. A map ¢ : V(G) — {1,2,...,q} is a
proper coloring with ¢ colors if p(u) # ¢(v) whenever (u,v) € E(G).
The number of proper colorings of G with ¢ colors is denoted by ch(G, q).

Remark 1.3.2. The function ch(G, q) is polynomial in ¢q. This is called the chromatic
polynomial of the graph G.

Proposition 1.3.3. If e € E(G) is a loop, then ch(G,q) = 0. Ife € E(G) is a
bridge, then ch(G,q) = %Ch(G—e, q). If e € E(G) is neither loop, nor bridge, then
we have

ch(G, q) = ch(G —e,q) — ch(G/e, q),

where G /e denotes the graph obtained from G by contracting the edge e.

Proof. Let us consider the proper colorings of G —e. If e = (u,v) then we can

distinguish two cases: if u and v get different colors then it is even a proper coloring



of G. If u and v get the same color then it corresponds to a proper coloring of G/e.

Hence

ch(G — e, q) = ch(G, q) + ch(G/e, q).
[

The chromatic polynomial is a special evaluation of the Tutte-polynomial. In-
deed, one only needs to compare the recursion formulas of the two polynomials to

prove the following statement.

Theorem 1.3.4. We have

ch(G,q) = (—1)" D HDHIT(1 - q,0).

1.4 Statistical physics and the Tutte polynomial

In this section we review some classical statistical physical models that are related

to the Tutte polynomial.

1.4.1 Ising-model

In the case of the Ising-model the vertices of the graph G represent particles. These
particles have a spin which can be up (+1) or down (—1). Two adjacent particles
have an interaction e if they have the same spin, and e™? if they have different
spin. Suppose also that there is an external magnetic field that breaks the sym-
metry between +1 and —1. This defines a probability distribution on the possible

configurations as follows: for a random spin configuration S:

P(S—J)—%exp Z po(u)o(v)+ B Z

(uv)EE(G) ueV(G)

where Z is the normalizing constant:

Zu(G.B.p)= Y,  ewp| Y, Polwo)+B Y o

oV (G)—={~1,1} (uw)EE(G) weV(Q)
Z is called the partition function of the Ising-model.

When £ > 0 we say that it is a ferromagnetic Ising-model, and when g < 0, then

we say that it is an antiferromagnetic model. It turns out that the model behaves

6



very differently in the two regimes even if we only consider extremal graph theoretic

questions.

1.4.2 Potts-model and random-cluster model

Potts-model is a generalization of the Ising-model. Again the vertices of the graph
G represent particles, but this time their spin or state can be one of ¢ different
states, i. e., 0 : V(G) — [¢]. Two adjacent particles have an interaction e? if
they are in the same state, and no interaction otherwise. This defines a probability
distribution on the possible configurations as follows: for a random configuration S:

let 1(statement) = 1 if the statement is true and 0 otherwise, then

P(S =0) = %exp Y. Bllow) =0o(v) ],

(u,v)EE(Q)

where Z is the normalizing constant:

Zro(Grq. 8)= > exp| Y. Bl(o(u) =0o(v))
o:V(G)—[q] (uv)EBE(G)

Similarly to the previous case, Z is called the partition function of the Potts-model.
In the case when (3 is large, then the system prefers configurations where the particles
are in the same state. When f is a large negative number, then the system prefers
configuration where adjacent vertices are in different states. In the limiting case
B = —o0 we get that lims_, e ?¥1Z = ch(G, q).

Potts-model is very strongly related to the so-called random cluster model. In
this model, the probability distribution is on the subsets of the edge set E(G), and

for a random subset F we have
1
P(F=F) = 4 " ElFl

where k(F') is the number of connected components of the graph G' = (V(G), F).
Here ¢ is non-negative and w > —1, but not necessarily integers, and Z is the

normalizing constant

ZRCan Z q

FCE(G

Lemma 1.4.1. Let q be a positive integer, and 6’3 =1+w. Then

ZPO<G7 q, B) = ZRC(G7 q, w)



Proof. Clearly,

ZoGa )= Y exp< S Blo(w) = o))
. (u7

Il
\oB
g
=
S
=
b

]

There is a very clear connection between the Tutte-polynomial and the partition

function of the random cluster model Zrc(G, ¢, w). Namely,

Te(z,y) = (z — 1) My = 1) Zpe (G, (z — 1) (y — 1),y — 1).

1.5 Weighted homomorphisms into a matrix

Given a graph G = (V| E), a ¢ X ¢ symmetric matrix N and a v € R? we can consider

ZeN.v)= Y TI Newsew - ] vew:

p:V—lq] (u,v)eE ueV

Clearly, this generalises both the Ising model and the Potts model. In case of the

6_’8 66 -B

of the Potts model we need to consider the matrix whose diagonal elements are

e e e
Ising model, ¢ = 2 and N = and v = , while in the case
e

e? =1+ w, and the off-diagonal elements are 1.



2. Edge activities

2.1 Introduction

In this chapter we introduce an alternative description of the Tutte polynomial. For

Tutte it was a definition, for us it will be a theorem.

Theorem 2.1.1 (Tutte [48]). Let G be a connected graph with m edges. Label the
edges with 1,2,...,m arbitrarily. In case of a spanning tree T of G, let us call an
edge e € E(T) internally active if e has the largest label among the edges in the cut
determined by T and e by removing e from T. Let us call an edge e ¢ E(T) externally
active if e has the largest label among the edges in the cycle determined by T and e
by adding e to T. Let ia(T) and ea(T) be the number of internally and externally

active edges, respectively. Then

To(r,y) = Y a*Oy=®),
TeT(G)

where the summation goes for all spanning trees of G.

Theorem 2.1.1 was originally a definition for the Tutte polynomial [48]. This
characterization of the Tutte polynomial immediately shows that the coefficients
of the Tutte polynomial are non-negative. In this theorem, it is important that
we consider the same labeling of the edges for all spanning trees. For those who
have never seen this definition before, it might be very surprising that the Tutte

polynomial is independent of the actual choice of the labeling.

Proof. For a spanning tree T' let TA(T') be the set of internally active edges, and
EA(T) be the set of externally active edges. Then we can write

Z Iia(T)yea(T) _ Z (1 + (I . 1))ia(T)(1 + (y . 1))ea(T)

TeT(G) TeT(G)



-y ¥ Z (2 = 1St (y — 1)1

TeT(G) §1CIA(T) S2CEA(T

A very natural idea is to make a map (7,51, ) — A € 2, and a natural candidate
is A = (T'\ S1)USsy. The question is whether we can get back (7', S1, S3) from A. This
is again easy: think of the labels as weights, and in each component let us choose a
minimum weight spanning tree, then contract the connected components of A and
in the obtained graph choose a maximum weight spanning tree. Let S; be the edges
of this latter graph, and let Sy be those edges that were not in a minimum weight
spanning tree of any connected component. Then 7' = (A \ S3) U S; is a spanning
tree. Observe that by the construction each edge of S; must be internally active
with respect to T', and each edge of S; is externally active with respect to T'. Since
the edges of S; goes between different components of A we have |S;| = k(A) — k(E).
The edges of Sy goes inside the components of A we get that |Sy| = |A|+k(A) —|V].

We show that it is a one-to-one map. Observe that an edge of Sy cannot go
between the connected components of T\ Sj, because that would mean that it
has a bigger label than some internally active edge in its fundamental cycle, but
it contradicts the definition of internal activity. This means that A and T\ S;
has the same connected components. But it immediately determines S;: only the
maximum weight spanning tree in the contracted graph has the property that all
of its edges are active. Similarly, only the minimum weight spanning tree in each
connected component of A has the property that all other edges of A in the same
connected component are externally active. This means that A uniquely determines
T, Sy, Ss. O

2.2 Local basis exchange graph

Definition 2.2.1. The local basis exchange graph H[T] of a graph G = (V, E)) with
respect to a spanning tree T is defined as follows. The graph H[T] is a bipartite
graph whose vertices are the edges of G. One bipartite class consists of the edges of
T, the other consists of the non-edges of T, and we connect a spanning tree edge e
with a non-edge f if f is in the cut determined by e and T, equivalently, e is in the
cycle determined by f and T

Figure 1 depicts a graph G with a spanning tree T and the bipartite graph H|[T|

obtained from 7.

10



Figure 2.1: Example for a graph G and the local basis exchange graph H[T] obtained

from a spanning tree 7'

2.3 Matroids

The Tutte polynomial naturally extends to matroids. Recall that a matroid M is a
pair (E,Z) such that Z C 2, called the independent sets, satisfying the axioms (i)
DeZ (ii)if A CAeZ, then A’ € Z, and (iii) if A, B € Z such that |B| < |A], then
there exists an € A\ B such that BU {z} € Z. Given a set S C E, the maximal
independent subsets of S all have the same cardinality, and this cardinality is called
the rank of the S, denoted by 7(S). The maximum size independent sets of M are
called bases, and their set is denoted by B(M). The dual of a matroid M is the
matroid M* whose bases are {E \ B | B € B(M)}. For further details on matroids
see for instance [44]

Given a graph G = (V, F) the edge sets of the spanning forests of G form the inde-
pendent sets of a matroid Mg called the cycle matroid of G. If GG is connected, then
the basis of My are the spanning trees of G. One can define the Tutte polynomial

of a matroid as
Ty(x,y) = Z(x — 1) E=rS) (g — 1)ISI=r (),
SCE

where 7(S) is the rank of a set S C E. When M = Mg, then Ty, (z,y) = T(x, v).
Observe that even the definition of local basis exchange works for general matroids

and their basis.

11



3. DBrylawski’s identities

3.1 Introduction

In this chapter we study the so-called Brylawski’s identities valid for the Tutte poly-
nomial. We have seen that written as a usual two-variate polynomial Tg(x,y) =
> i, tijz'y, the coefficients ¢;; encode the number of certain spanning trees, namely
spanning trees with internal activity ¢ and external activity j with respect to a fixed
ordering of the edges. It is not hard to prove that too = 0 and t1y = tp; if the
graph G has at least 2 edges. In general, Brylawski [9] proved a collection of linear
relations between the coefficients of the Tutte polynomial. Namely, he proved that
if e(G) > h + 1 for some h > 0, then

h o h—i .
h— ‘
>3 (" e o
i—0 j=0 \ J
In particular, the third relation gives that if e(G) > 3, then tog — t11 + to2 = tio-

Example 3.1.1. The Tutte polynomial of the cube graph is the following.

1 x 22 23 2t 2% 25 27

1 11 32 40 29 15 5 1
y |11 46 52 24

y2 |25 39 16
3120 8

yt| 7

yo |1

We can see that t19 = tg1 = 11 and tyg — t11 + to1 = 32 — 46 + 25 = 11 = t4.

Note that one can extend Brylawski’s identities to the Tutte polynomial of an

arbitrary matroid M on a set E. In fact, we will only use the fact that there is a

12



rank function r(-) on the subsets of E satisfying 7(S) < min(r(E), |S|) for every set
S C E. In this case, the Tutte polynomial of the system M = (E,r) is defined as
Tu(w,y) = Y (x— 1)y — 1)),
SCE

where r(S) is the rank of a set S C E. The Tutte polynomial of a graph G simply
corresponds to the graphical matroid M of the graph G. In [29]|, Gordon extended
Brylawski’s result for ranked sets: besides 7(S) < min(r(E),|S|), he assumed the
normalization r(()) = 0, and was able to extend Brylawski’s identities for h = |E].

Here we extend the work of Gordon and Brylawski for h > |E|, and also simplify
the proof significantly. We only use the special form of the polynomial, namely that
it behaves nicely along the hyperbola (x — 1)(y — 1) = 1. We do not use anything
about matroids or rank functions. Our generalized Brylawski’s identities are the

following.

Theorem 3.1.2 (Generalized Brylawski’s identities). Let M = (FE,r), where E is
a set, and r : 28 — Z>q is a rank function on the subsets of E, satisfying r(S) <
min(r(E), |S|) for every set S C E. Let

Tur(a,y) = Y (o = 1))y — 1))

SCE

be the Tutte polynomial of the system M = (E,r). Let m denote the size of E, and
r the rank of E. By writing Tar(z,y) = 3, ; tijx'y’, the coefficients t;; satisfy the
following identities. For any integer h > 0, we have

h h—i .

h—1 ~ h—r
1)t = (=1 ,

22 (5 =)

=0 75=0
with the convention that when h < m, the binomial coefficient (:__;L) 15 interpreted

as 0.
In particular, for the graphical matroid of a graph G, we get the following.

Theorem 3.1.3 (Generalized Brylawski’s identities for graphs). Let G be any graph
with n vertices, m edges and ¢ connected components. Let Tg(x,y) = Z” ti;x'y’ be

the Tutte polynomial of the graph G. Then for any integer h > 0, we have

éhz_; <h]_ Z) (1)t = (=1)m " <hh_f; C),

h—n-+c

with the convention that when h < m, the binomial coefficient ( W ) is interpreted

as 0.

13



3.2 Proof of Theorem 3.1.2

This entire section is devoted to the proof of Theorem 3.1.2.

By definition,

SCE
Let us introduce a new variable z, and plug in z = -%; and y = 2. Then

() = Mo oy

SCE

Since Tar(x,y) = 3, ; tija'y’, we have
z z b Zm
T ~ St i = .
M(z—l’z) Zﬂ(z—l)z (z =1y

Z ti 2 (2 = 1) =2
2

Hence

Note that if ¢ > r, then ¢;; = 0 as r(S) > 0 for every set S. Hence, both sides are

polynomials of z, so we can compare the coefficients of z*.
: r—1
ti j _1 Tkt . . = 5 ms
2t (e ) =

where 0y, is 1 if & = m, and 0 otherwise. This is not yet exactly Brylawski’s identity,

but taking appropriate linear combinations of these equations yields Brylawski’s

identities. Let h
—(—)F(T ).
Ch,k ( ) (h o l{?>

2% (Z e j))) o

Let S;, be the left hand side. Note that
h r—1
g, — C t(—1 r—k+j ‘ -
S )
= 2,7
h h—r r—1
=N (=1)F( tyj(=1)rhts a
2D (n 1) (Z =) (/f—(iﬂ')))

14
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Hhen h—1 h—r

= Y- (17)

Remark 3.2.1. Once one conjectures Theorem 3.1.3, then it can be proved by
the deletion-contraction identities via simple induction on h. The more general
Theorem 3.1.2 can be proved by certain recursions too, as it was shown by Gordon

[29], but seems to be considerably more work than the proof presented above.

Remark 3.2.2. One key application of the Brylawski’s identities is the characteriza-

tion when T (x,y) can be factorized: it is irreducible if and only if G is 2-connected.

15



4. The Merino—Welsh conjecture is

false for matroids

4.1 Introduction

For a connected graph G, let 7(G), a(G) and a*(G) denote the number of spanning
trees, the number of acyclic orientations and the number of strongly connected ori-
entations, respectively. Merino and Welsh [42] conjectured that if G is a connected

graph without loops and bridges, then

max(a(G),a*(G)) > 7(G).

We have seen that a(G), a*(G), and 7(G) are all evaluations of the Tutte polynomial,
namely, 7¢(2,0) = a(G), T(0,2) = a*(G), and T(1,1) = 7(G).
Conde and Merino [20] also suggested the following “additive” and “multiplicative”

versions of the conjecture:
T6(2,0) +T5(0,2) > 2T6(1, 1),

and
T(2,0)T6(0,2) > Tg(1,1)2

It is easy to see that the multiplicative version implies the additive version which in
turn implies the maximum version.

The Merino—Welsh conjecture and its variants triggered considerable attention.
Thomassen [47| proved that the conjecture is true if the graph G is sufficiently
sparse or sufficiently dense. Lin [35] proved it for 3-connected graphs satisfying
certain degree conditions. Noble and Royle [43] proved the multiplicative version for

series-parallel graphs.

16



As we have seen the Tutte polynomial naturally extends to matroids with the

formula

Tar(z,y) = Y (x — 1) B Sy — 1)lsl=rs),
SCE

where 7(5) is the rank of a set S C E. A loop in a matroid M is an element z € E
such that r({z}) = 0, that is, {x} ¢ Z, and a coloop is an element that is a loop
in the dual M* of the matroid M. Equivalently, a coloop is an element that is in
every base of M. For a cycle matroid Mg loops correspond to loop edges, coloops
correspond to bridges in the graph G.

Hence it was suggested that the inequalities
max(Th(2,0), Ta(0,2) > Ty(1,1),
Tw(2,0) + Ty (0,2) > 2Ty (1,1),
T1(2,0)Th (0,2) = T (1,1)*

may hold true for all matroids M without loops and coloops. (These versions ap-
pear explicitly in [26], but were treated much earlier without explicitly calling them
conjectures.) Note that for general matroids, all these versions are equivalent in the
following sense: if one of them is true for all matroids, then the others are also true
for all matroids. Applying the maximum version to M U M* with M* being the dual
of M leads to the multiplicative version of the conjecture.

