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Abstract

These notes are mainly based on a paper by McKay [41] on the eigenvalues of large regular graphs, one
by Sokal [5] on bounds of zeros of chromatic polynomials, and another by Sarnak [3], found in sections 4,
8 and 6 respectively. It turns out that the eigenvalues of large regular graphs follow with high probability
a distribution depending only the degree and that for cubic graphs, for any x # 3 there exists a sequence
of graphs such that their spectra avoid = (i.e. = can be gapped). In addition, the zeros of the chromatic
polynomial of a regular graph is bounded linearly by its degree. Sections 1, 2 and 7 give some background
on algebraic graph theory, mostly taken from Biggs [1]. Section 3, on the process of generating random
regular graphs, is due to Bollobas [2].
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1 The spectrum of a graph

Definition 1.1. The adjacency matriz of G is the n x n matrix A = A(G) where

1 wv; and v; are adjacent;
Oi,5 =

0 otherwise.

By definition, A is real symmetric and has trace 0. Since the ordering of rows and columns of A was arbitrary,
we will be interested in permutation-invariant properties of A, mainly its spectral properties.

Definition 1.2. The spectrum of G is the set of eigenvalues of A(G) with their multiplicities. If Ay > A1 >

-+« > Ag_1 are eigenvalues with multiplicity m(X\g), ..., m(As—1) respectively, then we write
Ao A1 e As—1
Spec G = .
pe (m()\o) m(\1) - m(A51)>

These eigenvalues correspond precisely to the roots of the characteristic polynomial, with their multiplicity
equal to the multiplicity of these roots.
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Definition 1.3. The characteristic polynomial of G is

xe(@) =det(zl — A) =2" +c1z" 1+ 4+ cp.

Note that ¢; is the sum of all i X ¢ principal minors of A, which is the determinant of a submatrix of A
that takes i rows and the same set of columns, since ¢; comes from expanding along the diagonal n — ¢ times,
which always leaves such a matrix behind.

Proposition 1.4. The coefficients of xg satisfy
1. C1 = O,‘
2. —C2 = |E|,

8. —c3 is twice the number of triangles of G.

Proof. Essentially follows from the fact that those ¢; are summed from principal minors.

1. All 1 x 1 principal minors of A are 0;

2. A 2 x 2 principal minor of A at ,j is non-zero if and only if the submatrix is [(1) (1)}, in which case

the principal minor is —1, and we have such a submatrix if and only if v; and v; are adjacent;

3. A 3 x 3 principal minor of A at i, j, k is 0 unless all non-diagonal entries are 1, which is true if and only

0 1 1
if v;, v; and vy, form a triangle. In this case, the principal minor is |1 0 1| =2. O
1 10

This shows that algebraic properties of A(G) have profound implications on graph-theoretical properties
of G and vice-versa. Here we apply them to find Spec K.

Example 1.5. For G = K4, note

= A

e =)
— = O
— O =
O~ = =
— o=
W W ww

so we see that 3 is an eigenvalue. We can use 1.4 to derive all but the last coefficient of x, which is simply
det A = —3. Thus

XK, () =x* — 622 — 82 —3=(z—3)(z® + 322+ 32+ 1) = (2 - 3)(z +1)®

— Spec K4 = <i’ 31> .

Later, in 2.6, we will see a general description of Spec K,.



Another interesting algebraic object is the adjacency algebra:

Definition 1.6. The adjacency algebra of G is the algebra generated by polynomials of A = A(G), with the
usual matrix addition and multiplication. We denote the adjacency algebra by A(G).

Since x¢(G) = 0, dim A(G) < n. We can derive a lower bound for dim.A(G) via graph-theoretical
properties of G. We start by associating powers of A to graph-theoretical properties.

Definition 1.7. A walk from v; to v; of length ¢ is a sequence of vertices v; = vg,v1, ..., v = v; such that
vg_1 and vg are adjacent for all 1 < k < /.

1.8. The number of walks of length £ from v; to v; is precisely the entry (i,7) in A*.

Proof. We prove this by induction. ¢ = 0 is true since A° = I. Suppose this is true for £ = L. Note that
for each distinct walk from v; to v; of length L + 1, there is a distinct walk of length L from v; to some vy,
adjacent to v; and vice-versa. Thus the number of walks from v; to v; of length L + 1 is precisely the sum of
the number of walks of length L from v; to each vy adjacent to vj, i.e. (A¥);,. And the (i,j) entry of AXF!
is precisely

(AP = zn:(AL)ikakj = > (A" O
k=

1 (ve,vj)EE

Definition 1.9. We call G connected if there exists a walk from each v; to each v;. When there exists a
walk from v; to v, the length of the shortest walk is called the distance from v; to v; on G, denoted 9(v;, v;).
The maximum distance on a connected G is called its diameter.

Proposition 1.10. Let G be connected with diameter d. Then dim A(G) > d + 1.

Proof. Let z,y € V be such that d(z,y) = d. Let x = vg,...,vq = y be a walk of length d. Then
there are no walks from z to v, that are shorter than ¢, so that entry in A* is 0 for all k < £ so A’ is
independent from {I,..., A~} and this is true for all 0 < ¢ < d so {I,..., A%} are linearly independent,
ie. dimA(G) >d+1. O

Since the dimension of A(G) corresponds directly to the degree of the minimal polynomial, which corre-
sponds to the number of distinct eigenvalues of G, we have the following corollary:

Corollary 1.11. A connected graph with diameter d has at least d + 1 distinct eigenvalues.

Exercise 1.1. If G; denotes the induced subgraph of V' \ v;, then

n
Xe =Y Xa,
=1



Proof. Let X(x) be the diagonal matrix with z;(z) at the i-th row, where z; : x — z and let X;(z) be X
with the i-th row and column removed. Now we view g as

xa(z) = det(zI — A(Q)) = det(X(x) — A(Q)).

Then by chain rule (g; denotes the part of det(X(z) — A(G)) expanded at the i-th row that does not depend
on x;)

6XG aXG 8xz
Z axl Z o det(X A(G))

— Z a—ﬁ(a:i det(X;(z) — A(Gh)) — gi(Z1, .+ - Tim 1, Tig1s- - Tn))
::}EIdeM}(Kx)——[XU?iD ::}::Xci. 0
=1 i=1

Exercise 1.2. Let g;;(r) be the number of walks of length r from v; to v; in G. Let G(z) be the matrix

where
Mg = > @rsle) (1.1)
r=0

under the assumption that (1.1) is absolutely convergent for all 7, 5. Then G(z) = (I—2A)~! (so in particular
L ¢ Spec@).

Proof. We prove G(z) = G(z)zA + I. Indeed we have

n oo n
+1
( ZZ kak:j = Zzzgzk 2" ak:j ZZH Zgik(r)akj'
k=1 r=0 k=1

k=1r=0

Recall from the proof of 1.8 we have Y ,_, gix(r)ar; = gi;(r + 1), thus

(G(2)2A)5 =D 2 lgis(r+1) =) 27gi(r)
r=0 r=1

If i # j then ¢;;(0) = 0 so (G(2)zA);j; = (G(2))i;. If i = j then 2%¢;;(0) = 1 s0 (G(2)zA);; + 1 = (G(2))i;.
Thus G(z) = G(2)zA + L O
2 Regular graphs

We will see in this section that combinatorial regularity can have consequences on spectra of graphs. The
class of graphs possessing the most simple kind of regularity are k-regular graphs, or graphs in which every
vertex has degree k. This property has direct consequences on the graphs’ eigenvalues.

Proposition 2.1. Let G be k-reqular. Then

1. k € SpecG;



2. The multiplicity of k € SpecG is 1 if G is connected;
3. For all A € SpecG, |A\| < k.

Proof. 1. Take x = [1,...,1]T € R", then (Ax); ="

jo1 @ij =k so Ax = kx.

2. Suppose x = [z1,...,2,|T satisfies Ax = kx. Let ¢ be such that z; = maxi<;j<n(z;). Then
(AAX)Z = Zaijxj = kxl
j=1

so x; = z; for all z; adjacent to x;. Since now those x; = max;<;j<n(z;) also, their neighbours are also

equal to z; and so forth. Since G is connected, we get that z; = x;Vi,j so x = z1[1,...,1]T.
3. Suppose X = [21,...,%,]T # 0 satisfies Ax = Ax. Let ¢ be such that |z;| = maxi<;j<n(|z;|). Then
n n n
Azi| = [(Ax)i| = Y aijas| < agle| < agle] = ko] = A <k O
j=1 j=1 j=1

In particular, 2.1 gives us a way to characterize regular connected graphs from its adjacency algebra. Let
J denote the matrix whose entries are all 1.

Proposition 2.2. G is reqular and connected if and only if J € A(G).

Proof. Suppose J € A(G). Then for each (4, j) there exists r such that (A");; # 0 so by 1.8 G is connected.
Since J is a polynomial of A, JA = AJ so we have

(JA)ij =D a; = (AT)ij = > aix
k=1 k=1

i.e. deg(v;) = deg(v;) and this is for all v;,v; € V so G is regular.