Knauer, Martinez-Sandoval, and Ramirez Alfonsin [33| proved that the class of
lattice path matroids satisfy the multiplicative version. Ibanez, Merino and Ro-
driguez [40] proved the maximum version for some families of graphs and matroids.
Chévez-Lomeli, Merino, Noble and Ramirez-Ibanez [17| proved the additive version
for paving matroids without coloops. In fact, they showed that the polynomial
Ta(z,2—x) is convex on the interval [0, 2] for these matroids. Recently, Ferroni and
Schroter [26] proved the multiplicative version of the conjecture for split matroids.
Kung [34] proved the additive version for some special matroids based on their size

and rank. Jackson [31]| proved that
T (3,0)Th(0,3) > Ty (1,1)?

for matroids without loops and coloops. He phrased it for graphs but he also noted
that his proof extends to matroids.
The aim of this short note is to give a counter-example for these inequalities for

general matroids.
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Theorem 4.1.1. There are infinitely many matroids M without loops and coloops
for which
Tar(2,0)Ta(0,2) < Tar(1,1)2

In fact, we show the following slightly stronger result. Let xy be the largest root
of the polynomial 23 — 9(z — 1). We have zy ~ 2.22668...

Theorem 4.1.2. Let 0 < x < xg, then there are infinitely many matroids M without

loops and coloops for which
TM($7 O)TM(07 ‘T) < TM(L 1>2

It is interesting to compare this result with the above inequality of Jackson. In
the paper [5], the authors show that 3 can be improved to 2.9243.

4.2 Counter-examples™

The counter-example for the multiplicative version of the Merino—Welsh conjecture
is surprisingly simple. Let U, , be the uniform matroid on n elements with rank r.
Let UT(LQ?Z be the 2-thickening of U, ,, that is, we replace each element of U, , with 2
parallel elements. We will show that if x < xg, then M,, = Uf;n satisfies the theorem
for large enough n if n is divisible by 3, hence concluding Tﬁgéorems 4.1.2 and 4.1.1.

The computation of the Tutte polynomial of UT(LQQ relies on two well-known lem-

mas.

Lemma 4.2.1 (Formula (2.24) in [41]). The Tutte polynomial of the matroid U, is
the following:

n—i—1\ . ~<~/n—j—1Y\ .

1 = ! J

U (T 9) Z(n—r—l)x—i_Z( r—1 )y
i=1 ]:1

Lemma 4.2.2 (Jaeger, Vertigan and Welsh [32]). Let M be a matroid, and let M®*)
be its k-thickening, that is, we replace each element of M with k parallel elements.
Then

Yy Pyt k)

T (z,y) = (7 4+ 2 4+ 1)700T :
e (T,y) = (y Y ) M yk—1+yk—2+...+y+1y
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In particular, we have
TM(Q) (ZL’, 0) = TM([L', 0),

Th(0,2) = (z + 1)"MTy, <:c ; ’x2> :

and
Ty (1,1) = 27007, (1, 1).

Clearly, these expressions together with the exact formula for Ty, , (z,y) make the
computation of T, (x,y) very fast for specific values of n,r, z,y.

To prove Theorem 4.1.2, our next goal is to understand the exponential growth
of Ty, . (x,0).

Lemma 4.2.3. Let r = na and x > 1, then

f(n)exp(nH(a)) if v <4,

TUn,r(I70) =
f)(x(z—1) )" if x> 2,

where n® > f(n) > n=% for some fivred K, and H(a) = —aln(a) — (1 —a)In(1 —a).

Proof. We can determine the dominating term of T, . (x,0) by comparing two neigh-
boring terms:

—i—=1\ . —i =2\ . —i—1
et zt > e 21 if and only if L > .
n—r—1 n—r—1

i1y . . —(n—1
Hence, ("~/”})2" is maximized at [%

1 = —‘ . If the right-hand side is negative, then

the dominating term is at ¢ = 1 and (nfﬁl) ~ (nfw) ~ exp(nH (a)), where ~ means

the estimation is valid up to some n**. When x = 1, then exp(H(a)) = x(x —1)*,

so we can assume that x > é in the rest of the proof since then on the whole interval
(1,2) we have Ty, (x,0) ~ exp(nH(c)).

For the sake of simplicity, we carry out the estimation of the dominating term at

Tr —n o — 1

i = —
r—1 r—1

and we drop the integer part. All these changes affect our computation up to a term

n~ K. In the forthcoming computation, we also estimate m! ~ (%)m as the terms

V2mm(1 + o(1)) can be integrated into f(n):

(n_i_l)i (n_z)Z
'~ x
n—r—1 n—r
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sa—1 n 17110171
) =0 Z.
- n(aizafl)m
(n(1 = )10 o (= )"
z(l—a) n
<3: lfa)) z—1
rx—1 i
= 11—« x
(u —ay ()7
= (ng:la) (x — 1)0‘_1> "
= <l‘x<xl—71a) (1’ — 1)0[—1) :L’zxa—_l n
= (z(x —1)*7H)",
and the result follows.
O
Lemma 4.2.4. Let r = an and assume that x > é and % > ﬁ Then for the

matroid M = UT(L,QT), we have

Tas(1,1)? ) 92 r—1\"
e n .
Tz, 00T (0,2) VY \q2a(d —ap-a) 43 )
where n > g(n) > n™% for some fized K.

Proof. We have

Ty(1,1) = 2Ty, (1,1)) = 2° (Z) ~ (ﬁ)n

Furthermore,
T (2,0) = Ty, , (2,0) ~ (z(z —1)*7)"

as r > é Finally,

T T T x T
Tum(0,2) = (z+1)"Ty,, (x—+1$2) = (z+1)"Ty,, (x—H,O)—i—(x—H) Ty, (0,2%) .

Here, the second term will dominate the first one as Ty, , (%ﬂ’ 0) < Ty, (1,1) ~
exp(nH («)), while

Ty, (07952) = TUn’n_T(l'Q, 0) ~ (2?(2? — 1))y
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as x% > ﬁ Putting everything together, we get that

TM(1,1)2 22a n - o i o
Ty (z,0)T (0, x) ~ (oﬂa(l _ a)2(1—a)) (x(x — 1) o+ 1)%2%(2* - 1)"%)

22 x—1\"
~ a2e(1 — q)20-a) T3 :

]

22a
a?(l1—a)
where it takes value 9. We can assume by monotonicity that 2 < x < zy. Then

x> é = % and 22 > ﬁ = 3, whence for M = Uf;n,we get that
'3

Proof of Theorem 4.1.2. The maximum of the function saay 1S at a0 = %,

Th(1,1)? e (9@ —1)\"
Tor (2, 0) T (0.2) = " ( e >>1

9(z—1)
23

for large enough n as > 1. O

Remark 4.2.5. The matroid with the smallest number of elements that we are
aware of being a counter-example to the multiplicative version of the Merino—Welsh
conjecture is M = U§§?22 with 66 elements. For this matroid, we have T)/(2,0) =
8374746166, Th(0,2) = 64127582356390782814, T),(1,1) = 811751838842880, and

T (2,0)T(0,2)
Ty(1,1)2

~ 0.815...
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5. Correlation Inequalities

5.1 Introduction

Once we have such a measure we can ask that certain events ()1, () are correlated or
not, i. e., what the relation of P,(Q1 N Q2) and P,(Q1)P,(Q2) is. These are natural
questions from a probabilistic point of view and as we will see these questions are
also relevant for various other problems. For instance, knowing a certain correlation

inequality can predict what kind of extremal graph theoretic results might hold.

5.2 Positive correlation

Definition 5.2.1. For z,y € {0,1}" let z V y be the vector for which (z V y); =
max(z;,y;), and let z Ay be the vector for which (z A y); = min(x;, ;).

Theorem 5.2.2 (Ahlswede and Daykin [3]). Let fi, f2, f3, fa : {0,1}" — R, satis-
fying the inequality
filz) faly) < fs(zVy)falz Ay)

for all z,y € {0,1}". Let

F; = Z fi(z)

z€{0,1}n
fori=1,2,3,4. Then
F - F, < Fs- Fy.

Proof. We prove the statement by induction on n. For n = 1 the condition of the

theorem gives that

f1(0) f2(0) < f3(0) f4(0).



fi() fo(1) < f3(1) fa(1).
We need to prove that
(f1(0) 4+ f1(1))(f2(0) 4 f2(1)) < (f3(0) + f3(1))(fa(0) + fa(1)).
If f3(1) = 0 or £4(0) = 0 then f3(1)£:(0) < f3(0)f4(1) and the claim is trivially true:
(1(0)+/1(1))(f2(0)+ f2(1)) < f3(0) f2(0)+25(1) f4(0)+f3(1) fa(1) < (f3(0)+/f3(1))(f1(0)+fa(1)).
So we can assume that f3(1) # 0 and f4(0) # 0. Then

f1(0)£2(0)
f4(0)

(h@+hﬂMh@+hﬂDz(

+ £ (o) + LB,

f5(1)
So it would be enough to prove that

<f1(0)f2(0) f1(1) fa(1)
f4(0) f3(1)

This is equivalent with

+ 1) (#1004 ) 2 (0 + A0 + A1)
(f1(0) f2(0)+£3(1) f2(0)) (f3(1) f4(0)+ f1(1) f2(1)) = f3(1) f4(0)(f1(0)+f1 (1)) (f2(0)+f2(1)).
This is in turn equivalent with

(f3(1) f4(0) = f1(0) f2(1))(f5(1) f4(0) — f1(1) f2(0)) = 0

which is true by the assumptions of the theorem. This proves the case n = 1.
Now suppose that the claim is true till n — 1 and we wish to prove it for n. Set
fl(z): {0,1}" ' =5 R, fori=1,2,3,4 as follows:

fi(z) = fi(z,0) + fi(z, 1).

First we show that f/ satisfies the inequality

f@) f(y) < fVy) filzAy)

for all z,y € {0,1}"~1. This is of course true: for a fixed z,y € {0,1}"1 let us apply

the case n = 1 to the functions

gi(u) = fi(z,u) go2(u) = fa(y,u) g3(u) = fs(xVy,u) gs(u) = falz Ay, u),
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where u € {0,1}. Then the functions g; satisfy
91(u1)g2(uz) < gs(ur V uz)ga(uy A us)
for all uy,us € {0,1} by the assumption on f. By the case n = 1 we know that
(91(0) + g1(1))(92(0) + 92(1)) < (g3(0) + g5(1))(94(0) + ga(1)).

In other words,
fi@) faly) < f(@Vy) filz Ay)
for all z,y € {0,1}"~'. Then by induction we get that for F} = > sefoayn-t Ji(x) we

have
F{FégFgFi

But of course F} = F; whence

- Fy, < Fy- Fy.

Theorem 5.2.3. Let f1, fa, f3, f1: {0, 1} — R satisfying the inequality
fi@) faly) < fa(z Vy)falz Ay)
for all z,y € {0,1}". Let f1, f5, f3, f110, 1}* — R, be defined by

film)= > filzw).

ue{0,1}n—*k

Then for all z,y € {0,1}* we have

f@) () < fizVy) filzAy)

Proof. This immediately follows from Theorem 5.2.2. For fixed z,y € {0, 1}* define
91, 92,93, 94 - {O, 1}n—k — R,

g1(u) = filz,u), go(u) = faly,u), gs(w) = fs(zVy,u), ga(u)= falz Ay, u).
Then for any u,v € {0,1}"* we have
91(u)g2(v) < gs(uV v)ga(u A v)
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by the assumption on the functions fi, fs, f3, f4. Then for
flz)=Gi= > glw= > filz,u
ue{0,1}n—k ue{0,1}n—k
we have
i@ f3(y) = GiG2 < G3Ga = fi(z vV y) filz Ny).
]
Definition 5.2.4. For z,y € {0,1}" we say that z > y if for all ¢ € [n] we have
T 2 Yi-
A function f : {0,1}" — R¥ is monotone increasing if f(z) > f(y) for all z >y
and it is monotone decreasing if f(z) < f(y) for all 2 > y.
In general, for a poset (or lattice) L a function f : L — R™ is monotone increasing

if f(z) > f(x) for all z >, y and it is monotone decreasing if f(z) < f(y) for all
T2Ly.

Theorem 5.2.5. A function p: {0,1}" — R" is log-supermodular if

p(z)u(y) < plzVyuleAy)

for all z,y € {0,1}". Then for a log-supermodular v : {0,1}" — R* and monotone
increasing (decreasing) functions f,g:{0,1}" — RT we have

> ua)f(z) S ou@ga) | < | YD nl@)f@)gz) > ()
ze{0,1}n z€{0,1}" ze{0,1}" ze{0,1}n

Furthermore, if f : {0,1}" — RT is monotone increasing and g : {0,1}" — RT is

monotone decreasing then

> ) f(z) > u@g) | = D w@f@gl) > )

ze{0,1}" ze{0,1}" ze{0,1}" z€{0,1}"

Proof. First suppose that both f and ¢ are monotone increasing. Let us apply

Theorem 5.2.2 for the following theorems:

filz) = @) f(z), folz)=p(x)g(z), f3(z)=p(z)f(z)g9(z), fi(z)=pn(z).

We need to check that

fi@) fo(y) < fa(zVy)falz Ay)
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for all 2,y € {0,1}". This is indeed true:

In the first inequality we used the log-supermodularity of x4, and in the second in-
equality we used that both f and g are monotone increasing. Then by Theorem 5.2.2
we have I - Fy, < F3 < Fjy, 1. e.,

> ula)f(z) S oulaga) | < | DD ul@)fz)g(z) > ulx)

ze{0,1}" ze{0,1}" z€{0,1}" ze{0,1}"

If f and g are both monotone decreasing then set

filz) = w(z)f(z), falz) = p(a)g(z), f3(z) =p(z), filz)=p(z)f(2)g(z).

Again we need to check that

H@)fay) < fa(zVy) falz Ay)
for all z,y € {0,1}". This is indeed true:

From this we can conclude again that

> ula)f(z) S ouaga) | < | DD ul@)fz)g(z) > )

ze{0,1}" ze{0,1}" 2€{0,1}" ze{0,1}"

If f is monotone increasing, and g is monotone decreasing then let M = max,c(o13» 9(2),
and consider the function ¢'(xz) = M — g(z). Then ¢'(z) > 0 and monotone increas-

ing. Whence

( > u(z)f(z)) ( > u(z)g’(z)) <( > u(z)f(z)g’(z)) ( > u(z))-
zef{0,1}n ze{0,1}n ze{0,1}n ze{0,1}n
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By writing the definition of g(x) = M — ¢/(z) into it we get that

dSou@f@ | | DY) w@M—g@) | < | D wma)f(@)(M-g(z)

ze{0,1}" z€{0,1}" ze{0,1}"

After subtracting M (> pu(x))(O>_ u(x) f(z)) and multiplying with —1 we get that

> ula)f(z) S ou@g@) | = Y ul@)fz)z) > )

ze{0,1}" zc{0,1}n z€{0,1}n z€{0,1}n

]

Theorem 5.2.6. Let L be a distributive lattice. A function p : L — R is log-
supermodular if

p(@)uly) < ple v y)u(z Ay)
for all z,y € L. For a log-supermodular p : L — R and monotone increasing

(decreasing) functions f, g : L — Rt we have

<Z u(iﬁ)f(@) (Zu(:v)g(-’r)> < (Z u(x)f(w)g(x)> <Z u(@) :

zeL zeL zeLl zeL
Furthermore, if f : L — RT is monotone increasing and g : L — R* is monotone

decreasing then

<Z u(fﬂ)f(fﬂ)> (ZM(%)Q(%)) > (Z u(l')f(ﬂf)g(ﬂf)> <Z u(@) :

zel zeL z€L zel
Proof. This theorem follows from Theorem 5.2.5 since every distributive lattice L is
a sublattice of some {0, 1}". So all we need to do is to define x on {0,1}"\ L to be 0,
and to extend f and g in a monotone increasing way. (This last step is only needed
formally since p(z) f(z), p(x)g(z), p(2) f(z)g(z) are all 0 anyway for z € {0,1}"\ L.)
The extended p will remain log-supermodular since p(z)u(y) # 0 then z,y € L and
then  Vy,z Ay € L so p(z)u(y) < u(zVy)u(z Ay), and if p(z)u(y) = 0 then the
inequality holds true trivially. O

In the next few results we give examples of various log-supermodular measures.

Theorem 5.2.7. Assume that the function p : {0,1}" — Ry is log-supermodular.
Then the function u' : {0,1}* — R, defined by

plz)= > ulzu)

ue{0,1}n—F

1s also log-supermodular.
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Proof. This theorem is an immediate application of Theorem 5.2.3 applied to

hi=f=[f=fi=n

Theorem 5.2.8. For probabilities py,...,p, let

Py(A) = [ o ][]0 = 2)).