Conversely suppose G is k-regular and connected. Let p be the minimal polynomial of G. Then by 2.1
p(z) = (z — k)g(x) for some polynomial g. Note p(A) = 0 = (A — kI)g(A) = Aq(A) = kq(A). In
particular, this means that every column vector of g(A) is a k-eigenvector of A. Since A is connected, by 2.1
the columns of ¢(A) are multiples of [1,...,1]T. Since (¢(A))T = ¢(A), ¢(A) is a multiple of J. O

Note that the polynomial ¢ used in 2.2 is simply ¢(x) = Hj:_ll (x—X\;), where \; are the distinct eigenvalues

of G that are smaller than k. The following is an explicit construction of J from ¢ (i.e. from Spec G) given a
connected k-regular G.

Corollary 2.3. Let G be connected and k-regular and let q be as in the proof of 2.2. Then

-G



Proof. From the proof of 2.2, q(A) = aJ for some a. Let x = [1,...,1]T € R™. Note that aJx = nax.
However since Ax = kx we must have ¢(A)x = ¢(k)x (since A"x = k"x). Thus a = @ soJ =1¢(A) =
(=2 )a(A). .

This shows that knowing Spec G can be particularly powerful. The following builds the linear algebraic
theory for a special class of regular graphs for which we can compute Spec G explicitly.

Definition 2.4. An n X n matrix M is circulant if m;; = my (j_iy1), for i > 1. A graph G is circulant if
A(QG) is circulant.

In other words, M is circulant if the i-th row of M is its first row slid right ¢ — 1 places. Let W be the
n X n circulant matrix where the first row is [0,1,0,...,0]. Then if the first row of M is [mq,...,my,], we

have
n

M= ijWj_l

j=1

(since W7~! is a circulant matrix where the first row has 1 at the j-th column and 0 elsewhere).

Suppose x = [21,...,Z,]T is a non-zero eigenvector of W, then note
Wx = [22,...,2p,21]T =Ax <= Azj =2;1V1<j<nAdr, =21 <= \N"=1Azg; = Nl
In other words, the eigenvalues of W are precisely the m-th roots of 1, ie. 1,w,...,w” ! where w =

exp(2mi/n). It follows that the eigenvalues of M, which is a polynomial of W, are

n
Ar = ijw(j_l)T7O <r<n-1.
j=1

This gives us the following result:

Proposition 2.5. Suppose that [0, az, ..., ay] is the first row of A(G) for G circulant, then the eigenvalues
of G are

Ar = Zajw(j_l)r,o <r<n-1.
=2

We remark that these n eigenvalues are not necessarily distinct. We will give three applications of 2.5.
Example 2.6. K, is circulant, with the first row of A(K,) being [0,1,...,1]. Note 37, W=D = 0 for
1 <r <n-—1, so in these cases

Ar = Zajw(j_l)’" =—1.
=2
For r =0, w@~D7" = 1V1 < j < n so

Ao = Zajw(j_l)r =n—1.

=2



Thus

n—1 -1
SpecKn—< 1 n—l)'

Example 2.7. C, is circulant, with the first row of A(C},) being [0,1,0,...,0,1] (so v; is adjacent to v;_;
and v;4+1 and v is adjacent to v,). Then

Ar = Zajw(jfl)r = W +w ™" = cos(2nr /n)+cos(—27r /n)+i(sin(27r /n)+sin(—27r /n)) = 2 cos(27wr/n).
=2

However note that 2 cos(27r/n) = 2cos(2w(n—r)/n) so if n is odd then for all 1 < r < 251 there is a distinct
”7“ <7’ <n—1such that n — r = r’, thus

n—1
Spec C;, = G 2C<>S<27rr/n)\2ﬂ <r< 2>.

On the other hand if n is even then for all 1 < r < % — 1 there exists a distinct % +1 <7’ <n—1such that
n—r =r" and 2cos(2m(n/2)/n) = 2cosm = —2, thus

< n=2 _
Spec O, — (% 2cos(27rr/n);’1 <r <3 12> .

Example 2.8. For K, separate V into Vi, Vo with V3 UVa = V and |V4| = |V2| = s and pair V; and V3
bijectively. Define Hy, called the hyperoctahedral graph, to be the subgraph of Kss with the edges between
those paired vertices removed. We now order V (Hy) such that (v;,v;1s) ¢ E(H,)V1 <i < s (i.e. each v; € V;
was paired to v;4+s € V2). Then we note that A(Hy) is circulant with the first row being all 1s except at the
first and the s + 1-th positions. Again due to 2329 LwU™DT =0 for 1 <r < 2s—1, in these cases

2s
1) ; . 0 =2k—1,1<k<s;
)\r:§ :ajw(]_l)T :_1_wsr:_1_(_1)7 _ r SRS S
= -2 r=2k1<k<s—1.

When r =0, wU=1" =1V2 < j < 25 s0 A\g = 25 — 2. Thus

2s—2 0 =2
SpecHs< 1 s s—1>'



3 Random Regular Graphs

A commonly used method to generate a random graph on n vertices? is G(n,1/2), where we take a graph
with n vertices and each pair of vertices have independently a probability of 1/2 to be adjacent. Under this
model, all 2(5) graphs have an equal chance of being chosen. It is also an effective algorithm for generating
random graphs. Here, we define another algorithm for generating regular graphs because, as we will see later,
a random graph is, with high probability, not regular.

Definition 3.1. Given n > k natural numbers with nk being even, we define a random k-regular graph on
n vertices generated by the Bollobds model as follows:

e Take nk balls grouped into n sets of k balls;

e Uniformly randomly take a perfect matching on those balls. If two balls from the same set matched, or
if there are two or more matches between balls from the same pair of sets, then we say the generation
failed and take a new matching;

e For each set of balls, we define a vertex. Two vertices are adjacent if there is a matching between balls
of their corresponding set.

Suppose for each matching, we label all sets and all balls. For each regular graph, we label all vertices
and label each edge by a 2-tuple corresponding to its two ends, such that the set of tuple values on edges out
of any given vertex form exactly some k-element set (in Figure 1, {a,b,c}). Then it is clear that there is a
bijection between labeled graphs and labeled matchings.

la with ba la with 2c
1b with 2c 1b with 5a
1c with 4b 1c with 4b
2a with 6a 2a with 6a
2b with 3b 2b with 3b
3a with 6b 3a with 6b
3c with 4a 3c with 4a
4c with 5b 4c with 5b
5¢ with 6¢ 5¢ with 6¢
graph matching graph with new labelling new matching

Figure 1: Two ways of labelling a 4-regular graph on 6 vertices and its corresponding matching.

The assignment of a labelling to matchings is clearly uniform by simply labelling the balls before matching.
For a given vertex labelling (there are n! ways to vertex label a graph), a permutation in the way any vertex
labels its incident edges will result in a different graph labelling, so there are exactly n*' ways to edge label
a graph given a vertex labelling. Thus all k-regular graphs are equally likely to be obtained from a random
matching, giving us the following:

2We always assume the vertices to be labeled, i.e. distinct, so G1 and Gg could be isomorphic but not equal.



Proposition 3.2. The Bollobds model generates all k-regular graphs on n vertices with equal probability.

We note that the Bollobas model gives us an algorithm for generating random k-regular graphs. Now we
prove that a random graph is not k-regular w.h.p.

Proposition 3.3. G(n,1/2) is not k-regular w.h.p.

Proof. There are 2(%) graphs on n labeled vertices. Given n groups of k balls, there are (nf;z) ways to

bipartition the balls and (nk/2)! ways to make a matching. However, flipping any pair of matched balls will

be counted as a new matching in this system, so each matching is actually counted 27%/2 times. Thus there

k

are ("k/(;)% matchings. As noted above, each k-regular graph can be produced from n*' matchings, so

(nk)!

there are (DRI k-regular graphs on n labeled vertices. Finally for n > k/2
(nk)' k nk/2 nk/2—k! nk ) n?—n

4 Distribution of eigenvalues of a large regular graph

This section will be notes on a paper by McKay 1981.

4.1 Introduction

Given G (proper) k-regular graph, let n(G) denote its number of vertices and ¢, (G) its number of cycles of

length 7. Let Fg(x) denote the discrete CDF of its eigenvalues (i.e. each eigenvalue ) is assigned p(\) = ;n((é‘;

Now we state the main result of the McKay paper:

Theorem 4.1. Let G1,Gs,... be a sequence of k-regular graphs satisfying the following:
e n(G;) = 00 as i — 0o;

e For each r > 3, 4
cr(Gy)/n(Gy) == 0. (4.1)

Then, Fg,(z) — F(z) for x € R as i — oo, where F(x) is the function defined as follows:

1. F(z)=0ifz < —2vVk — 1;



2. If 2vk—1<x<2Vk—1,

* ky/4(k —1) — 2 1 k ) x E—1 (k—2)x
F(z) = — 5o dt = 5 + 5= |arcsin - arctan ;
—ovimT 2m(K? —t2) 2" o Wk—1  k k/A(k — 1) — 22

3. F(z)=1ifz>2Vk— 1.

Conversely, if Fg,(x) does not converge to F(x) for some x, then (4.1) fails for some r > 3.
All graphs in this section take the assumptions of 4.1. We start with a short lemma or remark:
4.2. Let ¢(G;) denote the number of connected components in G;. Then ¢(G;)/n(G;) — 0 asi — oo.

Proof. For contradiction suppose limsup,_, ., ¢(G;)/n(G;) = ¢ > 0, so by taking a subsequence of G;, we
can WLOG assume that ¢(G;)/n(G;) — ¢. Fix min(¢/2,1) > € > 0. Let N € N be such that, for all
2(1/c+¢€) <r <3, c.(Gy)/n(G;) < ¢, |n(Gy)/c(Gy) —1/¢| < € and |¢(G;)/n(G;) — ¢| < e for all i > N.

Now fix ¢ > N. Note that since each component in G; has on average at most 1/c + € vertices, at least
¢(G;)/2 components have at most 2(1/c + €) vertices. Note that each such component contains at least one
cycle of length 2(1/c + €) < r < 3 (due to acyclic graphs being trees, which always have vertices of degree 1
or 0 so not k-regular). Thus each such cycle appears on average at least ¢(G;)/(4(1/c + €)) times, so there
must exist some 2(1/¢+ ¢) < r < 3 such that

c(Gy) 5> _f7€ c
4(1/c+e)n(G;) ~ 4(1/c+e) ~ 8(1/c+1)
which clearly does not hold as € — 0. O

er(G) > c(G)/(4(L/c+€)) = > Cn

Corollary 4.3. For all M € N and ¢ > 0, there exists N € N such that for all i > N, components of G;
with less than M wvertices have in total at most n(G;)/c vertices.

Proof. Components with less than M vertices have in total at most Mc(G;) vertices, and
Mc(G;) <n(Gy) /e <= Mc(G;)/n(G;) < 1/ec.

Thus we can simply apply 4.2 with € < CLM O

Example 4.4. When k = 2, G; are all cycles C,.(;y where r(i) = n(G;) — oo and for -2 <z < 2,

F(””)_/x 2277\(/4_7(1 _/zﬂm

If X ~U(0,1) and Y = 2cos(nX) = 2cos(27X), then F(x) is exactly the CDF of Y. It is known that each
component of G; must be a cycle. For each r > 3, let F,. denote the distribution of eigenvalues of C;.. Then by
2.7 we see that F,.(z) — F(z) for all x € R. 4.3 allows us to assume that at least (1 — 1/¢)n(G;) eigenvalues
are from cycles of size at least M, for large enough i, so it is clear that Fg,(x) is between Fis(z) — 1/c and
max(F(x), Far(x)) + 1/c for each x, so with M — oo and ¢ — 0 we have Fg, (z) — F(x).

1 . B n s 1 T
— | arcsin — + — | = — arccos —.
s 2 2 v 2

10



4.2 Existence and uniqueness of F(x)

We first prove a counting result related to Catalan numbers.

4.5. Fixn,k € Nk < n. Assume we have x = (x1,...,%2,) where ; € {—1,1} such that the
following are satisfied:

° 21221 z; =0 and Zgzl x; > 0V1 < j < 2n (note that these are the same as for Catalan numbers);
e H1<j<2n:Y 2, =0} =k.

Then there are

2n — k k
n 2n — k

Proof. Let N(n, k) denote the number of possibilities for x and let P(n,k) = ("'}i;l) denote the number of
ways of putting n indistinguishable balls into & labeled baskets (equivalent to choosing k — 1 positions out of
n+k — 1 to be cutoffs between baskets, with the rest being balls in each basket). Let x” be defined from x
according to the following:

possibilities for x.

e For each 1 < j < 2n where Zle x; = 0, remove z; and z;41 (note that z; = —1 and x;41 = 1 always);
e Remove 1 and xo, (1 = 1 and xa, = —1 always).

Then x’ satisfies the assumptions with n — k and some ¢ as its parameters (1 < ¢ < n — k). However, given
x’, there are P(k —1,£4 1) possible x (since there are k — 1 ”zeros” to be put into £+ 1 potential positions).
Thus we have

n—k n—~k
N(n.k)=> N(n—kOPk-10+1)=>" (uz;- 1>N(n—k,€).
=1 =1

We now prove by induction on n — k that N(n, k) = (2”7]“) 2nk_k. If n = k then N(n,k) = 1. Now assume

n

the proposition is true for all n, k such that n — k < M (M € N) and now assume n — k = M. By IH (note

n—k—0<M)
N(n,k)=§:<€+§_1>N<M7f>=§:(“lz_l) <2MM—€>2M£L€

=1 =1
_§(€+k—1)!.(M+n—k—€)!. ¢
T4 Ak-D (= R)I(M =0 M+n—k—{
~ (2n—k) Z U+E-—1DM—-Cl+n—k—1)n!
n'(n— '2n—k E—l'k'M O(M +n—-1)!

11



Note

C+k—DM—t4+n—k—1)M  (FF)(M = L4 n—k—1)lnl(M - 1)!
C— DR —OI(M+n—11  (M-0O(M+n—1Dln—k— 1)
(é-{-k—l) (M'—Z-i—n—k—l)
-1 M—¥¢
(]VI+:—1)

_ P(l—1,k+1)P(M —t,n —Fk)
P(M —1,n+1)

which is the probability that when putting M — 1 balls uniformly and independently randomly into n + 1
baskets, there are £ — 1 balls inside k + 1 specific baskets and the remaining n — ¢ balls inside the remaining
n — k baskets. Summing over ¢ from 1 to M, this covers all possible number of balls ending into those k + 1
specific baskets (i.e. 0 to M — 1), so this sums up to 1 over 1 < ¢ < M and we are done. O

Note that we can use the above result to count the number of closed walks in an acyclic regular graph:

4.6. Suppose G is k-regqular. Let vg € V(G) and suppose the subgraph of G induced by vertices at
distance at most r/2 from vy is acyclic (i.e. a tree rooted at vg). Then the number of closed walks of length
rin X starting at vo is 6(r), where (r) = 0 if r is odd, 0(0) =1 and otherwise

6(2s) = Z (285_ Z> 256 (k= 1)

g=il

/25 s
()t
=0
S
25\ 2s —2i+1
S 1+ (k B 1)1
2s —i+1
= 1
Proof. Let v = vy, ..., v, be a closed walk of length r. Corresponding to v we have a sequence of nonnegative
integers d = dy, . .., d,, where d; is the distance from vy to v; in G. Then |d; — d;—1| =1 for r > ¢ > 1 and

dr —do=>_(di —di—1) =|{i:di —dim1 =1} = |{i : di — d;—1 = —1}| = 0 so r is even so let s = r/2
where s > 0. ‘

It is proven in 4.5 (to see that it applies here, note d; = Y 7_, x;) that the number of possible d with i
d; (for 1 < j <r) being 0 (i > 0) (we say d has i zeros) is

25 —1 1
s 25 — i

Fix d with ¢ zeros. Note that this fixes a sequence of moving away or towards vy, starting at vy for the walk.
Every move towards vg is predetermined. Since we start at vg @ times throughout the walk and each time
has k possibilities so those account for k* possibilities in total. All the s — i other times we need to move
away from vg so those account for (k — 1)*~¢ possibilities, thus each d accounts for k%(k —1)*~% closed walks,
giving us the first expression. The other equalities are by algebra. O

We then determine that 6(r) holds asymptotically without the acyclic assumption:
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4.7. Forr > 0,14 > 1 let ¢.(G;) denote the total number of closed walks of length r in G;. Then
for each r, ¢.(G;)/n(G;) — 0(r) as i — oo.

Proof. Let n,(G;) denote the number of vertices in G; that satisfy the assumptions of 4.6 regarding wvy.
Given vg € V(G;), call the subgraph used in 4.6 H,(vg) C G;. Then note n,.(G;)/n(G;) — 1 as i — oo, since
otherwise n(G;) —n,(G;) would not be o(n(G;)), and since the number of v such that V(H,(v))NV (H,(vo)) #
& is upper bounded® regardless of G;, the number of cycles that are in some H,(v), i.e. of size at most
k(k —1)"/2=1 + 1 (upper bound of the size of H,(v)), is not o(n(G;)), so there must be some ry at most
k(k —1)"/2=1 4 1 such that c,,(G;) is not o(n(G;)), a contradiction to (4.1).

Note that for any v € V(G), the number of closed walks of length r is trivially upper bounded by k"1,
thus by squeeze theorem

n,(Gi)0(r) _ ¢.(Gs) _ ne(G)O(r) + (n(Gy) — np (Gy)) k! r(Gi) imoo
n(G) S Gy S n(Gy) = Gy 00 =

We can rewrite ¢,/n as a Lebesgue-Stieltjes integral with respect to Fg,(x):

4.8. For each r >0,
/xT'dFGi (x) izee, o(r).

Proof. By definition of F and 1.8,

n(Gi)
1 1
"dFq, = E A'p(A) = EAT-Z Tr(A") = > 0. O
/iC Gl(x) e p( ) ’I’L(Gl) = j n(Gz) I‘( ) n(G’L) Vr >0

Now we arrive at the existence and uniqueness of F(z).
Theorem 4.9. There is a unique F(x) increasing and right-continuous such that
/wTdF = 6(r)vVr > 0.

Furthermore, Fg,(x) — F(z) as i — oo for every x where F' is continuous.

To prove this, we state 3 standard results in analysis. Let I = [«, 8] and for each M > 0, define RBV (I, M)
to be the set of all real f(z) such that

1. f(z) =0if x < « and f(z) is constant if z > ;
2. f is right-continuous;

3. the total variation of f is at most M.