€A jgA

Let A, B C 2I" be monotone increasing, and C,D C 2" be monotone decreasing set

families. For a set family S set

Then we have

Proof. We can associate the characteristic vector 1, € {0,1}" with a set A. Let
pla) = [ of (1 —po)' .
i=1
Then P,(A) = p1(14). Then

pw(z)pu(y) = plz vV y)u(z Ay)

or equivalently P,(A)P,(B) = P,(AU B)P,(A N B). Furthermore, let f be the
characteristic functions of the family of sets A, i. e., f(14) = 1if A € A and 0
otherwise. Similarly, let g be the characteristic functions of the family of sets B.

Then f and g are monotone increasing functions. The inequality
]Pp(-A N B) > Pp(-A) ’ ]PP(B)

is simply Theorem 5.2.5 applied to u, f and g. The other parts of the theorem follows
similarly.

O
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6. Permutation Tutte polynomial

6.1 Introduction

The aim of this chapter is to introduce an auxiliary polynomial that helps studying
the Tutte polynomial and has properties that make it interesting even on its own.
We call this new polynomial the permutation Tutte polynomial. 1t is defined for every

bipartite graph.

Definition 6.1.1. Let H = (A, B, FE) be a bipartite graph. Suppose that V(H) =
[m]. For a permutation 7 : [m] — [m], we say that a vertex ¢ € A is internally active
if

m(t) > max
(i) > max x(j).

Similarly, we say that vertex j € B is externally active if

m(7) > max m(7).
() > max (i)

Let ia(7) and ea(mw) be the number of internally and externally active vertices in A

and B, respectively. Let

T(x.y) = |Z

" TESm
We will call TH(:C, y) the permutation Tutte polynomial of H.

Example 6.1.2. Let H = P5 be the path on 5 vertices where A consists of 3, B

consists of 2 vertices, respectively. The permutation Tutte polynomial of it is the

following.
1 z 22 23
1 4 2
1 5 15 15
11
Y1 3
2| 2
Y |15
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This also satisfies Brylawski’s identities: for instance, we can see that t1g = tg; = %
and tog — t11 + to1 = % — % + % = % = ty9. For bipartite graphs without isolated
vertices it is also true that ¢, = £, in our example t39 = tp2 = 135

Example 6.1.3. The permutation Tutte polynomial of the cube graph is the fol-

lowing.
1 x 22 2 2t
1 3 5 1 1
28 28 14 56
3 1
Yl 1
2| 5
Y| 2%
51
Y| 14
a1
Y | 56

The motivation behind Definition 6.1.1 comes from the characterisation of the
Tutte polynomial via edge activities. In order to explain the connection between
Te(z,y) and fH(x, y), recall the concept of the local basis exchange graph.

For a fixed labeling of the edges of G, we get a labeling of the vertices of H[T],
and the internally (externally) active edges of G correspond to internally (externally)
active vertices of H[T], so the two definitions of internal and external activity are
compatible. Taking all permutations of the edge labels and averaging out will corre-
spond to averaging out the constant T (x,y) on the level of G, and will lead to the
definition of fH[T] (x,y). This gives the identity

To(r,y) = Y Tum(z,y).

TeT(G)

where the summation goes for all spanning trees of G (see Lemma 6.3.1 for fur-
ther details). This identity is the starting point of several proofs of our theorems
concerning the Tutte polynomial.

Jackson [31] proved the inequality:
T5(3,0)T5(0,3) > Tg(1,1)?
for every graph G without loops and bridges. In this chapter we show that
Ty (3,0)T5(0,3) > Ty(1,1)?

holds true for every bipartite graph H without isolated vertices, and this inequal-

ity implies Jackson’s inequality (see transfer lemma, Lemma 6.3.3). This proof is
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completely different from the original proof of Jackson’s inequality. The proof uses
the FKG-inequality, and relies on the fact that permutations on m elements can be
generated by simply ordering m random numbers chosen uniformly from [0, 1]. This
idea is the heart of several inequalities for TH(I, y), and this is the key advantage of
Ty(z,y) over Ta(z,y).

We have seen that the Merino—Welsh conjecture is not true for all matroids
4], implying that Tp(2,0)T5(0,2) > Ty(1,1)% is not true for all bipartite graphs
without isolated vertices. Nevertheless, there are several graph classes for which
TH(Q, O)TH(O, 2) > TH(L 1)? holds true, including complete bipartite graphs, regular
bipartite graphs and trees. One can also improve on Jackson’s inequality by showing
that fH(x, O)TVH(O, x) > T 7(1,1)? for every bipartite graph without isolated vertices
if z > 2.9243. By the transfer lemma, this implies that Tg(x,0)T6(0,2) > Te(1,1)?
for every graph G without loops and bridges (and matroids without loops and

coloops).

6.2 Basic recursions

In this section, we establish several basic recursions for the permutation Tutte poly-

nomial that we will use subsequently. The following lemmas are trivial.

Lemma 6.2.1. If H is the disjoint union of Hy and Hsy, then
Tu(,y) = T, (2,9) T (w, y).
In particular, if v € A is an isolated vertex, then
TH(x, y) = fo_v(x,y).
Stmilarly, if v € B is an isolated vertex, then
Tu(x,y) = yTuo(z,y).

Lemma 6.2.2. For a bipartite graph H = (A, B, E), let H = (B, A, E) be the graph
obtained by switching the two sides of H. Then

fH(xvy) = TH/(yax)'
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Lemma 6.2.3. If H is a bipartite graph on m vertices that does not contain isolated

vertices, then

THl"y ZTHvxy

vGV

Proof. For m € S,,, let v(m) be the vertex of H such that 7(v(7)) = 1. Let a(mr)
be the permutation of V(H — v(nm)) where a(z) < a(y) iff 7(z) < 7(y). Then a
vertex is internally (externally) active in « if and only if it is internally (externally)
active in 7, since v(7) cannot be active as v(m) is not isolated. Therefore iay(7) =
iap_y(m (o)) and eay (7) = eap_yx (a(m)). As 7 runs through S,,, we remove each
vertex v € V(H) exactly (m—1)! times and get each permutation « of Sym ([m]\{v})

exactly once, so

~ 1 .
T(w,y) = — 3 amu@yen®

’ WESm
_ L' S gt @) ity o)
m

’ WES’m

_ i| Z Z xiaH,v(a)yeaH,v(a)
m

'veV( H) aeSym(Im]\{v})

= ZTHU:UZ/

UGV

6.3 Connection with the Tutte polynomial

In this section, we establish the main connection between the Tutte polynomial
and the permutation Tutte polynomial. This connection will enable us to transfer
linear identities and inequalities from the permutation Tutte polynomial to the Tutte

polynomial.

Lemma 6.3.1. Let G be a graph. For each spanning tree T of G, let H[T| be the

local basis exchange graph with respect to T'. Then

Z TH[T] T y

TeT (G

where the sum is over the set of spanning trees T (G) of G.
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Proof. For a fixed spanning tree T" and a permutation 7 of the edges, the internally

and externally active edges correspond to the internally and externally active vertices

of H[T]. Hence
Z xlaH[T] eaH[ ]( )

TeT(G

Now averaging it for all permutations 7 € Sm we get that

To(z,y) = % Z Te(z,y)

’ WES’m

— § § xlaH[T] CaH[ ]( )

: ﬂ'ESm TeT(G

— Z Z xlaH[T] () eaH ()

TeT (G : TESm

= Z TH[T] x y

TeT (G

]

Remark 6.3.2. The local basis exchange graph H|[T] has an isolated vertex if and
only if G contains a bridge or a loop. Furthermore, H[T] is connected if and only G

is 2-connected.
The following lemma enables us to study Conde-Merino-Welsh type inequalities.

Lemma 6.3.3 (Transfer lemma). Let xq, 21, xa, Yo, y1,y2 > 0. Suppose that for any
bipartite graph H, we have

TH(%;%)TH(@,Z/Q) > TH($07yO)2’

Then for any graph G, we have

To(w1,y1)Ta (29, y2) > Ta (o, yo)*.

More generally, if for xo,T1,..., Tn, Yo, Y1,--->Yn = 0 and aq, ..., o, > 0 satisfying
Yo ai =1, the inequality

n

H Ty (Tg, yr)™* > TH($07 Yo)
k=1

holds true for every bipartite graph H, then for every graph G, we have

n

H Te(zr, yr)™ > Ta (o, Yo)-
k=1
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Proof. We have

Te(@1,y1)Ta (w2, y2) = Z TH[T}(%,%) Z TH[T}(%JW)
TeT(G) TeT(G)
2

Vv

_ _ 1/2
Z <TH[T] (w1, Y1) Trr) (72, y2)>
TeT(G)
2

> Z TVH[T} (%0, 0)
TeT(G)

= Ta (7o, Y0)*-

The first and last equality are the applications Lemma 6.3.1. The first inequality is
a Cauchy-Schwarz inequality applied to the numbers TH[T] (w1, 91)"2, TH[T} (2, y2)'/?
for T' € T(G). This is where we use that xq,x2, 23,91, y2,y3 > 0 to ensure that we
can consider the square roots. The second inequality is simply the condition of the
lemma.

The proof of the more general statement follows the same way, the only difference
is that Cauchy—Schwarz inequality we have to use the following version of Holder’s

inequality:

6.4 Applications of the FKG-inequality

In this section, we show the advantage of fH(:c, y) over Tg(z,y) in proving Conde-
Merino-Welsh-type inequalities.

Let us immediately give two inequalities as motivations.

Lemma 6.4.1. Let H be an arbitrary bipartite graph. Suppose that 0 < xz < 1 and
y>1lor0<y<1andx>1. Then

If both x,y > 1 or both 0 < x,y <1, then
Tp(z,y)Tr(1,1) < T (2, 1)T(1, y).

34



Note that TH(l, 1) =1, so it appears in the lemma only for aesthetic reasons.

Lemma 6.4.2. Let H be an arbitrary bipartite graph, and let d; be the degree of a
vertex ©. Suppose that 0 <z <landy>1o0or0<y<1andx > 1. Then

(3 jeB

€A

To prove Lemma 6.4.1 and 6.4.2, we need the following form of the FKG-inequality
[27].

Lemma 6.4.3 (Fortuin, Kasteleyn, Ginibre [27]). Suppose that p is the uniform
measure on [0, 1]N, and Xy, ..., X; are non-negative monotone increasing functions
in the sense that if x; > ) fori=1,..., N, then for 1 < j <t we have

Xi(x1, ..o my) > X, ..., ).

’n

Then

t

E,

t
Xj] > T[E.00
j=1 j=1

Furthermore, if X is monotone increasing and Y is monotone decreasing, then
E[XY] <E[X]E[Y].

Remark 6.4.4. The above special case of the FKG-inequality might be non-standard,
because it is mostly stated for finite distributive lattices, but [0, 1]Y can be approx-
imated by the finite distributive lattices {O, ﬁ, %, cee 1}N, so the above version
follows from the usual versions. It can also be proved by induction on n by repeat-

edly using the case t = 2,n = 1, which is just Chebyshev’s inequality.

In what follows, we repeatedly use the same idea to express T m(z,y). This is a
crucial idea.

We can create a random ordering of the vertices of H as follows: for each vertex i
we choose a uniform random number z; from the interval [0, 1]. The numbers z; then
determine an ordering of the edges. The probability that two numbers are equal is
0. For j € B we actually first generate a uniformly random number y; from [0, 1]
and let y; = 1 — x;. This trick makes some argument more convenient.

For i € A, let us introduce the random variable

x if maxjeNH(i)(l —y;) < T,

Xi(wi,{yj}jeB) = {

1 if maxjeNH(i)(l — yj) > x;.
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and for j € B, let

y if maxen, i < 1—yj,

1 if maxl-eNH(j) xT; Z 1-— Yi-

Yi({@itiea, y;) = {

Since we simply generated a uniform random ordering of the vertices, we get that

LX)

€A jeB

THmy

Now observe that if z > 1, then X, is a monotone increasing function, and if x < 1,
then it is a monotone decreasing function of (x;);ca, (y;)jep. Indeed, if it was true
that max;cn, @) (1 —y;) < a;, then this inequality remains true if we increase z; and
y;. So X; is monotone increasing if > 1, and decreasing if 0 < 2 < 1. In case of
J € B, we get that Y is increasing if 0 <y < 1 and decreasing if y > 1.

Now we are ready to prove Lemma 6.4.1 and 6.4.2.

Proof of Lemma 6.4.1. If z > 1 and 0 <y <1, then [],_, X; and ]

monotone increasing random variables. Hence

jep Y are both

=E|[[X:-[]v| =E ][] X [ V| = Ty(z, 1)Tu(1,y).
€A jEB €A
The other inequalities follow the same way. O

Proof of Lemma 6.4.2. We have

1 T r—1
ElX,]=1(1- =14 —
i) ( di—l—l)errl—l +di—|—1’

and

1 Y y—1
ElY:l=(1- =1 .
Y ( dj+1)+dj+1 +dj+1

Note that X; and Y; are monotone increasing functions in terms of the variables
{z;}iea and {y;}jep if © > 1 and 0 < y < 1, and they are monotone decreasing
functions in terms of the variables {x;}ica and {y;}jep f 0 <z < 1l and y > 1.
Hence, by the FKG-inequality, we have

E|T[x-TIv| = [TEX] T EY) H(1+§111)H(1+i111

€A jeEB €A jeEB €A JjEB

THmy
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An interesting application of the above inequalities is the following. (This in-
equality is particularly useful if one studies graphs with large girth, and a variant of

this inequality was used in the paper [6].)

Theorem 6.4.5. Suppose that a graph G has n vertices, m edges and the length of
the shortest cycle is g. Then

1 m—n-+1
Tg(.T,O) ZTG<I71) (1__) :
g

Proof. For any spanning tree 7' the local basis exchange graph H = H|[T] has min-
imum degree g — 1 on the side of the non-spanning-tree edges. This means that if

x > 1, we have

Ty (2,0) > Ty (2, 1)Tp(1,0) > Ty(z, 1) [ | (1 7 iL 1) > Ty (z,1) (1 - é)m_nﬂ .

jeB

By summing this inequality for all spanning trees, we get that

1 m—n-+1
Tg(I,O) ZTG<I’1) (1__> :
g

Another application gives a fast proof of Jackson’s theorem.

Theorem 6.4.6. Let H be a bipartite graph with minimum degree 6 > 1. Then
~ 1 ~ 1 ~ 9
Ty 2—1—5,0 Ty O’2+5 > Thu(1,1).

In particular, we have
Ty (3,0)T5(0,3) > Ty (1,1)%

Let G be a graph without loops and bridges. Then
Ta(3,0)T6(0,3) > Te(1,1)%

Proof. Let x = 2+ 3. Let us use that Tu(1,1) =1,

~ r—1 1
T > 1 . 1—
H(‘”70)—H<+di+1) g( dj+1)’

€A
and ) .
o~ x_
T > 1— . 1 .
H<O’x)_H( di+1) H(+dj+1)
€A jEB
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So it is enough to prove that

A R B
A+ 1 d,+1)~

if d, is the degree of a vertex v. The inequality (14 (z—1)e)(1 —¢) > 1 is equivalent

with (z — 2)e > (z — 1)¢?, that is, ¢ < =% = = which is satisfied since d, > ¢

for all vertex v € V(H). The second inequality follows from the first one by simply

taking 0 = 1. The third inequality follows from the second one by Lemma 6.3.3. [
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Part 11

Limits of Tutte polynomials
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7. Limits of Tutte polynomials:

general plan

In the second part of this course we aim to study the following problem. Given a
“converging” graph sequence (G,,), what is the limit

lim Tg, (z, y)l/”(G"),

n—oo

does it exist at all? To make this question rigorous we will later introduce the concept
of the Benjamini—Schramm convergence.

Unfortunately, it turns out that our knowledge is very limited about this question.
Even if we consider larger and larger grids we only know the limit valueifz = 1,y =1
or (zx—1)(y—1) € {1,2}. But at least in this case we know that the limit exists for
all x,y > 0.

We will study another case when G,, are d-regular graphs converging to the infinite
d-regular tree. This special case can be imagined as follows: we consider graphs that
do not contain short cycles, in fact, as n grows, the length of the shortest cycle in
G, is longer and longer. In this special case we do not know that the limit exists
for all x,y > 0, but it is widely believed so. Nevertheless we will prove the existence
of the limit and compute it explicitly in two different regions. The first region is
when z > 1 and 0 < y < 1, the second region consists of the points (z,y) satisfying
(x —1)(y —1) > 2 and x,y > 1. While the proofs in the two regions are different,
the underlying ideas follow the same pattern. In both cases we first “approximate”
the Tutte polynomial with another graph polynomial, then use the special properties
of the approximating polynomial to deduce the existence of the limit and compute
it precisely. The aforementioned special property is the special locus of zeros of the
graph polynomial: in the first case they are real, in the second case they will be of

unit length.
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Figure 7.1: The two regions. Here ¢ = (x — 1)(y — 1) and the dashed line depicts the

phase transition.

Region 1 Region 2
Description r>land0<y<1|(z—1)(y—1)>2and z,y > 1
Approximating polynomial | Matching polynomial | Subgraph counting polynomial
Locus of zeros Real line Unit circle
Limit value Theorem 1 Theorem 2

Below we give the exact theorems for the two regions.