3By at most (k(k —1)"/271 4 1)2 since u € V(H,(v)) <= v € V(H,(u)) and each H,(v) has at most k(k — 1)"/2=1 +1
nodes, so |v: V(H»(v)) NV (Hr(v0)) # @| = [{v:v € V(H,(uv)) : u € V(Hr(v0))}| < (k(k—1)7/271 4 1)2,
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4.10. If f e RBV(I, M) and [z"df = OVr >0, then f(z) =0 a.e.

4.11 (Helley-Bray). Let f1, fo,... be a sequence in RBV (I, M) such that f,(x) — f(x) asi — oo
for some f € RBV(I, M) at every x where f is continuous. Then f:chfi — f:v”df as i — oo for each r > 0.

4.12 (Helley selection). Let f1, fa,... be a sequence in RBV(I, M). Then there exists a subsequence
fris fray .. and f € RBV(I, M) such that fn, (z) = f(z) as k — oo at every x where f is continuous.

We use the above to prove the following:

Theorem 4.13. Let f1, fa,... be a sequence in RBV (I, M) such that [x"df; — p, as i — oo for each
r > 0, where u, € RYr > 0. Then there exists a unique (up to being equal a.e.) f € RBV(I, M) such that
[ x"df = p,Vr > 0. Furthermore f,(z) — f(z) wherever f(z) is continuous.

Proof. Suppose f,g € RBV(I, M) satisty [z"df = [2"dg = p,Vr > 0, then f — g € RBV(I,2M) satisfies
Jamd(f —g)= [a"df — [2"dg = O0¥r > 0 so by 4.10 f — g =0 a.e.

We know by 4.12 that any subsequence of f, has itself a subsequence x that converge to some fx €
RBV(I, M) wherever fx is continuous. By 4.11, all such fx satisfy [2"dfx = p, so there is a unique
fx = fvx.

It suffices now to prove that f,(z) — f(x) wherever f(x) is continuous. Suppose there exists z¢ where f
is continuous, but f,,(z¢) does not converge to f(z¢). Then there must exist € and a subsequence f,, such
that

[ fr(z0) — fre(z0)| > €VEk > 1.

By 4.12 f,, has a subsequence x = fp, = where fy, () = fx(x) = f(z) wherever f(x) is continuous. However
fnkj (o) cannot converge to f(xg) so f is not continuous at zp, a contradiction. O

Then our result 4.9 is a direct corollary:

Proof of 4.9. 4.13 applies with M =1 (since Fg, are CDFs) and I = [—k, k. Tt suffices to show that we have
a unique, increasing and right-continuous F'.

Let X C RBV(I, M) be the set of all f obtainable from 4.13 with Fg,. For any f € X, since f €
RBV(I, M), f is continuous a.e. Call the set on which f is continuous Ay C R and let A = UfeX Ay. Then
Fg,(x) converges in A. Since Fg, are increasing, f|4. Let F' be such that F(z) = lim;_,o Fg, (z)Vz € A and
for every xg ¢ A, F(x) = infyca g>a, F(2). Then F since F' agrees with any f € X on Ay, F agrees with
fa.e.so F € X. F is unique and increasing, so the only discontinuity is of the first kind, so by its definition
F is right-continuous. 0

4.3 Derivations of F(x)

This section deals with the derivation of F(x) from 4.9 and 4.6 and is quite technical so only an outline will
be given. We start with an asymptotic expression for 6(2s):
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4.14. As s — oo,
45k(k — 1)s+!

0(2s) ~ =2 s

Outline of proof. By taking z = 1/(k—1), the second form for 6(2s) from 4.6 can be written as (let i’ = s—1)

0(2s) = kZ:: (2;) i - k- 1)

M § (2‘9) (s — i)(k — 1)i=5+!

S ]

=0
E(k—1)s71 25 \ ., i1
== Z . i’
i’'=1
k(k—1)5"1( 2s e
=— . il —e(s)
i'=1

where

wn (o m)

(2

It can be shown that e(s) — 0 as s — 0o, and it can also be shown that

E(k =11/ 258 \ X, ooq  4%k(k—1)sH!
2 ~N — g ~N — - -
6(2) s (s - 1) ;Z : s(k —2)2/rs

4.15. Define w = sup{|z|| 0 < F(z) < 1}. Then w =2k — 1.

Outline of proof. For any s, note that 22 < w? = 22+2 < w?2?* wherever - F'(z) > 0 by definition of w
so [x?T2dF < w? [2?*dF. Thus

) fl'2s+2dF 9

1 — < Ww°.

sy o <
For any 0 < 8 < w, we can find (details omitted)

x25+2dF

liminf £——— > 32,

it g =0
Thus letting 8 — w, we get lim,_, oo % = lims_ oo 9(20((52;1)) — w? as s = oco. Thus by 4.14 w? =
Ak —1) = w=2Vk— 1 O
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4.16. F(x) is continuous at x = +w.

The proof is based on examining the jump at * = +w and is omitted.
Finally some further analysis involving T'chebyshev polynomials was used to prove 4.1.

4.4 Application to random regular graphs

Let k > 2 and n; < ny < ... be the sequence of number of vertices on which k-regular graphs are possible.*
For each i define R; to be the set of all labeled k-regular graphs on n; vertices. Define F;(z) to be the
average of Fg(x) with G taken over all G € R;, i.e. F(x) = n% > ger, Fa(z). Fi can be seen as the expected
eigenvalue distribution of k-regular graphs on n; vertices. We will state the following lemma without proof:

4.17. For each r > 3 define c,; to be the average number of r-cycles in one member of R;. Then
eri = (E=1)"/2r as i — oo.

For our purposes, we actually only need a weaker result, which will be proven:

4.18. ‘
11— 00

Cry — M, < oo.

Proof. Uniformly randomly take G € R; and v € V(G). For the subgraph H induced by the set of all vertices
with distance at most m = [r/2] from v, if H is acyclic then v is not part of any r-cycle. There are at

most ("i_l) ("'i_l)k(kil)M7 possibilities for H (the set of all H is the subset of all trees where each child of

k) k=1
u is sampled from V(@) \ {u}: there are (" 1) possibilities for children of v and (T};__ll) possibilities for the
i e k,(k/_l)'mfl
children of u # v). Out of these, there are at least (”"k_l) (”'i_l_ll‘c(_kl_l) 1) possibilities where H is

acyclic (since there are never less than n; — 1 — k(k — 1)™~! options to chose from for each node).
Let t = k(k — 1)™~1, then the probability that H is acyclic is at least H?;g Rt > (Rl LRl
ni—t—k+1 )k—l
n;—k+1

Thus the expected number of v € V(G) whose H is acyclic is at least n,;( , so the expected

number of r-cycles is at most®

n, n—t—k+1 kol n; t k-t (k —1)2n;t
) - = - = — - < —F = .
T(l (m—k+1 ) ) r(l <1 ni—k+1) v —krn - OW

Theorem 4.19. )
Fi(z) =% F(x).

4n; =k+1 and n;+1 = n; + 2 if k is odd; otherwise n;41 =n; +1

5Note (a4 €)* (where ¢ — 0 and a > 0 constant) is upper bounded by a* + k2aF~1¢, since the i-th term after ka®~'¢ in the
if k

(H»l) e—0

€
binomial expansion is exactly - ——0 multiplied onto ka¥~le. a =1 — nijk+1 <1lande=

_t
n;—k+1"°
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Proof. Define graph Y; to be the graph consisting of all graphs in R; put together in disjoint union. Then
Fy, = F,. Now it suffices to show that Y; satisfies the assumptions in 4.1. Indeed since by 4.18 there are on
average at most M, + € r-cycles per member of R; (true for i large enough),

o (Ys) < |Ri|(M; +€)

Since n(Y;) = |R;|n,
er(Y3) < M, +¢€ iseo

0.

5 Vertex replacement on regular graphs

Let F}. be the set of k-regular graphs (k > 2 across this section). For a given k we will define a map from Fy,
onto itself that will help us generate k-regular graphs, via vertex replacement.

Definition 5.1. Let G be a graph. D(G) = Dg (called the subdivision graph of G) is defined to be the
graph created from subdividing every edge in E(G). Formally, V(D¢g) = E(G)UV (G) and E(Dg) = {(e,v) :
e € E(G),v € V(G), e incident to v}.

Remark. For x € V(Dg), if z € V(G) then degp , (z) = degg(x) and if x € E(G) then degg(v) = 2.

We start with a representation of the adjacency matrix of Dg.

5.2. Let G have n vertices and £ edges. Let X,,x¢ = X(G) be the undirected incidence matriz of G
(Xye =1 if and only if e incident to v). Then

aa) = (3 B).

Proof. The first £ rows and columns of A(D¢) represent E(G) and the following n represent V(G). A;; =0
ifi,j € V(G) ori,j € E(G) and A;; = 1if and only if X(G),;; =1 (if i € V(G) and j € E(G)) or X(G)j; =1
(if i € E(G) and j € V(G)). O

Definition 5.3. Let G be a graph. L(G) = L¢ the line graph of G is defined where V(Lg) = E(G) and
(e, f) € E(Lg) if and only if e, f are incident to the same vertex in G.