Theorem 1. (Region 1) Letz > 1 and 0 <y < 1. Let d > 2, and let (G), be a

sequence of d-regular graphs such that lim,,_,., g(G,) = co. Then

lim TGn (.17, y)l/v(Gn) = td(x7 y)7

n—oo

where

d/2—1
(d—1) ((d(i)lz);) ifr<d—1and 0<y<1,

td(l’,y): _
33(1-1—%)6”21 ifr>d—1and 0<y<1.
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If (Gp)y is a sequence of random d-regular graphs, then the same statement holds
true asymptotically almost surely. In fact, if L(G,g) denotes the number of cycles of
length at most g — 1 in a graph G, then the same conclusion holds if for every fixed

g we have lim,, LU((GC;:?) =0.

In case of region 2 it is better to use the parameterization g=(x—1)(y—1) and

w =y — 1 and the partition function Zg(q,w) = ,cp "Ml instead of Ty(x,y).

Theorem 2. (Region 2) Let (G,), be a sequence of d-reqular graphs such that
lim,, o g(G,) = co. Then the limit

lim ZGn(q,w)l/“(G”) =Py qw

n—o0

exists for ¢ > 2 and w > 0. The quantity ®q 4., can be computed as follows. Let

By (Fcos q_l sin(t > Hg-1) <mcos(7ﬁ)—,/q((;u_l)sin(t)>d,

then ®q g = MaxXic[—rx] Paguw(t).

If (G)n is a sequence of random d-reqular graphs, then the same statement holds
true asymptotically almost surely. In fact, if L(G,g) denotes the number of cycles of
length at most g — 1 in a graph G, then the same conclusion holds if for every fixed

g we have lim,, Llf(GG’:f)]) = 0.

In both theorems there is a phase transition. This is apparent in Theorem 1,
where the phase transition is at x = d — 1. In Theorem 2 there is a phase transition
at
q—2

- 1.
=171

we(d, q) =

d/2
For w < we(d, q) we have ®g ., = Pyqw(0) = ¢ (1 + %) , and for w > w(d, q)

d/2
we have ®g,., > ¢ <1 + %) . Moreover, if ¢ > 2, then %de%w is discontinuous at

we(q), that is, there is a first order phase transition at w.(q).

In this lecture note we will give the proof of Theorem 1, and we also give a lot of
ingredients and the sketch of the proof or Theorem 2. Furthermore, we present the

proof of a slightly easier theorem about the number of Eulerian orientations.
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8. Matching polynomial

8.1 Introduction

Definition 8.1.1. Let G be a graph on v(G) = n vertices and let m(G) denote the
number of matchings of size k. Then the matching polynomial p(G, x) is defined as

follows:
[v/2]

w(Go) = 3 (~1)Fmi (G,

k=0
Note that my(G) = 1. Another way to define u(G, z) is the following:

WGz = Y (1)Mlanain,
MeM(G)
Sometimes it will be more convenient to work with the so-called matching generating

function
[v/2]

M(G,A) =Y mp(G)M\.
k=0
This is also the partition function of the monomer-dimer model at fugacity .
Clearly, the matching polynomial and the matching generating function encode

the same information.

Proposition 8.1.2 ([30, 28|). (a) Let u € V(G) then
M(Ga I) = x:U’(G — U JI) - Z M(G - {U,U},I‘).
vEN (u)

(b) For e = (u,v) € E(G) we have

N(Gu x) = ﬂ(G - 6,.%) - :U(G - {u7 U}7x)'

(¢c) For G=G1UGyU--- UGy we have
k

:u(Gv I) = H :U’(Gi’ (L’)

i=1
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(d) We have
M/(G>$): Z (G —u, ).

ueV(G)

k

Proof. (a) By comparing the coefficient of "% we need to prove that

m(G) = m(G —u) + Z mi—1(G — {u,v}).
vEN (u)
This is indeed true since we can count the number of k-matchings of G as follows:
there my (G — u) k-matchings which do not contain u, and if a k-matching contains
u then there is a unique v € N(u) such that the edge (u,v) is in the matching, and
the remaining k£ — 1 edges are chosen from G — {u, v}.

2k

(b) By comparing the coefficient of "~ " we need to prove that

m(G) = my(G — e) + my_1 (G — {u,v}).

This is indeed true since the number of k-matchings not containing e is my(G — e),
and the number of k-matchings containing e = (u,v) is my_1(G — {u, v}).

(c) It is enough to prove the claim when G = G U G, for more components the

n—2k

claim follows by induction. By comparing the coefficient of x we need to prove

that
k

mi(G) =Y me(Gr)my_p(Ga).

r=0
This is indeed true since a k-matching fof G uniquely determine an r-matching of
G1 and a (k — r)-matching of G5 for some 0 < r < k.

(d) This follows from the fact that

(mk(G)xn—%)/ _ (n — Qk)mk(G)l,n—l—Qk _ Z mk(G _ u)xn—l—zk
ueV(Q)

since we can compute the cardinality of the set
{(M,u) | uw ¢ V(M),|M| =k}
in two different ways. O]

Theorem 8.1.3 (Heilmann and Lieb [30]). All zeros of the matching polynomial
w(G, ) are real.
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Proof. We will prove the following two statements by induction on the number of

vertices.
(i) All zeros of (G, x) are real.

(ii) For an x with Im(x) > 0 we have

for all u € V(G).

Note that in (ii) we already use the claim (i) inductively, namely that u(G —u, x)
doesn’t vanish for an x with Imz > 0. On the other hand, claim (ii) for G implies
claim (i). So we need to check claim (i).

By the recursion formula we have

,u(G, IL’) JJ,LL(G —u x) - ZveN(u) /“L(G - {u7 U}> SL’) — Z N(G - {U, U}v $)

(G —u, z) (G — u, ) venty MG —u,2)
By induction we have
M(G - {uv U}v l’)
for Im(z) > 0. Hence
—III]M(G B {U, U}? ZL‘) >0
w(G —u,x)
which gives that
MGy
WG = u,7)
O

Remark 8.1.4. One can also deduce from this proof that the zeros of u(G,z) and
(G — u, x) interlace each other just like the zeros of a real-rooted polynomial and

its derivative.

Definition 8.1.5. Let G be graph with a given vertex u. The path-tree T'(G, ) is
defined as follows. The vertices of T(G,u) are the paths! in G which start at the
vertex u and two paths joined by an edge if one of them is a one-step extension of
the other.

'In statistical physics, paths are called self-avoiding walks.
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12 13 14
123 143
132 134
1234 1432

Figure 8.1: A path-tree from the vertex 1.

Proposition 8.1.6. Let G be a graph with a root vertex u. Let T(G,u) be the cor-

responding path-tree in which the root is again denoted by u for sake of convenience.

Then
M(G — u7x) _ N(T(G> u) — u,:B)

WGa) TG a)
and p(G,x) divides u(T(G,u),x). In fact,

wT (G u), ) = p(G, z) H p(H, )™

where H are induced subgraphs of G, and oy is some non-negative integer.

Proof. The proof of this proposition is again by induction using part (a) of Proposi-
tion 8.1.2. Indeed,

M(G7 $> _ x'u(G —u, x) - Z’UEN(U) :U’(G - {u7 U}, ZL’)

(G —u,z) (G —u,2)

_ _ZMG {uv} _ _Z,u —uv) v, )

vEN (u) —u,v), )

xHUEN(u) M(T(G - u’ U)? x) - Z’UEN(’M) /‘L(T(G - u? U) - U’ 'Z‘) HU’EN(U)\{’U} /’[’(T(G -

HveN(u) M(T(G - U, U)a :B)

SL’/J(T(G, u) - U, SL’) - ZUEN(u) N(T(G7 u) B {u= U}v SL’) . M(T(G, u), .23)
ﬂ“(T(G7 u) — U $) B u(T(Gvu) - U,I)'

In the first step we used the recursion formula, and in the third step we used the

induction step to the graph G — w and root vertex v. Here it is an important
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observation that T'(G — u, v) is exactly the branch of the tree T'(G, u) that we get if

we delete the vertex u from T'(G, u) and consider the subtree rooted at the path ww.
The second part of the claim follows by induction using

w(T(G,u) —u,x)

uI(Gru) @) = wlG o) =

together with the observation that a connected component of T'(G, u) — u, say rooted

at the vertex wwv, is path-tree of G — u with root vertex v. O

Proposition 8.1.7 (30, 28|). For a forest T, the matching polynomial u(T,x) co-
incides with the characteristic polynomial (T, x) = det(xl — Ar).

Proof. Indeed, when we expand the det(z] — A) we only get non-zero terms when
the cycle decomposition of the permutation consists of cycles of length at most 2;

but these terms correspond to the terms of the matching polynomial.

]

Remark 8.1.8. Clearly, Propositions 8.1.6 and 8.1.7 together give a new proof
of the Heilmann-Lieb theorem since p(G,x) divides u(T(G,u),z) = o(T(G,u),x)

whose zeros are real since they are the eigenvalues of a symmetric matrix.

Proposition 8.1.9 (|30, 28|). If the largest degree A is at least 2, then all zeros of
the matching polynomial lie in the interval [—2v/A — 1,2/ A —1].

First proof. First we show that if u is a vertex of degree at most A — 1, then for any

z > 24/A — 1 we have

n(G, x) —
e—ua 2 VA - 1.

We prove this statement by induction on the number of vertices. This is true if
G = K, so we can assume that v(G) > 2. Then

w(G ) (G —u, ) = e ng ) MG —{u, v}, z)

(G —u,x) (G —u, )
B w(G —{u, v}, x) 1
_x_ve%;(u) (G 1) zx—(A—mmz A—1.

We used the fact that v € Ng(u) has degree at most A — 1 in the graph G — u.

Then for any vertex u we have

M(G, l”) o mM(G -, 'T) o ZvGNG(u) IM(G - {u’ U}, x)
,u(G—u,ac) a M(G_U’ax>
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ZMG {uv})> A 1

>0
w(G — u, x) =t A—-1

vENG(u)
since v € Ng(u) has degree at most A—1 in the graph G —w. This shows u(G, z) # 0

if x > 24/A — 1. Since the zeros of the matching polynomial are symmetric to 0 we
get that all zeros lie in the interval (—2v/A — 1,2/A —1). O

Second proof. By Propositions 8.1.6 and 8.1.7 we know that u(G, z) divides

w(T(G u),x) = p(T(G,u),z). The largest degree of T'(G,u) is also at most A so
we have p(T(G,u)) < 2¢/A — 1. Since the zeros of the matching polynomial are
symmetric to 0 we get that all zeros lie in the interval [—2v/A — 1,2v/A — 1]. O

Proposition 8.1.10. Let

M —U,T) Z%GU —(k+1)

Then ax(G,u) counts the number of closed walks of length k in the tree T'(G,u) from

u to u.

Proof. This proposition follows from Proposition 8.1.6 and 8.1.7 and the fact that
Z Wk H u —(k+1) ’

where W} (H, u) counts the number of closed walks of length & from w to u in a graph
H. Indeed,

WG —u,z)  w(T(Gu)—ux) cp(T(G,u —u, ) K
P ;s B R R D DA
Here Wi (T'(G,u),u) = ai(G,u) by definition. O

Remark 8.1.11. A walk in the tree T(G,u) from u can be imagined as follows.
Suppose that in the graph G a worm is sitting at the vertex u at the beginning.
Then at each step the worm can either grow or pull back its head. When it grows it
can move its head to a neighboring unoccupied vertex while keeping its tail at vertex
u. At each step the worm occupies a path in the graph G. A closed walk in the
tree T(G,u) from u to u corresponds to the case when at the final step the worm

occupies only vertex u. C. Godsil calls these walks tree-like walks in the graph G.
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Proposition 8.1.12. (a) Let

HGD) 5, Gyt

Then ax(G) counts the number of closed tree-like walks of length k.
(b) If (G, z) = Hfg) (x — ) then for all k > 1 we have

v(G)

ax(G) = Zaf.

=1
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9. Subgraph counting polynomial

9.1 One more graph polynomial

In this chapter we always assume that G is a d-regular graph. (One can extend the
definition of the subgraph counting polynomial to an arbitrary graph, but in this

chapter it will be convenient just to look at this special case.)

Definition 9.1.1. The subgraph counting polynomial is defined as
FG(I07 . axd) = Z <H xd,q(u)) )
ACE \veV
and a bit more generally,
Fo(zo, ..., xq4)2) Z <H Ty (v) > 22l = Fa(zo, 212, 292, ..., 42%).
ACE \veV

As an example we give the subgraph counting polynomial Fi, (z¢,x1, 22, 23, 24)
of the complete graph K5 on 5 vertices. The first term corresponds to the empty
subgraph, the last term corresponds to the graph itself.

o) + 102327 + 15207] + 30252379 + 302720 + 60302725 + 107325 + 702575 + 157075
+ 1225 + 20z025 13 + 60252973 + 6020712523 + 120312573 + 6025 2025 + 30202525 + T0T525
+ 60x1m2x§ + 5370:1331 + 30x2x§ + 537‘1%4 + 30x§x§x4 + 15m§x4 + 6Ox1x§x3x4 + 60x2m3x4
+ 20m w52y + 1523w, + 102525 + 30297377 + 102325 + 5.
If G is not necessarily d-regular, then the above definitions have to be changed as

follows. For each vertex v we introduce a set of variables xgv), a:g ), e ,mggj). Then

the subgraph counting function is defined as

o (o) ) = X (Tt )

ACE \veV
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and

Fa (o0, a)) 1) = 3 (H mg;;g(v)> "

ACE \veV

9.1.1 Rank 2 matrices

There are several things that can be encoded by the subgraph counting polynomial.
For instance, F¢(0,1,0,...,0) counts the number of perfect matchings of the graph
G by definition. Later we will show that the number of Eulerian orientations can be
encoded by the subgraph counting polynomial too. (See the next chapter.)

In this section we show that even if the matrix N has rank 2 (for instance, because
it is itself a 2 x 2 matrix), then Zg(V, p) can be encoded by the subgraph counting
polynomial.

Suppose that we can write an r X r matrix N into the form N = aa” + bb" and
let p € R". Then

ZeN.w = [Tmew 1T Nowso

p:V—[r] veV (u,v)EE
= > [ #ew I (ea” +80")pmew)
p:V—=[r]veV (u,v)EE
T
=> > Ilmww 11 @hewewr TT @ewew
ACE o:V—[r|veV (u,v)EE\A (u,v)€A
=> > Iww Il (@wew) TT Cwbew)
ACE o:V—[r|veV (u,v)EE\A (u,v)€A
d—dg(v d v
-1 (St )
ACE veV
= Fg(ro,...,7ra),

where r; = Y, pral 7). On the other hand, a and b are not the only vectors
satisfying N = aa” + bb”. Indeed, let us define the vectors a(t) and b(t) as follows:

a(t); = a; cos(t) + b; sin(t),

and

b(t); = —a;sin(t) + b; cos(t).
Then N = a(t)a(t)” + b(t)b(t)T. So each pair a(t),b(t) gives rise to a vector v(t) =
(ro(t),...,rq(t)) such that

Fo(u(t)) = Za(N, p).
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10. Gauge transformation

10.1 Introduction

In this chapter we discuss a method that enables us to prove complicated combina-
torial formulas by algebraic manipulations. First we introduce the concept of the
normal factor graph that is a quite general way to encode enumeration problems.
Then we study the so-called gauge transformation, a method that provides identities

among combinatorial formulas.

10.2 Normal factor graphs and gauge transforma-

tions

Definition 10.2.1. A normal factor graph H = (V, E, X, (f,)vev) is a graph (V, E)
equipped with an alphabet X and a function f, : X% — R at each vertex. At

each edge e there is a variable z, taking values from the alphabet X'. The partition

Z(H) = Z va(ac%)a

ceXE veV

function

where 0y, is the restriction of ¢ to the the edges incident to the vertex v.
For instance, if X = {0,1} and

1 if Y o =1,

0 otherwise,

folor,...,04,) = {

where d, is the degree of the vertex v, then Z(H) is exactly the number of perfect
matchings of the underlying graph.

Let H = (V, E, X, (fy)vev) be a normal factor graph with alphabet X. We will
show that it is possible to introduce a new normal factor graph H = (V,E, Y, (ﬁ,)vev)
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on the same graph with new functions f, and alphabet ) such that Z(H) = Z(H).
As we will see, sometimes it will be more convenient to study the new normal factor
graph H.

Let ) be a new alphabet, and for each edge (u,v) € E let us introduce two new
matrices, Gy, and Gy, of size ) x X. The new variables will be denoted by 7 € V¥,
the old ones by o € X¥. For a vertex v with degree d, = k let

fU(T’UU17 A aTUuk) - Z H Gvui (T’Uui) O-Uui) fU(UUU17 A 70-vuk>-

Ovuyse0vuy UiEN(’U)

This way we defined the functions ]?U of .