5.4. For eachv € V(Q), if it is incident to e1, .. .,eq € E(G), then we can identify it with H, C Lg,
where V (H,) is the induced subgraph of {e1,...,eq}, H, is isomorphic to K4 and H, N H, # & if and only
if (u,v) € E(G), in which case H, N H,, = {(u,v)}.
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Proof. H, is isomorphic to K, since every e, f € V(H,) are neighbours (they are all incident to v). The
intersection property follows V(H, N H,) = V(H,) NV (H,). O

5.5. For e = (v,u) € V(Lg) (where v,u € V(G) were neighbours in G), degy . (e) = degg(v) +
degq(u) — 2.

Proof. e is only neighbours with f € E(G) where f # e incident to v or to u, and there are degq(v) +
degq(u) — 2 of those. O

Proposition 5.6. Let G € Fi be k-regular.
gf) : fk — .Fk, G — L(D(G))

is a mapping where every v € V(G) can be identified to H, C ¢(G) whose vertex set are edges incident to v
in G. H, is isomorphic to K and H, is joined by an edge to H, if and only if (u,v) € E(G).

Remark. ¢ indeed maps into Fy by 5.5, since every e € E(Dg) joins a vertex of degree k (from V(G)) and
one of degree 2 (from E(G) C V(Dg)). So e € V(¢(G)) would have degree k +2 — 2 = k.

Proof. Since V(G) C V(D(G)) and the degrees stay unchanged, we use H, from 5.4 to get that they are
isomorphic to K, and that they share a vertex with each of H., where e € E(G) was added by the subdivisions
and e is incident to v and some u neighbour of v. But this means H, also shares a vertex with H, (and
H, N H, = & since u,v € V(G) can never be neighbours in D), which means H, shares an edge with H,.

By the degree of every x € V(H,), since they have k — 1 degrees inside H,, they must have precisely one
degree out of H,, hence the only if. O

Definition 5.7. ¢(G) (from 5.6) is called the para-line graph of G.

In order to study the relationship between Spec G and Spec ¢(G) for G € Fy, we will use two well-known
results from linear algebra, as well as one result that applies to graphs in general.

5.8. If M is invertible and T is square,

M X _
det (Y T) = det M det(T — YM'X).

Proof. Note (assume My, and T, x,)

M~ Op,) (L -X\ (M! -MX
Onxé In 0n><Z In B 0n><Z In

18



is precisely the product of column operations that eliminate M and X. Then

M X\ /M'! -M X\ [ I Orxn
Y T/ \ 0 I, “\YM! T-YM X
M X

— det (Y T

) (det M)™! = det(T — YM1X). O

5.9. If Xinxn, Ynxm are matrices and xa denotes the characteristic polynomial of a square matriz
A, then

A"xxy (A) = A" xyx (A).

Proof. We start by the case where X,Y are n x n, and X is invertible. Then
X(YX)X ' =XY = det(A\,, — XY) = det(X(AL, — YX)X ') = det(A\,, — YX).
For X,Y both singular, for fixed A € R, if we consider
Da tRP SR (X, Y) = xxy(A); 6y i RPY SR, (X,Y) = xyx(A)

then ¢, = ¢, almost everywhere (wherever one of X,Y is invertible), so since 1, and ¢, are analytic,
¥y = ¢ everywhere. Thus xxy = xyx whenever X,Y are square.

Given n > m, we write (note X/ ,, and Y/ ...)

XY’ = ( x ) (Y Onx(nfm)) = (O( XY Omx(”*m) )

O(n—m)xn n—m)xXm O(n—m)x(n—m)
AL, = XY Opx (n—m)

= X (A) = de <O(nm)><m AL, —m

) = A" xxy (A) = xyrx (A).

and
X

YX = (Y Opxn-m)) <O(n—m)xn

) =YX — /\n_mXxy()\) = XY’X/(/\) = ny(/\). ]

5.10. Let G be a graph with n vertices, { edges, degree matriz D and adjacency matriz A. Then

Xoo (A —2) = A7 det(A\,, — A — D).

Proof. Note A(L¢g)+2I, = X(G)TX(G). Indeed for ¢ # j, A(Lg);; =1 if and only if ¢ and j are incident to
the same vertex, which is precisely when the i-th and j-th columns of X(G) have a 1 at the same position.
For i = j , the i-th column of X(G) always has precisely two 1s, so (X(G)7X(G));; = 2. This implies

XLe (A —2) = det(Al, — 2L, — A(Lg)) = xx(c)rx(c)(A)-
On the other hand X(G)X(G)T = A+ D. Indeed for i # j, A;; = 1 if and only if ¢ and j are incident to the

same edge, which is when ¢ is adjacent to j. If i = j then (X(G)X(G)):; = deg(i) = D;;. The result then
follows from 5.9:

Xro (A —2) = xx(@)rx@)(N) = X "xx(@x(@)r(A) = X7 "xarp(A) = X" det(ML, — A — D). O
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Now we are ready to state a result due to Cvetkovié to study the eigenvalues of ¢(G).

Theorem 5.11. Let G € Fy, have n vertices and £ = nk/2 edges. Then

Xo@)(A) = AA+2)"xa (W + (2 — k)X — k).

Proof. Recall

_ O¢xe X(G)T . 21@ Oan
A(DG) B (X(G) Onxn ’ D(DG) - Onxé kIn '

By 5.10
Xo(a)(A) = (A +2)"det((A + 2)Ir1p — A(Dg) — D(Dg)).

Then by 5.8

(A+2)Leyy — A(Dg) — D(Dg) = (O\ +2-2)L —X(G)T > — ( AL -X(G)T )

~X(G)  (A+2- kI, ~X(G) (A—k+2)I,

A —X(Q)T

— det <—X(G) (A—k+2)1

> = Xdet((A\—k+2)L, - A 'X(G)X(G)T)

= X det(AMN =k +2) — k)L, — A(G)) = X "xa(AA =k +2) — k)
= Xp(&)(N) = AA+2))"xa(AA —k +2) — k). 0

Corollary 5.12. Let G € Fi, have n vertices and { = nk/2 edges and let f(A) = A2 + (2 — k)A — k. Then
Spec ¢(G) = {0}~ U {—2}") U f~(Spec G).

where Spec G and Spec ¢(G) are understood to be multisets (and {x}“~™) denotes the multiset with x having

multiplicity £ —n) .

Proof. Everything follows 5.11: if X = 0 or —2 then x4 () (A) = 0; If A € f~(SpecG) then f(X) € SpecG so

xa(f(N) =050 x4 (A) = 0. The multiplicities follow from the multiplicity of A as root of x4(q)- O

Now we use the notation

feQ) =22+ (2= k)X — k.
Denote -
Do = () £ =k, k).
3=0
We are looking for a set Ay C [—k, k] such that
SpecG C Ay, = Spec¢(G) = f, *(Spec G) U {0,2} C Ay. (5.1)

Note that if f, 7 (Ax U {0,—2}) C Ay, Vj > 0 then Ay would satisfy (5.1). We will proceed to show that
Ay = Tx UUjZ, fr 7 ({0}) has the desired property.
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5.13. For x ¢ [~k, k], fr(z) ¢ [k, k). In particular, © ¢ f; *[~k,k] D T}, and f,z(x) #£0,Vj>0.

Proof. Assume x > k i.e. x = k+ €. Then
fe@) = (k+e)>+Q2—k)(k+te)—k=(k+e)(e+2) —k>(k+e)(e+2)—k—e=(k+te)(e+1) >k
Now assume < —k i.e. ¢ = —k — €. Then (recall k > 2 so 2k —3 > 1)

fr@)=(-k—e?+k-2)k+te)—k>(k+te)k+tet+tk—2)—k—e=(k+e)2k+e—3)>k O

Theorem 5.14. Let Ax =T U2, f77({0}). Then fi7 (A U{0,—2}) C Ay, C [k, K], Vj > 0. In other
words, Ay, satisfies (5.1)

Proof. By 5.13, T, C [~k k] and J3Z £, 7 ({0}) C [k, k] so Ay, C [k, k]. Note

£ A u{0,-2)) = f (e u{=2h u | £ (o)), vi > 0.

=0

Clearly 2%, fr " ({0}) C Ag by definition. Furthermore, fi(—2) = (—2)2 + (2 — k)(—=2) — k = k and
FA=2) = fulk) = K2+ (2 —k)k —k = k so fi(—2) € [k, K] for all j > 0 s0 -2 € f./([~k,k]), ¥j € N
ie. =2 €'y so 'y U{—2} =T. Thus it would be sufficient if we can show that f,;j(Fk) CTIg, Vj>0.

Via induction this is equivalent to saying that f, '(I'y) C I'y. If z € £,/ '(T'x) i.e. fx(z) € Tk so fi(z) €
=k k) = =z € fk_(jﬂ)([—k, k]), ¥j > 0. Now we only need x € [—k,k], but this follows 5.13:
v ¢ [~k k] = fi(z) & [~k k] 2T m

What we showed is that suppose we are given G € Fy, such that Spec G C Ay, define {G; = ¢/(G) : j > 0}.
Then SpecG; C Ay, Vj > 0.

Example 5.15. Recall that

k -1
Spec Ki11 = <1 i ) .

Note fr(—1) =1—2+k —k = —1is a fixed point so —1 € I'y, C Ay. So let G = Kjy1. Then {G; = & (G) :
j > 0} has SpecG; C Ay, Vj > 0.

5.1 Spectral gaps

One major application of studying spectra of graphs is the study of mizing times of random walks.
Definition 5.16. Let G € Fj. Then Mg = %AG is the random walk matriz on G.

The idea of random walk matrices is that Mg(4,7) is the probability of walking to node j in 1 step, if
one starts at node i (namely ¢ for G € Fy,).
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Proposition 5.17. Let M be a random walk matriz on G. Let pgz}) denote the probability of going to node
J inm € N steps, starting at node i. Then pEZL) =(M™), ;.

Proof. We do induction on m. m = 1 follows the definition. O

6 Gap sets for the spectra of cubic graphs

This section is an outline of a paper by Kollar and Sarnak.

Throughout this section, we will only study cubic graphs, i.e. 3-regular connected, simple graphs (unless
noted otherwise), and the set of all such graphs will be denoted X and its planar subset, Xpjanar- Recall
that the spectrum of G € X, Spec G, is a subset of [—3,3] and 3 € SpecG.

Definition 6.1. A closed K C [—3,3] is called spectral if there exists infinitely many {G,},en € X such
that SpecG,, C KVn € N. A =[-3,3]\ K is then called a gap set and each z € A is said to be gapped by

{Gn}.

Note that trivially J, oy Spec G, is spectral. Since any closed superset of a spectral set is spectral, we
are interested in minimal spectral sets (or equivalently maximal gap sets) in particular, i.e. spectral sets for
which no proper subset is spectral.

Gap sets are always open in [—3, 3] and 3 is never gapped. As such any x € [—3,3) that is gapped must
also have a neighbourhood around it within [—3,3) in which every point is gapped. The following is one of
the main results of the paper:

Theorem 6.2. Every point in [—3,3) is planar gapped.
The proof of 6.2 will, in particular, make use of the triangle map T, defined as follows:

Definition 6.3. The triangle map T : X — X is defined by replacing every vertex in G by a triangle and
joining them according to adjacency in G.

Explicitly, we first take a subdivision of G by adding a vertex on every edge, then take the edge dual of
that graph, such that every vertex that was in V(G) becomes K3 and every added vertex becomes K joining
the K3 together.

It turns out that the spectrum for G and 7 (G) are linked by the function
flx)=2*—z-3.
In fact, it can be shown that Spec G relates to Spec T (G) via the following:
Spec T(G) = f~*(Spec G) U {0} U {—2} (6.1)

with the multiplicities preserved in f~!(SpecG) and with 0 and 2 having multiplicity |V (G)|/2 (on top of
the multiplicity of 0 and 2 from f~!(Spec G)). This makes the iterative properties of f important. Consider

A=) £™(-3,3]). (6.2)
m=0
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We will start by proving some general facts about sets invariant under some function. Let g : R — R and C
non-empty bounded subset of R be such that for = ¢ C, ¢"(x) ¢ C and is unbounded as n — co. Let

K = Oog*m(C).

Proposition 6.4. K is the unique largest bounded set closed under g (meaning g(K) C K ). Furthermore if
C C g(R) and is closed, then K is non-empty.

Proof. Clearly no bounded g-closed set can contain any = ¢ C. As a consequence, no bounded g-closed set
can contain any x where ¢"(z) ¢ C. Thus suppose K’ is some bounded set where g(K’) C K’, then K’ C K.
Now it suffices to prove that K is indeed g-closed, i.e. g(x) € K for x € K, but this is clear from the definition
of K (since g"(g(z)) = g"*1(x) € C). Since g™ (z) ¢ C = g™t ¢ C, g™ 1(C) C g~™(C) which means
that if C C g(R), then g™+ 1(C) C g(R) so g~™(C) is non-empty for m € N and compact, so K # @. [0

Corollary 6.5. K is the unique largest bounded set invariant under g (meaning g(K) = K)

Proof. Since any g-invariant set is necessarily g-closed, by 6.4 it suffices to prove that K itself is g-invariant.
Note that we already have g(K) C K <= K C g~ }(K). For any z € g~ !(K), note g(z) € K C g~ 1(K), so
g H(K) is g-closed, so g71(K) C K and we are done. O

Now we take g = f, C = [-3,3] and K = A. Then it suffices to show that « ¢ [—3, 3] has f(z) ¢ [-3, 3]
and f™(z) — oo. Note that for € > 0, we have

fB+e)=0B+e)>—6—€e=3+be+¢

so taking 5e + €2 as the new e, since 5(5"¢ + €2) > 5"1e we inductively have f*(3 4 €) > 3 + 5" ——% oo,

For any x < —3, note f(z) > 22 so f"(x) > 2®® — oo (and obviously f(z) > 3). Thus 6.4 and 6.5 apply to
f and A.
In fact, taking C' = [—2, 3] would produce the same A, since

f(=2—¢€)=(-2—€)? —1+e=3+5e+ ¢

so f(—2 —¢€) > 3 so by the above, we have f"(—2 — €) — oo and everything applies. Now we show some
properties of A.

Proposition 6.6. Let C,, = f~"([—2, 3]) be the n-th step in the construction of A (n > 0). Then C,, is made
of 2" disjoint (non-singleton) intervals. Furthermore, each endpoint x in C,, is also an endpoint in Cy 1.

Proof. Note that since the minimum of f is f(1/2) = —3 — 1/4 which is smaller than all our intervals, each
interval has two intervals as pre-images (and disjoint sets have disjoint pre-images) so C,, consists of precisely
2™ intervals.

Any interval [a,b] in Cp, n > 1 (meaning [a,b] C C,, and a — €,b+ € ¢ C,, for all € small enough) must
have f([a,b]) being an interval in C,_1, since f([a,b]) C Cph—1 and f(a) +e € Cp,o1 = a+d € C, for ¢
small enough (analogous for f(b)), and f([a,b]) is an actual interval since f is monotonic on [a, b].

Thus if « were an endpoint of some interval in C,,, then f™(z) is an endpoint in C,_,, so x € A, since
f(x) € {—2,3} so f™(z) = 3 for m > n. This means z € C,,41, which forces z to be an endpoint, since
CnJrl g Cn O
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Corollary 6.7. A is uncountable.

Proof. 6.6 showed that, since C,, 11 C C,, and has twice as many intervals, with one of the endpoints of each
interval matching with endpoints of intervals in C,, and all the intervals in C,,;1 being subsets of those in
C,, each interval in C,, must have been split into two intervals in C), 1. The proof of uncountability then is
exactly the same as the one for the Cantor set. O

7 The chromatic polynomial

In this section, we deal with general graphs rather than simple graphs. By an r-color partition of G, we mean
a partitioning of V(G) into {V4,...,V,} such that no v € V; and u € V; are adjacent for ¢ # j. In other
words, an r-color partition can define an r-coloring of G.

Definition 7.1. Given G (general) graph on n vertices and given u € C, for each r € N let m,.(G) denote the
number of 7-color partitions of G and let u,) denote u(u —1)(u—2)---(u—r+1). We define the chromatic
polynomial of G to be

Ca(u) =Y mp(G)u).

Proposition 7.2. If s € N, then Cg(s) is the number of colorings of G using at most s colors.

Proof. We claim that m,.(G)s () is precisely the number of s-colorings of G' after an r-color partition (i.e. using
precisely r colors). If > s then there are no s-colorings allowed, and indeed s(,) = 0 if and only if s € N
and s < 7. If r < s then s( = (2)r! and indeed, for each r-color partition, we have () ways of choosing r
colors out of s options, and then r! ways of permuting 7 colors across the color classes. O

Arguably the simplest graph to compute the chromatic polynomial on is the complete graph.

Example 7.3. Since K, has no color partition using less than n color classes, mi(K,) =+ =m,_1(K,) =0
and m,(K,) = 1, thus
Ck,(u)=u(u—1)---(u—n-+1)

and we can observe that this is indeed the number of ways to assign n colors out of u options to color K,.
Note that the chromatic polynomial is indeed a polynomial since each u(,) is a polynomial. Its degree is
no more than n. Since m,,(G) =1, Cg is monic.

For G disconnected with components G; and G, for each way to color G; in s € N colors or less paired
with each way to s-color G2, we have a distinct way to color G and vice versa. Thus we have, by 7.2,

Ca(s) = Ca,(5)Cay(s).
Since a polynomial is uniquely determined by its values on N, we have

Ca=Cq Cgq,.
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Since u is a factor in u(, for all r > 1, we have Cg(0) = 0 for any G (i.e. the coefficient of 1 = u? is 0).
If G has ¢ components, then the coefficients of u%, u!,...,u"! are all 0 due to Cg = [I;_, Cq, where each
Cg, has coefficient 0 on u°. Finally, if E(G) # @ then m1(G) = 0 and Cg(1) = 0 and u— 1 is a factor of Cg.

Note that the problem of finding zeros of C'¢ encompasses the problem of finding the chromatic number
of G, x(G), since the smallest natural number that is not a zero of Cq is x(G).

Now we discuss some techniques of calculating chromatic polynomials.

Definition 7.4. Suppose e € E(G) is not a loop. We define G(®) to be the graph with V(G(®)) = V(G) and
E(G®) = E(G) \ e and say that G(®) is obtained from G by deleting e. We define G'(e) to be the graph with
e removed and with the two vertices incident to e identified as one vertex and say that G . is obtained from
G by contracting e.

Note that G(®) has one edge fewer than G and G(¢) has one edge and one vertex fewer than G. Thus
the following proposition provides a method to compute the chromatic polynomial by repeated reduction to
smaller graphs. This is known as the deletion-contraction method.