This transformation is called a gauge transformation. In computer science, this
method was introduced by Valiant under the name holographic reduction [49, 52,
51, 50]. In statistical physics, it was developed by Chertkov and Chernyak under
the name gauge transformation [18, 19]. Wainwright, Jaakola, Willsky had a related
idea under the name reparametrization [55], but it is not easy to see the connection.
In the different cases the scope was slightly different, Valiant used it as a reduction
method for computational complexity of counting problems. This line of research
was extended in a series of papers of Jin-Yi Cai and his coauthors, see Jin-Yi Cai’s
book [11] and the papers [12, 14, 13, 10, 15, 16] and references therein. Chertkov and
Chernyak [18, 19| studied the so-called Bethe-approximation through gauge trans-
formations. We simply use it as a method of proving the identity of Theorem 13.2.1.

The following theorem is due to Chertkov and Chernyak [18, 19| and indepen-
dently Valiant [49].

Theorem 10.2.2. If for each edge (u,v) € E we have GL G, = Idy, then Z(ﬁ) =
Z(H).

Proof. Let us start to compute Z(ﬁ) =D reye L vev ﬁ,(TaU)Z
Z(H) = Z H Z H Gvui(Tvuiuavui) fv(o-vup'”?avuk)
TEYE vEV [ ovuy e sOuuy, u; EN(v)

If we expand it will have terms [] .\ fo(0vurs- - -, Ovy,) With some coefficients. A
priori it can occur that these terms are incompatible in the sense that g,, # oyy.

As we will see, the role of the conditions on G, is exactly to ensure that if there
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is an edge (u,v) € E with 0, # 04, then the coefficient is 0, and if all edges are

compatible, then the coefficient is 1. Indeed, the coefficient is

Z H H G'UU'L(T'UUZ'?O_U'U«'L)'

TeEYE vEV u,EN(v)

Note that 7,, = 7., for each edge, and this variable appears only at the vertices u

and v, and nowhere else. Hence

Z H H Gvul Tou;s Ovu; ) = H <Z Guv(Tum qu)Gvu(Tvua Uvu)) =

TeYE veV u;eN(v) (u,0)EE \ Tuv
- H <Z va<0uv7 Tvu)Gvu (T’UU7 UUU)) = H (GZUGUU)UuU,Uvu = (Id)aumgvu .
(u,v)EE \ Tuv (u,v)eE (u,v)eE

Hence this is only non-zero if o, = o, for each edge (u,v) € E(G), and then this

coeflicient is 1. O

10.3 Perfect matchings

As a quick application let see an example.

Theorem 10.3.1. Let G = (V, E) be a d-regular graph on 2n vertices. Then for the

number of perfect matchings of G we have

(d—1)3=1\" 1
pm(G) - ( dd—2 Z (d _ 1)\A| H(1
ACE veV
where d4(v) is the degree of the vertex v in the graph (V, A).

Proof. Clearly, pm(G) = > . ve [,y fo(0sy), where X = {0,1} and

1 if S 0,=1,
folor,...oq) = { 2im1

0 otherwise.

Now let G, = G for each edge (u,v), where
d—1 B
Vd

d
L _, /d=1
v d

o4

G =



Then GTG = Id. We have

Z1N 1/2
os(0.....0) = dG(0, 0" G(0,1) = (%—”) ,

and if there are k > 1 1’s in ﬁ,, then

fo(1,...,1,0,...0) = kG(1,0)**G(1,1)G(0,0)" " 4 (d — k)G(1,0)*G(0,0)**"1G(0, 1)
= G(1,0)*7'G(0,0) 1 (kG(1,1)G(0,0) + (d — k)G(1,0)G(0,1))

~

Then the claim follows from Z(H) = Z(H). O

Remark 10.3.2. Clearly, we can restate the claim as follows:

(d—1)=1\" ~1 —2 1—d
F 1,0,... =(—=—| Fol1 .
G(Oa 707 70) ( dd_2 G 70’ d— 1’ (d _ 1)3/2’ ’ (d _ 1)d/2

In general, it is true that there are matrices R; for each t € [0, 27| such that
cos(t)  sin(t) )

Fg(z) = Fg(Ryz). Such matrices comes from the gauges G = _
—sin(t) cos(t)

10.4 Eulerian orientations

Theorem 10.4.1. Let s = (so, S1,-.-,Sq4) be defined as follows.

(a72) (i/2)
Sk = 21/2(5)
0 if k 1s odd.

if k is even,

Then Fg(so, ..., Sq) counts the number of Eulerian orientations of a d—reqular graph

G.

Proof. First we encode the number of Eulerian orientations as a partition function
of a normal factor graph. Let Sub(G) be the subdivision of the graph G, that is,
we put a vertex to every edge. The vertex set of Sub(G) naturally correspond to
VUE, where G = (V, E). An orientation of G correspond to an edge configuration of
Sub(G), where each edge e € V(Sub(G)) is incident to exactly one edge: a directed

edge (v, u) corresponds a configuration, where (v, e, ,) belongs to the configuration,
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but (u,e,,) does not. So we can describe an Eulerian orientation with the local

functions

1 lf ZU’L’GNG(U) O-'Uev,u - d/27
0 i Y ) Tvenn # /2.

fv(a—v,euyuﬁ s 70—v,ev,ud) =

and

1 if Tusensr Oviens = 1,

0 if OueyrrOvenn 7 1.
Next we use the gauge theory. For each edge e = (u,v) € E(G) we introduce two
matrices in Sub(G): Gy = Gepy = G1 and Gye = Gye = Go, where

1 (1 1 1 (1 1
G = — d Gy = — .
! \/5(@—2) ane 2 ﬁ(—zz)

In what follows the rows and columns of G, G5, F,. are indexed by 0 and 1, and

feu,v (O-“»eu,v ? O-'Uyeu,ﬂ) -

for a matrix A and o,7 € {0,1} we use the notation A(c,7) for the corresponding

B 01
10

Observe that GIG; = Id. First let us compute f.(r1,72):

element. In particular, we have

fe(ﬁﬂ'z) = Z G1(7'1,Ul)Gl(Tz,UQ)fe(UhUQ)

01,02

— Z Gi(m,01) fe(o1,02)GT (09, 75)

01,02

= (GlFeG,{)(Tl, 7'2).

Hence by simple matrix multiplication we have

F. = GiF.GT = .
01

~

This means that in Z(#) only those terms will survive that correspond to a subgraph
of G.

Next let us compute ﬁ(Tl, ..., Ta). By definition

-~

d
fv(Tl,...,Td): Z HGQ(Ti,O',L')fv(O'l,...,O'd).

O1,...,04 1=1
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Recall that only those terms remain, where ), 0; = g. Suppose that >, 7, = k.

If there are j places where both o; = 7, = 1, then its contribution to the sum is

i (=), so
" 1 (k[ d—k .
folmi, .o 10) = Z HG2 Ti,00) folo1, .. 0q) = 243 z; (j) <d/2 _j)(_l)k ik
Observe that

N AV Y A=V ki(d — k)!

21 () () = 20 s =

()0

Note that ZCW (—1)k (df) (,fg) is the coefficient of z* in

VS

> a

SN—"

= Q
~
no

(1 — x)d/2(1 + x>d/2 _ (1 . x2)d/2

which is clearly 0 if & is odd, and (—1)*/2 (Zg) if k& is even. Hence

-~

fv(Tl, . ,Td) = SHTH1'

This means that
Z(H) = Fc;(S(), ceey Sd).

Remark 10.4.2. Let G be a regular graph, and let

HG(y—day—d+27"'7yd 27yd ZHyd —dg(v)

O veVv

where the summation goes for all orientations of the graph G, and dJ(g(v) and dg(v)
are the out-degree and in-degree of GG in O. In general it is true that there is a
(d+ 1) x (d + 1) matrix M, such that Hg(z) = Fg(Myzx) for every graph G and

z € C¥*!. This statement also extends to non-regular graphs.
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11. Lee-Yang-type theorems

11.1 Lee-Yang theorem and Ising-model

Let D={2€ C||z|] <1}and D = C\ D. In this section we study D-stable polyno-
mials. A multivariate polynomial P € Clz,...,2,] is D-stable if P(z;,...,2,) # 0
whenever min(|z1|,...,|z,]) > 1. This is consistent with the general definition of
Q-stability. Our main goal is to prove the following generalization of the Lee-Yang

theorem.

Theorem 11.1.1 (Lee-Yang, Asano). Let G be a graph on vertex set V(G) = [n],
and for each edge (u,v) € E(G) let ay, be a real number satisfying |a,,| < 1. Then

the polynomial

Ja(z1, ..., 2) = Z H Ayv qu

SCV(G) \ (wv)eE@G) ues
u€eS,veS

is D-stable.

Remark 11.1.2. Sometimes the above theorem phrased as follows. Let A = (a;;)

be a symmetric matrix such that |a;;| <1 for all 7, j € [n]. Then the polynomial

J(zl,...,zn)zz Ham Hzl

SCln] ie% €S
VIS

is D-stable.

From this theorem the above version can be obtained by writing 1 to the non-
edges. This version can be obtained by applying the above theorem to the complete
graph.

The theorem remains true if a; ; are complex numbers, but in this case a;; = @; ;
should hold for all 4, j € [n]. The whole proof remains valid, only we need to change
1+ B(21 + 2) + 2120 to 1 + B2z + B2y + 2125 in Lemma 11.1.7 below.
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Before we start to prove Theorem 11.1.1 let us see some important consequences.

Theorem 11.1.3 (Lee-Yang). Let G be a graph on vertex set, and for each edge
(u,v) € E(G) let ay, be a real number satisfying |a, | < 1. Let

Pg(z) = Z H A 215

SCV(G) \ (uv)eB(@)
ueS,veS

Then all zeros of the polynomial Pg(z) have absolute value 1.

Proof. Note that
PG'(Z) = JG'(Z, Zyeuny Z)

Hence it cannot have a zero z with |z| > 1. On the other hand, the coefficient of the

term corresponding to S is the same as the one corresponding to S whence

- 1 1
J e Bn) = ilJdel —,...,— ).
G(Zla ) < ) (EZ> G (21 zn>

From this it follows that Pg(z) # 0if 0 < |z| < 1. Finally, P;(0) =1 # 0. Hence all

zeros of Pg(z) have absolute value 1. O

Theorem 11.1.4. Let f > 0. Consider the partition function of the Ising-model
with v(1) = z,v(=1) = 1:

Z(G, Ai(8), Vin(z)) = Z exp Z po(u)o(v) + In(z) Z o(u)
oV (G)—={—1,1} (u)EE(G) ueV(G)
Then all zeros of Z(G, Ais(g), Vin()) have absolute value 1.

Proof. Let e(G) be the number of edges of G, and set a,, = e 2 if (u,v) € E(G).
Then with Pg(z) defined in Theorem 11.1.3 we have

Z(G7 AIS(B)7 Vln(z)) = ZﬁU(G)ee(G)ﬁPG(Z2>.

Hence the theorem follows from Theorem 11.1.3.
O]

Now let us start to prove Theorem 11.1.1. The main tool of the its proof will be

the so-called Asano contraction.
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Lemma 11.1.5 (Asano). Suppose that the affine polynomial

P(z1,29,23,...2n) = A(23, ..., 2n)+B(z3, ..., 20)21+C (23, . ., 20) 22+ D(23, . . ., 2n) 2122

is D-stable and D is not the constant 0 polynomial. Then the polynomial
Q(z,23,...,2n) = Az, ..., 2n) + D(23,...,2,)2.

is D-stable too.

Remark 11.1.6. The condition that D is not the constant 0 polynomial is necessary.

Let |B] < 1 and consider the polynomial
P(z1,29,23) = (1 + Bz3) + (B + 23)21.
This is D-stable as we will see. On the other hand, A(z3) = 1+ Bz3 is not D-stable.

Proof. Let us fix some z3, ..., 2, such that min(|zs|,...,|z,]) > 1, and set
A() = A(Zg, R ,Zn>, B(] = B(Zg7 .. .,Zn), CO = C(Zg, e ,Zn),Do = D(Zg, e ,Zn).

The polynomial Ag + (By + Cp)z + Dyz? cannot have a zero of absolute value more
than 1, because this would contradict the stability of P. Suppose that Dy # 0. If
the zeros of the polynomial Ay + (By + Cp)z + Dyz? are 71,7, then

Ao

= < 1.
Dy |7172| <

Then Q(z, 23, ..., z,) cannot be 0 if |z| > 1.

Now suppose that Dy = 0. If Q(z, 23, ..., 2,) = 0 then Ag must be 0. In this case
we show that P cannot be D-stable. If By and Cj are both 0 then we can choose any
21, 2> having absolute value bigger than 1 to show that P is not D-stable. Suppose
now that at least one of By and Cj are not 0. By symmetry we can assume that

/

By # 0. Since the polynomials D is not constant 0 we can choose a (23, ..., z),) in
the neighborhood of (z3,. .., 2,) such that

0<|D(25,...,20)| < |B(25,...,25)|

e n

This can be achieved since Dy = 0 and By # 0 and these functions are continuous.
Let



Set
Al + 3121

B Cl + D1z1
for some z; with large absolute value. Here Cy + D1z # 0 if |z1| > |C1|/|D1|. Then

Z9 =

|B1z1| — | A4 | By
20| > > —e>1
T ARN N PIETN

for z; with large enough |z;|. But then P(zy,29,25,...,2,) = 0 contradicting the

’rTn

assumption. We are done. O

Lemma 11.1.7. Let 8 be a real number satisfying |5| < 1, and let zy, zo be complex

numbers such that min(|z1|, |z2|) > 1. Then
1+ B(z1 + 22) + 2120 # 0.
In other words, the polynomial P(x1,x) = 1+ B(x1 + ) + 2129 is D-stable.
Proof. Suppose for contradiction that
1+ B(z1 + 22) + 2122 = 0.
Then
14 B~

R
Note that the denominator cannot be 0 since |5| <1 < |z;|. Then

Z2

1+ 821 _ (L+Bz)(1+Bzr) _ 1+ |BPJz* + 2Re(Bz1)
Btz B+z2)B+z) 8P+ [af + 2Re(F7)

Since 3 is real we have Re(f5z1) = Re(fz1). Since |zo| > 1 we get that

’Z2|2 =

1+ |B)*|21]* + 2Re(Bz1) > B> + |z1]* + 2Re(871).

This is equivalent with
(1= 18P)(1 —|1]*) > 0

which contradicts the assumption that || <1 and |z] > 1. O

Proof of Theorem 11.1.1. Let u, v be the vertices of a graph H and let H* be a graph
obtained from H by contracting v and v to a new vertex t such a way that for a

vertex s let a5 = a1, where a,,, = 1if (x,y) ¢ E(H). Then if
Ju(z) = A+ Bz, + Cz, + Dzy2,
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then

Indeed, A, B, C, D correspond to the cases where u and v are in S or not in S, and
we can think to H* as u and v be forced to be in S or not in S at the same time.
Note that D is not the constant 0 polynomial as S = V(H) shows that [ ¢y 2o
is a term in the polynomial. This shows that if Jg is D-stable then so is Jg-.

We show that GG can be obtained from subsequent contractions of a graph H
having a D-stable Jy. Let H be the graph with 2|E(G)| + |[V(G)| vertices, and
|E(G)| edges as follows. For each (u,v) € E(G) we introduce two vertices w(,. and
W,y With variables z(,,) and z(,.), and put an edge between them with value a,,.
The remaining |V(G)| vertices are isolated vertices and we associate a variable z,
corresponding to u € V.

Observe that if H; and H, are two graphs on disjoint vertex set then

JH1UH2 - JHl : JHQ'

Consequently for the graph H we get that

Jg = H (1 + GupZuw) + CouZu) T Zuv) Zwu)) - H (1+ z,).
(uw)€E(G) ueV(G)

According to Lemma 11.1.7 this is a D-stable polynomial. Now let us start to

contract the vertices w,,) with vertex u for all (u,v) € E(G). In each step we call

the new variable z, again. Since the polynomial is multivariate linear, it will not
cause any problem.

Then at the end we get the graph GG, and we get that the corresponding polyno-
mial Jg is D-stable.

m

11.2 Wagner’s theorem

In this section we give a theorem of Wagner (Theorem 3.2 of [54]) without proof about
the location of zeros of Fg(xo,...,x4|z). For any fixed vertex v and x(()v), . ,:Egg))

let us define the following key-polynomial

v v d(U) v
K, (x ),...,x((i)|z) = Z ( I )x,(c)zk.



Theorem 11.2.1 (Wagner [54]). If for any vertex v the polynomial Kv(xév) . ,xflv)\z)

Y

has no complex zero in the open disk of radius k around 0, then Fg ((xév), xﬁ”), cee xg(}l)) |z>
veV

has no complex zero in the open disk of radius k around 0 for any d-reqular graph G.

If for any vertex v the polynomial KU(ZL‘(()U), e ,:Bﬁlv)|z) has no complex zero in the

complement of a closed disk of radius k around 0, then Fg ((xév), x&v), . :r;gzl))vev \z)

has no complex zero in the complement of a closed disk of radius k around 0 for any
graph G.
In particular, if for any vertex v the polynomial Kv(x(()v), e ,xév)|z) has only zeros

on the circle of radius k around 0, then Fg <<x(()v), S ,3:((;22))> ]z) has complex
veV

zeros only on the circle of radius k for any graph G.
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12. Combinatorial Approximation I

12.1 Introduction

In this section we introduce various approximations of the partition function of the
random cluster model. In the sequel the rank 2 approximation will be especially

important for us. In this chapter we use the notation Zg(q, w) for Zrc(G,q,w) =
5 s @Al

12.2 Rank 1 approximation.

For motivational purposes let us assume for a moment that ¢ is a positive integer.
Then it is known that
Za(q,w) = Zg(M),

where M is the ¢ X ¢ matrix with entries 1+ w in the diagonal and 1’s as off-diagonal
elements. It is a natural idea to approximate M with the rank 1 matrix M; such
that the sum of all entries of M and M; are equal. In other words, let M; be the
g X g matrix with entries 1 + % everywhere. Note that by the definition of Zg (M)

we have

. NS
Ze(M) = ¢ )(”E) |

Let us call the quantity

M G w) 4@
75 (g, w) = ¢"© (1 + g)

the rank 1 approximation of Zg(g, w). This quantity makes sense even if ¢ is positive,
but not necessarily integer and we will refer to it as the rank 1 approximation of

Zc(q,w) even in this case.
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Lemma 12.2.1. ]fq > ]_, th@n
ZG q,w) = el q,w).

If0<q<1, then

Proof. Using the fact that k(A) > v(G) — |A| for an A C E(G) we get that for ¢ > 1

we have
k(A), |A G)—l4], |A G w4
Zo(gw)= 3 Wyl > §7 gr@-lalylal _ gl >(1+_) .
ACE(G) ACE(G) q

For ¢ <1 we have the opposite inequality in the above computation. O

12.3 Rank 2 approximation

What is better than a rank 1 approximation? Naturally, a rank 2 approximation.

Again for motivational purposes let us assume for a moment that ¢ > 2 is an
integer. This time let us approximate the matrix M with the following rank 2 matrix
M.

14+w 1 1
M, — 1 1—|—qu 1+'qi—1
1L 14+ .0 1+

Then

e(G-5)
3 w

ooty = 39y (10 2 Y
SCv q-

Indeed, let S = ¢~!(1) in the definition of Zg(M;). Let us introduce the quantity

e(G-S)
w
28 (g w) = 31+ w) g = 1) (1 + j) ~
SCV 1

The definition of Zg )(q, w) makes perfect sense if ¢ > 1, but not necessarily integer

and we will refer to it as the rank 2 approximation of Zg(q, w). Recall that

1 1 1
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and note that
Z3 (g, w) = Za(Ms, v,)

even if ¢ is not an integer.

This time it is less clear that it is a natural approximation, but as it will turn
out this is an asymptotically precise approximation for essentially large girth graphs

if ¢ > 2 and w > 0. We can prove it through a series of lemmas.

Lemma 12.3.1. We have

Zalgw) =Y (1+w)" D Zg (g — 1,w).
scv

Proof. This identity is trivially true for positive integer ¢ using the interpretation of
Za(q,w) as the partition function of the Potts-model. Since we have polynomials on

both sides we get that it is true for all ¢ and w. O

ZG (.Z7w — G Q’w *

For 1 < q <2 we have
Zala,w) < 28 (g, w).

Proof. By Lemma 12.3.1 we have

Za(gw) =Y (1+w)" D Zg s(q - 1,w).
scv

By the definitions of Z(Gz)(q, w) and Z(Gl)(q, w) we have

Z5 (qw) = (1 +w) D28 o(g - 1,w).
SCV

Now the claim follows by Lemma 12.2.1 O

Now we are ready to prove that the rank 2 approximation is asymptotically

precise for essentially large girth graphs if ¢ > 2 and w > 0.

Theorem 12.3.3. Let G be a graph on n vertices with L = L(G, g) cycles of length
at most g — 1. Let ¢ > 2. Then

ZD (g, w) < Za(q,w) < ¢ 25 (¢, w).
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Proof. The lower bound was already proven in Lemma 12.3.2. So we only need to
prove the upper bound.

Given A C E(G) we can decompose A as follows. Let Vj,...,V, be the vertex
sets of the connected components of the graph H = (V, A), and let A;,..., A, be the
corresponding subsets of A. If Vj is an isolated vertex, then A; = ().

Let us say that V; is small if the induced graph G[V;] does not contain a cycle. In
particular, A; does not contain a cycle either. Note that it is possible that A; does
not contain a cycle, but the induced graph G[V;] contains a cycle, and so V; is not
small. Let Ss denote the set of small V;’s. We say that V; is large if it is not small,
and we denote by L4 the set of large V;’s. Note that |£4] < n/g+ L since each large
connected component has size at least g or it contains a cycle of length at most g—1.

Finally, let us say that a vertex set R is compatible with A if R is the union of
some small V;’s. Note that R may be the empty set. We denote this relation by
R ~ A. Furthermore, let A[R] be the edges of A induced by the vertex set R. Note
that if R ~ A, then A[R] is a forest. On the other hand, there is no restriction on
A[V \ R]. Figure 12.1 depicts an example for the introduced concepts.

Figure 12.1: A subgraph A is depicted with thick edges. There are 4 components.
The edge sets with connected components of size 3 and 4 belong to A,. The edge
sets with connected components of size 1 and 2 belong to A,. A compatible set R is
either the vertex set of the latter components or the empty set or the union of these

two connected components.

Let k(R, A[R]) denote the number of connected components of the graph (R, A[R]).
By the binomial identity we have

¢ = ((g— 1)+ 1S4l = Z(q — 1)MRALRD
R~A
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Then

ZG(va): Z q

ACE(G
S L
— Z ql AlF[Laly, Al
ACE(G
Sqn/g+L Z qlsA\w\l

ACE(G)

— n/g+L Z Z k;(RA[[R]]) A

ACE(G) R:R~A
_qn/9+L Z Z k(RA[[R]]) |A[R] |+ AIV\R]

RCV(G) A:R~A

— oD Z (1+w) V\R)Z )Pl

RCV(G

where in the last sum, D = A[R] is a subset of the edges induced by R such that

none of the induced connected components contains a cycle. Then

w e(R)
Z(q — 1)RED) Pl = Z(q — 1)IE=IPlylPl < (g — 1) /7 (1 + _) )

D D q—1

Hence

Za(gw) < g Y (L4 w) MO ZEL (g -1, w),
RCV(G)

that is
Za(q,w) < ¢ Z2) (g, w).

The following theorem is an immediate consequence of Theorem 12.3.3.

Theorem 12.3.4. Let ¢ > 2 and w > 0. Let (G,), be an essentially large girth
sequence of d-reqular graphs. If the limit

(2)
Jim ey 280
exists, then the limit
) 1
M e, e w)

exists too, and they have the same value.
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13. Combinatorial approximation II

13.1 The polynomial R;(z)

In this section, we study a polynomial that is related to the matching polynomial of
a graph GG. Recall that a set of edges M is a matching if no two edges of M have

common end vertices. A k-matching is simply a matching of size k.

Definition 13.1.1. Let

Ro(z)= >, (=" ][ G+d.-1),
MeM(G) vV (M)
where d, is the degree of the vertex v, and M(G) is the set of matchings of G

including the empty one.

In what follows, we first study Rg(z) from the perspective of a model that we
call the half-edge model, and is inspired by the monomer-dimer model of statistical
physics. This perspective will enable us to rewrite Rg(z + 1) as a weighted sum of

pseudo-forests.

13.2 Half-edge model

In this part, we introduce the half-edge model. A half-edge configuration is a config-
uration of edges and half-edges of the graph G such that each vertex of G is incident
to at most one edge or half-edge. For such a configuration C', let Cjy be the number
of edges of G, where no half edge is chosen, ('} is the number of edges, where exactly
one half is chosen, and Cy where both halves are chosen (in other words, the edge is

chosen). Let
Mc(ag, a1, as) g ao al a2 .
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An equivalent way to think about a half-edge configuration is to consider the
partial orientation of the edges, where every vertex has out-degree at most 1. To
see this, consider a half-edge configuration A. If a half-edge is chosen at a vertex v,
then orient the edge away from v (we allow edges to have double orientation). This
is clearly a natural bijection between partial orientations with out-degree at most 1

and half-edge configurations.

Figure 13.1: A 6-cycle with a half-edge configuration contributing a term a2a3a, and

its partial orientation representation.

Theorem 13.2.1. For a graph G on n vertices we have

Meg(ag, ay,as) = a'OE‘_" Z (apas — a%)‘M‘ H (ap + dyay),
MeM(G) 0@V (M)

where d,, is the degree of the vertex v for allv € V.

Proof. First we turn the half-edge model into a normal factor graph. First let
Sub(G) = (V', E’) be the subdivision of the graph G, that is, we subdivide each
edge of the graph with a new vertex. A new vertex will be denoted by e too just
like the edge of G that we subdivided, this abuse of the notation will not cause any
confusion. Similarly, we will use the notation v for both a vertex of the original
graph G and the corresponding vertex in Sub(G). With this abused notation we
have V' =V UFE.

Then let H be the normal factor graph with underlying graph Sub(G), alphabet
X = {0,1} and the following functions. For a vertex v with degree d, corresponding

to a vertex of the original graph let

1if S o <1,

0 otherwise.

folor, ... 04,) = {

For the new vertices

fe(ala 02) = Agi+o0s-
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Later it will be more convenient to work with the matrix
ag a
F, .= 0T,
ayp Qg

Next we use the gauge theory. For each edge e = (u,v) € E(G) we introduce two
matrices in Sub(G): Gy = Gepy = G7 and Gye = G = G2, where

1 0 1 %
G1 = and GQ = ao .
—a 0 1

In what follows the rows and columns of Gy, G5, F. are indexed by 0 and 1, and

Then Z(H) = Mc(ag, a1, az).

for a matrix A and o,7 € {0,1} we use the notation A(c,7) for the corresponding
element.

Observe that GIG; = Id. First let us compute f.(7y, 72):

}\‘6(7—1’7—2) = Z G1(7'1,Ul)Gl(TQ,Uz)fe(Uh(h)

01,02

— Z Gi(r1,01) fo(o1,02)GT (09, T2)

01,02

= (GlFeG,{)(Tl, 7'2).

T Qo 0
GlFeGl - < 0 agaz—a? ) ’
ag

Next let us compute ﬁ,(ﬁ, ...,Ta,), where d, is the degree of the vertex v. By

Here we have

definition

dy
folr, .o 1) = Z HG2(Ti,0i)fv(01,...,adv).

7777 Ody,

In particular,

~

dy
fv(07 s 7()) = G2(07 O)dv + dvG2(07 O)dvilGQ(()? 1) =1+ dvﬂ = u

Qo Qo

and

~

fo(1,0,...,0) = Go(0,0)" LGy (1,1) = 1,

and

~

fv(Tla ce ,Tdv) =0
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if Z?ll 7; > 2. To see the last two evaluations observe that since Go(1,0) = 0, a
non-zero term implies that if 7; = 1, then 0; = 1 too. Hence in case of a non-zero
term Zf;l o; > Zf;l 7;. Since f,(o1,...04,) = 0 if Zf;l o; > 2 we only need to
check a few terms.

Now let us compute

Z(ﬁ) = Z Hﬁ}(Tav)H.fe<Tae)'

TEVE veV eck

Since ]?6(0, 1) = ]?6(1, 0) = 0, the non-zero terms correspond to the edge set of the
original graph G. Furthermore, since fv(ﬁ, ooy Ta,) = 0 if Zf;l 7; > 2 this edge set

has to be a matching. The contribution of a matching M is

asag — aj o | E|—|M]| ao + dva |E|—n 2\| M|
— a, H ——— =uqy ' (aza0 —ay) H (ap + dyay).

o vgvinny 10 oV (M)
Hence
Z(ﬁ) = agEl_n Z (agas — a%)Wl H (ap + dyay).
MeM(G) vg V(M)
Since Z(H) = Z(#) the claim of the theorem follows. O

An immediate corollary is the following.

Corollary 13.2.2. We have
Mg(z,1,-1) = 2E"Re(z + 1).
Next, we prove an alternative description of Mg(z,1, —1).

Definition 13.2.3. Given a graph G = (V,E) and an A C E(G) we say that A
is pseudo-forest of the graph G if each of its connected components are forests or
unicyclic graphs. Let PF(G) be the set of pseudo-forests of the graph G. For a
pseudo-forest A let ¢(A) be the number of cycles in A.

Lemma 13.2.4. We have

n

Mg(z,1,—1) = 2FI= Z Z 2 | ok,

k=0 \ AePF(G)
|Al=k
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Proof. Let us fix a half-edge configuration. Let A be the subset of the edges where
at least one of the half-edges is chosen. In other words, if we consider the equiva-
lent partial orientation, then we simply take the oriented edges and we forget the
orientation to get A.

Consider a connected component of A, let it be T" and let V(T') be the vertices
covered by T'. Since at each vertex in V(T') there is at most one half-edge chosen in 7T,
we get that |T'| < |V(T")]. On the other hand, 7" is connected and so || > |V (T)|—1.
Now let us calculate the total weight of those configurations, where T is a connected

component of the configuration.

Figure 13.2: Two possible half-edge configurations when A contains a cycle. They

only differ in the orientation of the cycle. Every other edge is oriented toward the

/—%\ an

Figure 13.3: Two type of half-edge configurations when A does not contain a cycle.
Either the number of half edges is |V(T")| — 1 or |V(T)|.

cycle.

If |V(T)| = |T|, then it contains exactly one cycle and from every edge, exactly
one half is chosen. Then it is easy to see that from the unique cycle one can choose
every second half-edge as this corresponds to one of the two orientations of the cycle

if we regard a half-edge configuration as a partial orientation. Every other half-edge

73



is uniquely determined. So such a component corresponds to exactly two half-edge
configurations.

If |V(T)| —1 = |T|, then it contains no cycle. This can happen in two different
ways. In the first case one of the vertices is not covered by a half-edge, equivalently
in the corresponding partial orientation its out-degree is 0. Then the position of
the half-edges is uniquely determined: they are oriented toward this vertex. In the
second case two halves of some edge are chosen and every other half-edge is oriented
toward this edge. In the first case, the contribution is |V(T')| since we can choose
the sink vertex in |V (7T")| ways and it determines the orientation. In the second case,
the contribution is —|7'| since we can choose the bidirected edge in |T| ways and
such a configuration has weight —1. So altogether we get that such a component
contributes |V (T')| — |T'| = 1 to the sum.

Hence a set A contributes to the sum Mg(z, 1, —1) if and only if it is a pseudo-

(4) | E|-A|

forest and its contribution is 2¢ Hence

n

Ma(z,1,-1) = Y 2P = GIEme N2 N geld) | onk,

AEPF(G) k=0 \ A€PF(G)

By comparing the previous two results we get the following corollary.

Corollary 13.2.5. We have

n

Ro(z+1)=> [ > 2¢ [ znh,

k=0 \ AePF(@)
|A|=k

Now we are ready to prove Theorem 13.2.1.

13.3 From pseudo-forests to forests

For a graph GG on n vertices let us introduce the polynomial
Fo(2) = fl@)="F,
k=0

where fi(G) denotes the number of spanning forests of G with exactly k edges.
It turns out that if Tx(z,y) denotes the Tutte polynomial of the graph G, then
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Fa(2) = 2M@Tg(2 4+ 1,1). Indeed, in the definition of the Tutte polynomial,

Tz, y) = Z(m )RR () 1 )RAHAI(G)
ACE
the exponent of y — 1 is 0 if and only if k(A) + |A| = v(G), that is, A is a forest and
then its contribution is 2*(@)~14l to the sum.

Since a forest is a pseudo-forest without any cycle from Corollary 13.2.5 we im-
mediately have F;(z) < Rg(z + 1) for positive z. The following theorem shows that
for (essentially) large girth graphs the two quantities are not too far from each other.
It is known that random regular graphs contain at most O4(1) cycles of length &
for every fixed k with very high probability as the random variable X} counting the

(d—1)*

number of k-cycles has asymptotically Poisson distribution with parameter =

(see [37] and the references therein).

Lemma 13.3.1. Let G be a graph on n vertices with average degree d such that it

contains at most L cycles of length at most g — 1. Then

gd —L-n/g
(1 + —> Rg<2 + 1) < FG(Z> < Rg(z + 1).

z

Proof. We have seen that the inequality Fg(z) < Rg(z + 1) is trivial, so we only
need to prove the other inequality. Let F' be a spanning forest of G with connected
components 77, ..., T} including the isolated vertices, where k = k(F"). For each T;
let V(1) be its induced vertex set. Let E[V(1})] be the subset of edges of G induced
by V(Tj). It contains the edges of Tj, but it may contain other edges.