Proposition 7.5.
CG = CG(e) — CG(e)'

Proof. We show Cge) = Ca + Cg,,. Indeed for each way of coloring G(©)| either the vertices incident to e
in G are not colored the same, thus corresponding to a coloring of G, or they are, thus corresponding to a
coloring of G(¢). Thus Cge) (s) = Cg(s) + Cg,,, (s) on s € N and the general equality follows. O

We use 7.5 to obtain the general formula for C'; when T is a tree:

Corollary 7.6. If T is a tree with n vertices, then

Cr(u) = u(u — 1)"%

Proof. We use induction on n to prove Cr(u) = u(u—1)""1. n = 1 is trivial since there are s ways to s-color
one vertex. Assume it is true for n = N and let T be a tree with N 4 1 vertices. It is known that 7" has at
least one vertex of degree 1 (in fact, at least two vertices) so call it v. Let e be the edge attaching v to the
rest of T. Let 7' = (V(T) \ {v}) and note that T is a tree with N vertices, so by IH Cz(u) = u(u — 1)V 1.
Then note T(.y = 1" so

Creo (u) = () = u(u = 1)V,
T(©) has disconnected components ({v}) and 7" so
Cre (u) = Coyy (u)Cr (u) = u(u(u — l)Nfl).

Thus by 7.5
Cr = CT(e) — CT(e) = u(u — l)Nfl(u — 1) = u(u — l)N. O

We can apply 7.5 and 7.6 together to obtain the general formula for Cc,, .
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Example 7.7. Co, = 0. When n > 2, let e € E(C,), then C,, () = C,r—1 and CY = P, so
Ceo, (u) = Ccff>(u) - Cc, ., (u) =Cp,(u) — Cc,_,(u) = u(u — " —Ce,_,(u)
= (u—=1)" = (Ce,_,(u) = (u—=1)"1).
We note that Cc¢, (u) — (u — 1)" = —(Ce, _, (u) — (u — 1)""1)Vn > 2 so we know
Ce, (u) = (u—1)" + (=1)" f(u)

for some f(u) independent of n. Since the base case is Co, =0 =u— 1+ (=1)(u—1), we know f(u) =u—1
SO
Ce,(u) = (u—1)"+(=1)"(u—1).

Now we describe two additional methods of calculating chromatic polynomials. The first is based on a
join operation for graphs:

Definition 7.8. Let G1, G2 be graphs (with V(G1) NV (G2) = @). We define their join G; + G2 to be the
graph with
V(Gl + GQ) = V(Gl) U V(Gg)

and
E(G1 + G2> = E(G1> U E(Gg) U {(u, 1}) RS V(G1),’U € V(Gg)}

In other words, G; + G2 contains G and Gs as disjoint subgraphs and edges joining all vertices between
them, and nothing else.

Proposition 7.9. Suppose G = Gy + Ga, then

m(G) = Y mi(G1)m;(Ga).

i+j=r

Proof. For each r-color partition of G, the colors used on G; and G5 must be disjoint, so G; must have an
i-color partition and G a j-color partition such that i + j = r and conversely any such pair indeed gives an
r-color partition of G. O

This directly give us the following formula for computing chromatic polynomials of joins:

Corollary 7.10. Define

n 4 n m+n
> omryuey o Y mls)uy = DY mr)m(s)upes = 3 > m(r)m(s)ug).
=1l s=1 r=1s=1 t=1 r4s=t

Then
CG1+G2 = CGI © CGz'
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Here use 7.10 to derive Ck, ,:

Example 7.11. Note that K33 = N3 + N3, where N, defines a graph with k vertices and no edges. Since
there are 3 ways to partition a set of 3 elements into 2 classes, note

Cng (u) = () + 3u) + u(s).-
Thus

Cky5(u) = Cny(u) o Oy, (u) = () + 3ua) + ueg)) o (u(1) + 3u(z) + u))
= w(2) + 3u(z) + ug) + 3u) + ) + 3uGs) + U@ + 3ues) + U
= Uu2) + 611,(3) + 11U(4) + 6U(5) =+ U(g)-

Theoretically, we can apply the same argument to all K, ,, and algorithmically find its chromatic poly-
nomial. However note that there is no known closed-form expression for the number of ways to partition k
elements into 7 classes, so we cannot obtain a closed-form Ck, , this way for all n,m € N.

Another application of 7.10 relates the chromatic polynomial of G with that of N7 + G, called the cone
of G and denoted ¢(G), and Ny + G, called the suspension of G and denoted s(G).

Proposition 7.12. The chromatic polynomial of a cone and a suspension are given by

CC(G)(U) = UCG(U - 1)7 (71)
Cse)(u) = u(u —1)Cq(u — 2) + uCq(u — 1). (7.2)

Proof. Note Cn, = u(1y and Cn, = u(1) +u(z). (7.1) is due to 7.10 and the fact that u(41) = u(u — 1)), so
Cec)(u) = upy o Cg(u) = uCq(u — 1).
(7.2) is similar, using u(,42y = u(u — 1)(u — 2)(;), so
Csay(u) = (ua) +u@y) o (@) (u) = u(u — 1)Cq(u —2) + uCq(u —1). O

The second technique applies to graphs described as follows:
Definition 7.13. The (general) graph G is quasi-separable if there is K C V(@) such that the induced
subgraph (K) is complete but (V(G) \ K) is disconnected. G is separable if |K| < 1; in this case either
K = @ so G is in fact disconnected, or |K| =1, in which case we call v € K a cut-vertex.

It follows that by taking each of the disconnected components and unioning each with K, we can get

V1,Va C V(G) such that V4 UVa = V(G), V1 NV, = K and there are no edges between V3 \ K and 3 \ K.
We call (V1, V) a quasi-separation, or a separation if |[K| < 1.

The following reduces the chromatic polynomial of a graph with quasi-separation (V1, V) to the chromatic
polynomials of (V1), (V) and (V; N Va):

27



Proposition 7.14. If G has quasi-separation (V1,Vs), then

CrnC
Cq = (V1) ~(Va)

C(V1I'7V2>

with the convention that Cgy(u) = 1.

Proof. If V1 NV, = @, then G is disjoint and the result follows a previous remark about 7.2. Suppose that
(K)=(V1NVy) =2 K; witht > 1. Let s € N.

Due to the fact that all colorings on (K) are isomorphic (i.e. one can bijectively map each color to some
other color to go from one coloring to another), each coloring on (K') can be extended in Cg(s)/s(;) ways to
a coloring in G (because there exists a bijection between extensions starting from different colorings of (K)).
Since K; C (V1), (V2), the same argument applies to C v,y (s)/su) and Cyyy(8) /5

Because (V5 \ K) and (V; \ K) have no edges between them, extensions for (V;) and (V3) starting from
the same coloring on K; are independent, hence

Cal(s)  Cuny(s) Cryy(s)

S(t) S(t) S(t)
— OG(S) _ C<V1>(S)O<V1>(S) _ C<V1>(8)0<V1>(5)
S(t) C<V10V2)(S)
CiiyC
— O = (V1) (Vz).
C<V1QV2>

O

7.14 is often useful for finding chromatic polynomials of small graphs for which the subgraphs induced by
the quasi-separation are well-known. The following is an example:

1 2

O (0

O O,

Figure 2: G separable with V4 = {1,2,3} and V, = {2, 3,4}
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Example 7.15. Counsider the graph in Figure 2. Under the given separation and using the fact that (V;) =
(Vo) & K3 while (Vi NV3) = Ko, we get

_ Canpy(W)Ciyyy(u)  (u(u —1)(u—2))? IV
 Cwinmy(w) u(u —1) = u(u—1)(u—2)"

Note that there are other ways to compute Cg. For example, G can also be viewed as c¢Ps, in other words
N1 + P; where V(N1) = {3} and V(P3) = {1, 2,4}, in which case

Cg(u)

Ca(u) = uCp,(u—1) = u(u — 1)(u — 2)%

8 Bounds on the complex zeros of chromatic polynomials

This section consists of notes on a paper by Sokal 2000.

8.1 Introduction

We have previously introduced (in 7) the chromatic polynomial for (general) graph G. For each e € E let
ve € C. Then we define (let s € N, x.,y. € V be the two endpoints of e, 1 denote the indicator function,
and product over the empty set understood to give 1)

Zo(s. ) = S ] [1+vt{o(x) = o)} (8.1)

o:V—{1,...,s} e€E

We will show below (8.1) that (8.1) is the restriction of a polynomial to N x C!Zl. If one takes v, = —1Ve € E,
then

H [1—1{o(z) = o(ye)}] = H{o(ze) # o(ye)Ve € E} = 1{o is an s-coloring of V}

s0 Za(s,—1,...,—1) = Cg(s) is precisely the chromatic polynomial. If one takes v, = vVe € E then the
two-variable Zg(s,v) is called, up to some trivial transformation (see 8.2), the dichromatic polynomial or the
Tutte polynomial.

Proposition 8.1. Zg(s,{v.}) is a polynomial in its arguments with 1 as the only non-zero coefficient.

Proof. First we expand the multiplication in (8.1) (E’ is taken over all subsets of E):

s, {ve}) Z H +vel{o(ze) = U(ye)}]

o eckE

= Z Z H vel{o(ze) = o(ye)}

o E'CEccE’

> 1{o(we) = o(ye)Ve € E'} [ ve

o E'CE eckE’
= Z HU : O-(xe) = U(ye>ve < El}l H Ve
E'CE e€E’
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Fix E' C E. For any o, note that o(z.) = o(y.)Ve € E’ if and only if all components of the subgraph induced
by E’ are colored in the same color. Since each component would have s choices of colors, let ¢(E’) denote
the number of components in the said subgraph, then there are s¢(®) possibilities of ¢ for a given E' C F.