Furthermore, let ¢(F') be the number of components that induces a graph with
some cycles, that is, the number of components, where |E[V(T})]| > |V(T};)| — 1.
We may assume that the trees Ti,...,T; are indexed in such a way that for j =
1,...,¢(F) we have |E[V(T})]| > |[V(1;)| — 1. We can embed the forest F' into a

pseudo-forest in
UF)

[T+ (EV @) - V(T + 1)
j=1
ways with the same induced connected components. Indeed, at each component T}

we may add no edges, or we may add one of the |E[V(T})]| — |V(Tj)| + 1 edges. If

(4)

we take into account the weights 2°) 24l for a pseudo-forest, then we get that

L(F)
> st 5 (14 20EW @ - W)+ D)

AeEPF(G) FeF(Q)
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Figure 13.4: A forest F'is depicted with thick edges. The dashed edges may be added
to create a pseudo-forest with the same connected components, but in the middle of

the picture at most one of the two dashed edges can be added.

Note that we have no equality in general since we get the same pseudo-forest
from many forests. Note that if |V(7})| < g, then E[V(1})] cannot contain a cycle
with the exception of at most L components. Thus ¢(F) < L+ n/g. Then by the

inequality of arithmetic and geometric means we have

ﬁ(u%w @ - V@) + D) < LF()( Tl V() + 1) h
< f( V) b

j=1
2|

S( <|>>

Since {(F') < L+n/g and the function (1 + ¢/t)" is monotone increasing for positive

t for every ¢ we have
1+ 2|E| K(F) _ 1+ 2|E| L+n/g _ 1+ g;i L+TL/9
2U(F) - z2(L+n/g) - z '

] L+n/g
Z 9e(4) yn—lAl < (1+9_> Fo(2).

AePF(G

Hence
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14. Benjamini—Schramm

convergence

14.1 Introduction

It is a natural idea to consider a sequence of finite grids as a graph sequence converg-
ing to an infinite lattice. In this chapter we formalize this idea, and it will turn out
that the resulting notion works in a much bigger generality than just finite subgraphs

of lattices.

Definition 14.1.1 (Benjamini-Schramm convergence and estimable parameters).
We say that a graph sequence (G,,), is bounded-degree if there is a A such that the
maximum degree of any G, is at most A.

For a finite graph G, a finite connected rooted graph a and a positive integer r,
let P(G, a, ) be the probability that the r-ball centered at a uniform random vertex
of G is isomorphic to a.

Let L be a probability distribution on (infinite) connected rooted graphs; we will
call L a random rooted graph. For a finite connected rooted graph a and a positive
integer r, let P(L, a, ) be the probability that the r-ball centered at the root vertex
is isomorphic to «, where the root is chosen from the distribution L.

We say that a bounded-degree graph sequence (G,,), is Benjamini—Schramm
convergent if for all finite rooted graphs o and r > 0, the probabilities P(G,,, a, )
converge. Furthermore, we say that (G,) Benjamini-Schramm converges to L, if for
all positive integers r and finite rooted graphs o, P(G,, a,r) = P(L, a, 7).

A graph parameter P(G) is estimable if for any Benjamini—Schramm convergent

graph sequence the sequence P(G,,) is convergent.

The Benjamini-Schramm convergence is also called local convergence as it pri-

marily grasps the local structure of the graphs (G,).,.
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If we take larger and larger boxes in the d-dimensional grid Z¢, then it will
converge to the rooted Z?, that is, the corresponding random rooted graph L is

simply the distribution which takes a rooted Z? with probability 1.

In the picture we depict two graph sequences both converging to Z2. The latter

sequence consists of the so-called Aztec diamonds.

When L is a certain rooted infinite graph with probability 1, then we simply
say that this rooted infinite graph is the limit without any further reference on the
distribution.

There are other very natural graph sequences which are Benjamini—Schramm
convergent, for instance, (G;) is a sequence of d-regular graphs such that the girth
9(G;) — oo (length of the shortest cycle), then it is Benjamini-Schramm convergent
and we can even see its limit object: the rooted infinite d-regular tree Tj.

There is an alternative way to look at graph parameters that are convergent when-
ever the graphs are Benjamini-Schramm convergent. For a vertex v € V(G) let B,.(v)
denote its neighborhood of radius r. Let B, denote all possible r-neighborhoods, that
is, the rooted graphs of radius at most r. We call a bounded graph parameter es-
timable, if for every ¢ > 0 there are positive integers k and r, and an “estimator”
function ¢ : B¥ — R such that for every graph G and uniform, independently chosen

random vertices vy, ...,v € V(G), we have

]P)(lf(G) - g(Br(Ul)v s 7Br(vk))| > 5) S .

In other words, g estimates f from a sample chosen according to the rules of sampling
from a bounded degree graph. Elek [23] proved that a graph parameter is estimable if

and only if it is convergent for every Benjamini—Schramm convergent graph sequence.

Theorem 14.1.2 (Elek [23]). A bounded graph parameter f is estimable if and only
if for every Benjamini—Schramm convergent graph sequence (G )n, the sequence of

numbers (f(Gp))n is convergent.
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So Benjamini—Schramm convergence coincide with a very natural setting for es-

timating a graph parameter.

14.2 Empirical measures

14.2.1 Matching polynomial revisited

Recall that the matching polynomial of a graph G is defined as follows. Let

where my(G) denotes the number of matchings of size k.

We have seen that all zeros of the matching polynomial pg(z) are real. Fur-
thermore, if the largest degree A satisfies A > 2, then all zeros lie in the interval
(—2vA —1,2¢/A —1).

Let pug(z) =[], (z— ), and s (G) = >_i_, aF. We have seen that the quantities

sk(G) have a combinatorial meaning. They count the so-called tree-like walks.

Note that we can introduce s (T, 0) this way: this is simply the number of closed
walks from a root vertex o of the infinite d-regular tree of length k.

Let p% be the uniform measure supported on these roots, that is, given a function

f:C — C we have
v(G)

[ 1) = 2 Y re).

1=

—_

In particular,
v(G)
1 sk(G)
Pdpp(z) = — > of = L
[0 = 2% = G)

There is a measure pky called Kesten-McKay measure for which
sk(Ty,0) = /zkdeM(z).

The Kesten-McKay measure has an explicit density function

d\/4(d — 1) — 22
om(d? —22) e

where w = 2v/d — 1 and 1(_, . is the characteristic function of the interval. The

following lemma is a special case of a more general theorem of Csikvari and Frenkel
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[22] about Benjamini-Schramm convergent graph sequences, see also the papers |1,
2].

Lemma 14.2.1. If (G,,), is a sequence of d-regular graphs with g(G,) — oo, then
the measures pg; converge weakly to the Kesten-McKay measure, that is, for every

bounded continuous function f we have

n—o0

i [ ()i, (2) = [ St

The proof of Lemma 14.2.1 is particularly simple since every continuous function

on the interval [—2v/d — 1,2v/d — 1] can be approximated by a polynomial in sup
norm. On the other hand, if k¥ < g(G)/2, then

/zkdpg(z) = ?((g)) = sx(Ty,0) = /zkdeM(z).

We will also need the evaluation of certain integrals along the Kesten-McKay

measure.

Lemma 14.2.2. For 0 <z <d—1 we have

22 exp (/ In (M;ﬁ_l — t) deM(t)) =(d—1) (%)WH :

For z > d — 1 we have

d+z—1 1\
212 exp (/ln (T —t) deM(t)) =z (1 + P 1) .

The proof of Lemma 14.2.2 is actually a simple consequence of the following
theorem of Mckay (see Lemma 3.5 of [39]).

Lemma 14.2.3. Let w =2yd—1, and |7| < L. Then

[ =52 dorz) = n (1 (j‘}?)/> ,

1— (1 —4(d—1)y?)"/?
2(d—1)7?

where

’]7:

Proof of Lemma 14.2.2. Let v = d+{ Note that || < = L if 2 #d — 1. The result

follows by continuity if 2z = d — 1. Then

In (&ﬁ_l _ t) I (dLﬁ_l) Fn(1 — t).
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Note that -1 )2
—1—z

1—4(d—1)°2=~— "~

(d gl (d+2z—1)?

and so

1— (1—4(d—1)72)\/2 _{ daol if )<z <d—1,

d—1
2(d — 1)~2 dtz=l §f @ —1< 2.

z

The rest is simple substitution.
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15. Limit Theorems I

15.1 Eulerian orientations

The main theorem of this chapter is the following one.

Theorem 15.1.1. The parameter ﬁ Ine(QG) is estimable for Eulerian graphs, that
is, if (Gyn)n s a Benjamini-Schramm convergent sequence of FEulerian graphs, then

lim,, o0 @ Ine(G,,) exists.

Proof. Recall that the following theorem connects the number of Eulerian orienta-

tions with the subgraph counting polynomial.

Theorem 15.1.2 (Borbényi and Csikvari [7]). For an even number d let s =

(S0,51,---,84) be defined as follows.
d \(d/2
o —(‘12/;/)2((’%/)2) if 'k is even,
0 of k 1s odd.
Then Fg(sg, ..., Sq) counts the number of Fulerian orientations of a d—regular graph
G.

The following generalization of Theorem 10.4.1 is also true.

Theorem 15.1.3 (Borbényi and Csikvéri [7]). Let G be an Eulerian graph. For each

vertex v € V let us introduce the vector s = (s[()v), ng), cee ngq)))), where
() (087 ey
~S— e af kois even,
O e o
0 if k is odd.
Then Fg <<s(()v), e ,SS&) ) counts the number of Fulerian orientations of the
veV
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For a graph G let us introduce the polynomial

Pg(z) = Fg ((sév), sﬁ”’, e 8‘(;8})>vev

where
(ace2) (“0)2%)

w0 —2d(v)/2(d(}:)) if k is even,

Sk,
0 if k£ is odd.

Example 15.1.4. For the complete graph K5 on 5 vertices we have

3 1 3
PK5<Z) = FK5 <_ 075707_

_ 243 0 45 i 45212 30,40 5 45 5 243
2’ 2

Z)—SQZ 16° T3 T8 Tt Tt Ty

The following picture depicts its zeros.

®0 -

05

-1.0 =05 0.5 10

Figure 15.1: The zeros of Pk, (z).

By Theorem 15.1.3 we know that P5(1) = ¢(G). Observe that the polynomials

d(v)

(v) W)\ — d)\ )k _ —d(v)/2 d(v) 2\d(v)/2
K,(sy ..., 8 |z)—§(k)skz =2 d(v)/2 (1+2%) )

that is, all its zeros lie on the unit circle. By Theorem 11.2.1 it implies that the
zeros of Pg(z) also lie on the unit circle. If G has m edges, then the degree of the

polynomial Pg(z) is 2m and we can factorize it as follows:

Po(z) =2 ] (d‘(ig;Q) ij(z — P,

veV
where |p;| = 1 for i = 1,...,2m. Let us introduce the following measure on the
complex plane:
2m
1
re =5 ; Op;



where d, is the Dirac-measure supported on s € C. If k is a fixed non-negative

integer, then

/Z dﬂG sz

If Po(z2) = Zi’:o axz®, then the integral [ z* dug(z) is determined by the numbers
25 A2m—1, - - - » Aam—k Which in turn are determined by the k-neighborhood statistics
of the graph G. It turns out that it implies that if (G, ), is a Benjamini-Schramm
convergent graph sequence, then the sequence [ z¥ dug,(z). The precise details of
this argument is given in the paper [22]. A measure sequence p,, on C is convergent
if for any fixed k and ¢, the sequence [ 2*z‘ du,(z) is convergent. Note that ug, is
supported on the unit circle, this is equivalent with the convergence of [ 2Fdug, (2).
Whence ¢, is weakly convergent.

Now let us fix some u # 1 positive real number and consider ( ln Pg, (u). We

:U(Cl;n ( G")H(difn >>+%/ln|u—z|dugn(z).

veV

have

@ In Pg, (u)
Since pg, are supported on the unit circle we get that h,(z) = In |[u—z| is a continuous
function on an open neighborhood of the unit circle. This gives that the sequence
v(G 7 In Pg, (u) exists for u # 1 positive real number.
Let us introduce

The final observation is that pz(u) is a monotone increasing continuous function.

This is because Pg(z) has only non-negative coefficients and so if u; < ug, then

Pour) < Po(us) < (Z—) " Poun),
whence
L ) <t Potus) < L Py o 260G) (2
o) M relm) = gy InPelu) < S InFolu) 42 eyl (u)

This implies that
U
pr(ur) < pr(ug) < pr(ur) +Aln (U—Q)
1

showing that pr(u) is a continuous and monotone increasing function. In particular,

we can introduce pr (1) = lim,_; pr(u) and get that

) 1
nh_)n;.lo m In PGn(l) = pL<1),
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that is, lim,,_, @ Ine(G,) exists. n

15.2 Further remarks*

In this last section we give some remarks on the methods used in this chapter.

15.2.1 Large girth graphs

In this section we determine the limit of Z—In e(Gy) if (G,), is a large girth
sequence, that is, g(G,) — oo. This limit was determlned by Vergnas [53| building
on the work of Schrijver [46] if (G,), is a sequence of d-regular graphs. Indeed,

Schrijver proved the lower bound

dgmizn(ro(L)

and Vergnas proved a matching upper bound in terms of the maximal number of
pairwise edge-disjoint cycles which is at most @ if g the length of the shortest
cycle.

Here we directly rely on the proof method we did in the previous section.

Theorem 15.2.1. Let (G,,), be a Benjamini—Schramm convergent sequence of Eu-

lerian graphs with mazimum degree A and girth g(G,) — oo. Let

o e lde, =R
e i= lim N (k=0,...,A),

then

: 1 k2 K
nh—>HC}OU(G Ine(G Ztﬁn( (k/Q .

Proof. Recall that for positive real number u # 1 we had the formula

L n u) = ! (Gn) dai (v 2¢(G) nju—2z z
e () = ( H(dGn ))+U(Gn)/1| | dhc, (2)

Here the first term converges to

étk m (2(,5,))
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We only need to understand the second term. In particular, we need to understand
the limit of the measures pg,. We claim that this limit measure is the uniform
measure on the unit circle. We claim that Pg(z) = ZZ’ZO ap2", then agy,_1 = agm_o2 =
“++ = Agm—2g+1 = 0 if the girth is bigger than ¢. Since a; = agy,—i by the symmetric
nature of the vectors s we only need to see that a; = --- = ag;—1 = 0 which
follows since if A C F satisfies that 0 < |A| < g, then there is a vertex v such that
da(v) = 1, and then ] . Sgli)(v) = 0. From the Newton-Waring formulas we also
get that [ zFdug(z) =0for k=1,...,2g — 1. Since g(G,) = oo we get that for the
limit measure i, we have [z dup(z) = 0 for every integer k > 1. Hence py, is the

uniform measure, and

lim [ In(u —2) dur(z) =0.

u—1

This completes the proof.

15.2.2 What goes wrong with perfect matchings?

To have a better understanding of the proof strategy used in this paper we care-
fully analyze another graph invariant in this section, namely, the number of perfect
matchings, hereafter denoted by pm(G).

Clearly, if we have a graph with a lot of perfect matchings, and we delete one
vertex the number of perfect matchings drops to zero. This means that we need to
impose some restriction on the graph class. Note that even in the case of Eulerian
orientations we needed to require that the elements of the graph sequence (G,),
are Eulerian graphs. Unfortunately, even with the assumption that all GG, are d-
regular bipartite graphs one can construct a sequence of graphs (G,), such that
@ Inpm(G,,) is not convergent [1]. Nevertheless, there is one positive result: it
is convergent if G, are not only d-regular bipartite graphs, but ¢(G,) — oo is also
satisfied [1].

It is very instructive to see what goes wrong in the case of the number of per-
fect matchings in our proof. Suppose for simplicity that G,, are 4-regular graphs.
Then pm(G) = F5(0,1,0,0,0) by the definition of the subgraph counting polyno-
mial. This would not be very useful as Fz(0,1,0,0,0[2) = pm(G)z*(©). Fortunately,

Fa(xo, 21, 9,23, 74) takes the same value at several different places due to some
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invariance under “rotations”, see details in [7]|. In particular,

1 1
F¢(0,1,0,0,0) = Fg | 1,—=,0,=,—1] .
27772
For this vector we have

Ky(2)=1-22422" - 2* = (1 - 2)*(1 + 2),

so all zeros have absolute value 1. (There is always such a vector for (0,1,0,...,0)

)

have all zeros lying on the unit circle. It even implies that the function

no matter what d is.) This means that

1 1
Fal1l,—=,0,=-,—1
G(7 2772a

Po(u) := Fg (17 —%, 0, %, —1|u) is non-negative for real u > 1 implying that for such
a u the

P, (u)

exists. If pm(G,,) # 0, then Pg, (1) # 0 and we can also deduce that Pg, (u) > 0 for
0 < u < 1so pr(u) exists in this case. Unfortunately, since the coefficients of Pg(z)
are not necessarily non-negative we cannot argue that it is monotone increasing, and
that pr(u) is continuous at 1.

Though this strategy does not work in the case of perfect matchings, it is still
instructive to see how gauge transformation gives us a great flexibility to choose the

vectors in such a way that we can apply a Lee-Yang-type theorem.
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16. Limit theorems 11

16.1 Introduction

In this chapter we study the asymptotic behaviour of the Tutte polynomial of large
girth regular graphs. For a graph G let g(G) denote the girth of the graph, that is,
the length of the shortest cycle of G. The following theorems due to McKay and

Lyons are the main motivation for us.

Theorem 16.1.1 (McKay [38|). Let (G,,), be a sequence of random d-regular graphs.
Then asymptotically almost surely we have

d—1
: VoG d—=1)
,}I_,IEOT<G”) - (d? — 2d)d/2—1‘

Theorem 16.1.2 (Lyons [36]). Let (Gy), be a sequence of connected d-regular graphs
such that lim,_,, g(G,) = co. Then
d—1
. 1/v(Gn) _ (d B 1)
TLIEEOT(G”) (d2 _ 2d)d/2—1'
Lyons actually proved a more general result on Benjamini-Schramm convergent

graph sequences.
Our main theorem is an analogue of these theorems for evaluations of the Tutte

polynomial for a wide range of parameters.

Theorem 16.1.3. Letx > 1 and 0 <y < 1. Letd > 2, and let (G,), be a sequence
of d-reqular graphs such that lim,_,, g(G,) = co. Then

Jim T, ()" = ta(w,y),
where
d/2—1
te(z,y) = (d—1) ((d(i;)g)ix> ifr<d—1and0<y<1,
xﬁ*ﬁ)d/%l ife>d—1and0<y<1.
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If (Gp)y is a sequence of random d-regular graphs, then the same statement holds
true asymptotically almost surely. In fact, if L(G,g) denotes the number of cycles of
length at most g — 1 in a graph G, then the same conclusion holds if for every fixed

g we have lim,, LU((GC;:?) =0.

Note that the case x = 1,y = 1 covers Theorems 16.1.1 and 16.1.2. In case of
d = 2, one needs to define t5(1,y) = 1. Note that for the cycle C,, on n vertices
we have T¢, (z,1) = £=1 which shows that lim, . Tc, (z,1)"/" = ts(z,1) even if
0 < x < 1. We believe that the statement of Theorem 16.1.3 is true for every d when

0<z<landO0 <y <1except when x =y = 0, but our proof does not work in this
case. Naturally, we can introduce the function ¢,(z,y) for every x and y the way it
is defined in Theorem 16.1.3, but it is not a priori clear that the corresponding limit
exists. The authors conjecture that the limit indeed exists whenever x,y > 0, and if
the graphs (G,), do not contain loops and bridges, then we can also allow z = 0 or
y = 0. Let us mention that t4(z,y) will depend on y if y is large enough in terms of

Z.

For the number of spanning forests (F'(G) = T¢(2,1)) and acyclic orientations

(a(G) = T(2,0)) we immediately get the following statement.

Theorem 16.1.4. Let (G,,),, be a sequence of d-reqular graphs such that lim,,_,, g(G,) =
o0o. Let F(G) denote the number of spanning forests of the graph G. Similarly, let
a(@) denote the number of acyclic orientations of the graph G. Then

lim F(Gn)Y*C") = lim a(G,)Y*C") = (d—1!
n—00 " n—o00 " (dQ —92d — 1)d/2—1 :

If (Gn)n ts a sequence of random d-reqular graphs, then the same statement holds
true asymptotically almost surely. In fact, if L(G, g) denotes the number of cycles of
length at most g — 1 in a graph G, then the same conclusion holds if for every fixed

g we have lim,, Li%:ﬁ’) =0.

We note that the special case of Theorem 16.1.4, when d = 3, was previously

proved by Borbényi, Csikvari and Luo [8].

16.2 Proof of Theorems 16.1.4 and 16.1.3 for y =1

In this part, we prove Theorems 16.1.4 and 16.1.3 for y = 1.
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Note that for a d-regular graph G we have

Ra(z) = Z (=) MI(d 4 2 — 1)n=2M = /2y, (

d—1+ z)
MeM(G)

VE

Proof of Theorems 16.1.4 and 16.1.3. Let x = 2z 4+ 1. First we assume that z > 1,
that is, 2 > 0. The claim will follow for x = 1 by continuity, see the end of the proof.
Recall that Fi(2) = 29 Tg(2 4+ 1,1). By Theorem 13.3.1 we have

gd _L_n/g
(14—?) Rg(z—i-l) S Fg(2> S Rg(2+1)

if G contains at most L cycles of length at most g — 1. Thus

lim Fg, (2)Y/°C") = lim Rg, (2 + 1)Y/(Cn),

n—oo n—oo
In case of a random d-regular graph sequence (G,), we use the fact that L =
O4.4(1) = o(v(G),)) asymptotically almost surely.

Since

Ro(z)= 3 <—z>'M'<d+z—1>"-2'M':z“@%( -

d—1+ Z>
MeM(@)

for d-regular graphs we have

1 1 1 d+z
mlnRg(szl):51n(z+1)+mlnug (\/ﬁ)

Let us introduce the notation v := \;l;ril. Note that

d+z (d=1)4+=2+1 d-1

U = = —
vVz+1 vVz+1 vVz+1

and we have strict inequality if z + 1 # d — 1. Thus

+Vz+1>2Vd—1

1 1 1
oG InRg(z+1) = 5111(2 +1)+ mlﬂﬂﬂu)‘

Here
1 1 O
1 =— N In(u—a;) = [ In(u—t)dpl(t).
116y ") = gy 2l ) [ mte =) diz e
If 2+ 1 # d — 1, then the function In(u — ¢) is a bounded continuous function on
the interval (—2v/d —1,2v/d — 1) and pj% converges weakly to the Kesten-McKay

measure. Hence

lim [ In(u —t)dpg (t) = /ln(u —t) dpm(t).

n—oo
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Putting these facts together we get that

d+z
lim F /o(Gn) — (5 4 1)1/2 /1 —+)d ) =taz+1,1),
nl—g)lo Gn (Z) (Z ) exXp n \/m pKM( ) d(Z )

where in the last step we used Lemma 14.2.2. If 2+ 1 = d — 1 then the claim is still

true since Fg(z) is a continuous, monotone increasing function just as the function
ta(z 4+ 1,1). So if for every z # d — 2 we have lim,,_o, Fg, (2)"/7E) = t4(z 4+ 1,1),
then it is also true at z = d — 2. Hence

lim ((z — DM T, (2, 1)) = tq(x, 1)

n—o0

for all x > 1, that is,
lim Tg, (z, 1)Y0C) = ty(z, 1).

n—oo

Finally, for x = 1 we can conclude as follows. Since the coefficients of T (z, 1) are

non-negative and its degree is v(G) — k(G) we get that for z > 1 we have

To(1,1) < To(x, 1) < 2" DTg(1,1),

Hence
limsup Tg, (1, 1)Y2%) < limsup Tg, (x,1)Y°C) = t4(x, 1)
n—oo n—oo
and . .
liminf Ty (1,1)Y°C) > lim inf(x =@ Ty (2, 1))Y7(C) = faw, 1)
n— 00 n—00 xXr

Since lim,~ g tg(z, 1) = lim,4 # =t4(1,1) we get that
Tim T, (1, 1)) = 4(1,1).

Finally, in the particular case when x = 2 we get that

e (d . 1)2 d/2—1
nh_}rgoF(Gn) =t4(2,1) = (d - 1) (d2—2d—1) '

16.3 Proof of Theorems 16.1.4 and 16.1.3 for 0 <
y <1

In this part we prove Theorems 16.1.4 and 16.1.3 for 0 < y < 1. We only prove this
part when ¢(G,) — oo. The case when we allow a small number of short cycles is

very similar.
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The plan is that we reduce this case to the case y = 1. Recall that Theorem 6.4.5
claims that for a graph G with n vertices, m edges and the length of the shortest
cycle is g, we have

1 m—n-+1
Tg($,0) ZTG<I71) (1__) :
g

It shows that

1 1 1 d 1 1
o(C) InTg(z, 1) > @lnTg(x,O) > o(C) 1HTg(.CC,1)—|—<§ -1+ U(G)) In (1 — 5) .

Since for g(G,,) — oo we get that

. 1 , 1
JL%@IHTG”(Q:’ 1) = nh_}rgo oG InTg, (z,0).

Since for 0 < y < 1 we also have T (x,0) < T (z,y) < Ti(x, 1) by the non-negativity

of the coefficients of the Tutte polynomial we also get that lim,, @ InTg, (z,9)

has the same limit.
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17. Limit theorems II1

17.1 Introduction

The main theorem of this chapter is the following.

Theorem 17.1.1. Let (G,), be a sequence of d-reqular graphs such thatlim,, ., g(G,) =
0o. Then the limait
lim Zg, (q,w)"*C) = &4,

n—o0

exists for ¢ > 2 and w > 0. The quantity ®q 4., can be computed as follows. Let

B glt) : (Fcos q—l sint > q—l)<mcos(t)—,/q((;u_l)sin(t))d,

then ®g g, = MaXse|—rx] Paguw(t)

We will not give the entire proof of this theorem, but we will give a detailed

description of the ideas used to prove the statement.

17.2 Underlying ideas of the proof

In this section we collected the various steps of the proof of Theorem 17.1.1

17.2.1 Approximation

The first step of the proof is the combinatorial approximation introduced in Chap-

ter 12. Recall that the so-called rank 2 approximation is defined as

e(G-5)
B w
2 (g, w) = D (1 +w) @ (g — 1)@ <1 + —1> :

SCV

93



We have seen that for the matrix M} and v,

1 1 1
1 1+q—_1 q—l

ZD(q,w) = Za(Mb, v,).

we have

By Theorem 12.3.3 we have that for a graph G on n vertices with L = L(G, g)
cycles of length at most g — 1, and ¢ > 2 we have

ZD(q,w) < Za(g,w) < ¢ 25 (g, w).

This shows that if GG, is a graph sequence Benjamini-Schramm convergent to the

infinite d-regular tree T, we have

lim Z, (g, w)"/" ) = lim 2 (q,w)"/*(@)

n—o0 n—oo

if one of the limit exists.

17.2.2 Subgraph counting polynomial

In the next step of the proof we study lim,,_, Z(G? (q,w)l/“(G"). Here we use that
Zgz(q, w) can be encoded via the subgraph counting polynomial.
We can apply the argument at the end of Chapter 9 to N = M, u = v, with the

following vectors.

14+ (g=Dw
a= Z) and b= qw
1+ A\ ale-1)

One can check that M} = aa® + bb" indeed holds true. We can again introduce the
vectors a(t), b(t) giving rise to a vector v(t) = (ro(t),...,rq(t)) such that

Fa(u(t)) = Za(My,vy) = 23 (q,w).

In this case
- Y mal e
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+(q—1)<m008 1/ q—1 sin(t ) (Fsm

o).
In particular,

In other words, r¢(t) = Py gw(t)

17.2.3 Lower bound

In the third step of the proof one can show that for any non-negative positive definite
matrix N, and in particular to M) it is true that the value ¢y that maximizes ro(t) we
have r1(tg) = 0, and r9;(tg) > 0 for all j < d/2, and r9;11(tg) > 0 forall j < (d—1)/2
or ro;t1(tg) < 0 for all j < (d —1)/2. Since any subgraph has an even number of

odd degree vertex this immediately implies that

Zg)(q7 U)) = FG(TO(to), ce ,T’d(to)) > TO(tO)U(G) — (I)”(G) )

17.2.4 Lee-Yang theorem again and convergence

The fourth step of the proof is to show that there exists a t; such that the polynomial

Pg(2) i= Fa(ro(ty), ri(t)z, ra(t) 2%, ... ra(ty) 2%)

has all zeros lying on a circle centered at 0. In order to prove it one needs to check
the condition of Theorem 11.2.1, that is, one needs to prove that for some t; all zeros

of
d

Pag(2):= (Z) ri(th) 2"

k=0
lie on a circle centered at 0. It turns out that for any ¢ the zeros of P,,(z) lie on
a circle, but one needs some extra work to show that there is a t; for which the
center of this circle is at 0. It turns out that the radius of the circle is almost

never 1, so we can actually argue that the sequence ﬁ In P, (1) —which is equal
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1
v(Gn)

quence of d-regular graphs GG,,. The proof of this fact works the same way as for the

In Z(G?(q, w)— is converging for a Benjamini-Schramm convergent graph se-

to

number of Eulerian orientations. In the rare case when the radius of circle is 1 one

can use continuity argument.

17.2.5 The value of the limit

Once we know that the limit exists for any Benjamini—-Schramm convergent graph

sequence of d-regular graphs GG,, we need a last step to prove that for a graph sequence

1
v(Gn)

for random d-regular graphs on n vertices one can show that

In Zgz(q, w) is In®,4,,,. Here one can use that

G, converging to T, the limit of

EZg) (Q7 w) = pOIy(n)(I)Z,q,w'

(Note that one needs to use the so-called configuration model of random d-regular
graphs. This model is exceptionally suitable to compute such kind of expected
values.) In general, it is easy to compute EZg(N, ut), but it needs some work to
show that in the obtained formula the exponential growth constant is indeed @4 g ,,.
Finally, taking a sequence of random d-regular graphs in general it can occur that
the limits

¢1 := lim lhrl]EZg(N, ) and ¢y := lim l]E(hrl Za(N, 1))

n—oo N — n—o0 1

are different, but it is always true that ¢; < ¢,. But since we know that ¢; = In @4,
for N = M; and p = v and ¢y > In®4,, since Zg)(q,w) > @Z(GBU from the third
step we immediately get that ¢; = ¢ = In ®4,,,. This finishes the proof.
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18. Problems and conjectures

In this chapter I give various problems and conjectures. The numbers behind the
conjectures have the following meaning:

2. Possibly doable.

3. I can imagine that there is some simple solution, and is very likely publishable.
4. Probably very hard, clearly publishable.

5. Famous open problem, publishable in a strong journal.

Note that since I do not know the solution for any problem, I might be very wrong

about the difficulty level of a particular question or conjecture.

18.1 Permutation Tutte polynomial

Problem 18.1.1 (2). Is it true that for any bipartite graph H and b = a® + 2a we
have
THU)? O)fH(OJ b) > fH(av a>2?

For the Tutte polynomial T¢(z,y) Conjecture 18.1.1 was proved by Jackson and
as we have seen the case a = 1 can be proved by FKG-inequality. I can prove this
conjecure with b = 3a? for a > 1 instead of b = a® + 2a. In some sense the growth

b ~ a? is necessary.

Problem 18.1.2 (3). What is the smallest § for which

for every bipartite graph H? (Any improvement over the current best would be

great.)
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18.2 Zeros
Conjecture 18.2.1 (4). Let G be a graph with maximum degree d. Suppose that
Tc(€,1) =0. Then || <d—1.

The tightness of the above conjecture is also a problem.

Problem 18.2.2 (4). Suppose that (G,), is a sequence of large girth graphs. Then

the zeros of T, (z,1) converge to the circle of radius d — 1 on the complex plane.

All these questions are partly motivated by the following conjecture of Sokal

about the zeros of the chromatic polynomial.

Conjecture 18.2.3 (5). Let G be graph with maximum degree A. Show that
ch(G,€) # 0if Re(€) > A+ 1.

18.3 Correlation

I call the following conjecture the rectangle correlation inequality.

Conjecture 18.3.1 (3). Prove that for 0 < 21 < 25 and 0 < y; < y, and for every
graph G we have

Ta(z1,y2)Ta(wa, 1) = Ta(xr, 1) Ta(wa, y2).

The above conjecture is true if (z3 — 1)(y2 — 1) > 1. There is a stronger version

of the above conjecture.

Conjecture 18.3.2 (4). Let Sg(x1, 22,91, y2) be defined by the following identity:

(Y2 — y1) (w2 — 21)Sa(w1, 22, Y1, y2) = Ta(w, y2)Ta(v2, y1) — Ta(w1, y1)Ta (T, y2).

Then all coefficients of Sg(x1, z2,y1,y2) are non-negative.

18.4 Graph limits

Conjecture 18.4.1 (3). Let (G,,), be a Benjamini-Schramm convergent graph se-
quence. Let N a 2 X 2 positive definite matrix with positive entries, and p € R? a

positive vector. Then
lim Zg, (N, p)'/"En)

n—oo

exists.
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When Nj; = Noy or py = o, then Conjecture 18.4.1 is known to be true. One
may even conjecture that the statement is even true if N € R9%9 is a positive definite

matrix with positive entries and p € R? with positive entries.

Conjecture 18.4.2 (5). Let (G,), be a Benjamini-Schramm convergent graph se-

quence. Then for any x,y > 0 the lim, . T, (z, y)/v(Gn) exists.
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