Thus ,
Za(s,{ve}) = D PV ve (8.2)
E'CE ecE’ O

Since (8.1) was only defined for s € N, we take (8.2) to be the definition of Zg(s,{v.}) for s, {v.} € C.
We now show the relationship between the two-variable Zg(s,v) (i.e. v. = vVe € E) and the conventional
Tutte polynomial Tg(x,y).

Corollary 8.2. Define

TG(way) — Z ({E _ 1)0(E')*C(E) (y _ 1)|E’|+c(E’)7\V|.

Then
Te(z,y) = (z — 1)~ (y - 1) VIZg((x — 1)(y - 1),y — 1).
Proof.
Za((w =Dy —1),y—1)= Y (v 1)E)(y— )FIHeE), O

In the context of statistical mechanics, (8.1) is known as the partition function of the s-state Potts model®.
In this model, each site € V can exist in any of the s € N different ‘states’ (e.g. spins). The energy of
e € F is 0 if the states of the end points are unequal and —.J, if they are equal, and we sum over all e € E
to get H(c), the energy of a given configuration o. The Boltzmann weight of o is then e=#(?) where 8 > 0
is the inverse temperature’. The partition function is the sum of Boltzmann weights over all o. It is easy to
see that by taking v, = e#’c — 1Ve € E, the partition function is equivalent to (8.1). An interaction e € E
is called ferromagnetic if J, > 0 <= v, > 0, antiferromagnetic if —o0 < J. < 0 <— —1 < v, <0, and
otherwise the ends of e are non-interacting (i.e. J. =0 <= v, = 0, equivalent to e being removed).

We remark that the partition function (provided it is non-zero) serves as a normalizing constant for the
Boltzmann weights, such that

e—BH(0)
fee ) =z o))

is a probability distribution (called an ensemble in statistical mechanics) over possible configurations o. In
fact, complex zeros of Zg are often particular interest, as explained below.

Often, one would want to study phase transitions, i.e. points where some physical quantities (e.g. energy)
depend nonanalytically (or even discontinuously) on the parameters of the system (e.g. temperature or the
magnetic field, i.e. J.). Such points are impossible in (8.1) for any finite G, but they could arise in an
infinite-volume limit, i.e. some limit G, of increasing graphs G; with n(G;) — oo. Regular lattices such as
the d-dimensional integer lattice are typical examples. It can then be shown (under modest assumptions on
G;) that the (limiting) free energy per unit volume

fa. (s,v) = lim |n(Gi)|_1log Za,(s,v)
1—> 00

6The s = 2 case is known as the Ising model.
"8 =1/(kgT) where kp is the Boltzmann constant and T is the temperature.
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exists for all nondegenerate physical® values of the parameters, namely either
1. se Nand —1 < v < oo (using (8.1)), or
2. s>0and 0 <v < oo (using (8.2)).

The limit fq_ is in general continuous in v, but can fail to be real-analytic in v, because complex singularities
of log Zg,, i.e. complex zeros of Zg,, can approach the real axis as ¢ — 0o. Therefore the real limits of such
zeros are precisely the points of interest when studying phase transitions, so theorems on the location of the
zeros of the partition function are very important.®

The purpose of the paper was to give an upper bound on complex zeros of Zg for ve in the ‘complex
antiferromagnetic regime’ A = {v € C: |1 +v| < 1}, i.e. |1 + v.| < 1. This bound can be valid for infinite
families of G, if some local conditions on v, hold. A corollary is an upper bound on the zeros of the chromatic
polynomial based on the maximum degree of G: for each r > 0, there exists C(r) such that for any loopless
G with maximum degree 7, the zeros of Cg(u) lie in |u| < C(r). It is also proven that C(r) grows at most
linearly in 7. Note that C(r) grows at least linearly because  + 1 is a root of Ck, . An explicit bound of
C(r) <7.963907r was given. Finally, with one vertex of degree exceeding r, the zeros of Cg(u) are bounded
by |u| < C(r) + 1. It is known that the roots of C are unbounded when there are two such vertices.

These notes will discuss the bound on the zeros of Zg for a fixed G under |1 + v.| < 1 as well as the
corollary on Cg. We will also show that C(r) grows at most linearly, but with a worse bound than the one
given.

8.2 Transformation of the Potts-model partition function to a polymer gas

Let G = (V, E) have complex edge weights {v. }ccp. If e is a loop then by (8.1) its presence simply multiplies
Zg by (1 + wv.), thus WLOG we assume G is loopless.!’ For each E’ C E, if we decompose (V, E’) into
connected components S, ..., Sy, note that ¢(E’) = Zfil(l + 18| = |Si]) = |V — ZivzlﬂSl\ —1).

Proposition 8.3. Let G = (V, E) be loopless with edge weights {ve}ecr. Then

Z6(3, {ve}) = 81 Zpotymer, 6 (s, {ve}); (83)
where
oo 1 N
Zpolymer,c (8, {ve}) = Z NI Z Hw(Sl) (8.4)
N=0"""||N s,cvi=l
and where
=(IS]-1) , , s Ve |S]>2
UJ(S) _ S ZE CEg, (S,E") connected HeEE @ ‘ | = (85)
0 |S] <1

In particular note w(S) = 0 if (S, E's) is not connected, i.e. if S is not the subset of a connected component.

8nondegenerate’ excludes cases v = —1 (using (8.1)), which causes some o to have weight 0, and s = 0 (using (8.2));

‘physical’ means that v is such that there are no negative terms in the outmost summation, allowing a probability distribution
to exist

9In particular, theorems that guarantee a certain complex region is free of zeros are known as Lee- Yang theorems.

10A similar argument can be made for parallel edges ei,...,en, which can be replaced by a single edge e with weight
IT7—1 (1 + ve;) — 1 and get the same Zg. However this does not simplify much so we will not be assuming there be no parallel
edges.
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Proof. Clearly we only need to consider |_|Z]\L1 S; =5 C V where each (S;, Es,) is connected and where each
|S;| > 1, due to which Eg, # @. In that case

N N
G N o
Hw(si) = HS—(ISA 1) Z H Ve = Z s~ S (Sil-1) H v..
i=1 i=1 E/EES,” ecE’ UN E/: ceE
(S;,E") connected E (CEs,,
(Si,E,E) connected

Note that since |S|— EZ\LI (|Si]—1) = N which is the number of components in (S, E’), and there are precisely
|[V| — |S| more components in (V, E’) than in (S, E’), we have ¢(E') = |[V| — Zfil(\SJ —1). Thus (8.3) is

o0
v B
sV Zotymer, 6 (5, {ve}) E g g 5e(E) H Ve. (8.6)
=0 |_|§V:1 S;=SCV  E'=||N,|E eckE’
E[CEs,,

(S;,E;) connected

For each £/ C FE such that (V, E’) has N components Sy, ..., Sy where each |S;| > 1, there are precisely
N! possible ways to permute those S; such that Sy,..., Sy are still the connected components of (S, E’), so
such E’ appears throughout the summation in (8.6) exactly N! times. By summing across all N, we taking
into account every possible E’ C E so

S‘Vlzpolymer,G(s» {'Ue}) - Z SC(E/) H Ve = ZG(Sv {ve})~ O

E'CE e€E’

The ‘polymer model’ (8.4) has the form of a grand-canonical gas (8.4)

0o N
Zpolymer G {Ue Z Z H U)(S,L) H 1{52 N Sj = @} (87)
N=0 s o SNCV =1 1<ij<N

with single-particle state space P.(V) (non-empty subsets of V', or, equivalently, due to how w(S) was
defined, S C V with |S| > 2 and connected (S, Es)), fugacities w(S) and two-particle Boltzmann factor
1{51 N Sj = @}.

If we define an exponential generating function (EGF) in M variables w.r.t. sequence {a(nq,...,na) bn;en

GH{an}, 21, xm szll Z a(ni,...,n Hx (8.8)

M _
m=1m=N

then (8.7) is precisely (8.8) with M = |22, (V)| with each m associated to some S € P, (V), xg = w(S)VS €
Z.(V) and a({ns}sex.(vy) is an indicator function for the following: ns = 1 or ng = 0 for each 5, and
SNS" = o for each S, 5" where ng,ng: = 1. (8.7) is thus the generating function for independent sets in the
intersection graph constructed from &2, (V') with variables w(5).

We remark that since —(|S] — 1) < —1 when w(S) # 0, w(S) decreases in s. Thus if the sum over E’
can be controlled, one can expect an exponential decay of w(S) in |S| provided s is large enough so that
the exponential decay overshadows the increase in the sum over E’. Thus as we show that Zpgiymer,¢ does
not vanish for small enough w(S), we have reason to believe that the same is true for large enough s. This
essentially outlines the following sections, but in the opposite order.

as
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8.3 Dobrushin and Kotechy-Preiss conditions for the nonvanishing of 7

Definition 8.4. A grand-canonical gas is defined by a single-particle state space X (here finite), a fugacity
vector w = {wy }oex € CXI and a symmetric two-particle Boltzmann factor W : X x X — C. The (grand)
partition function z(w,W) is then defined to be the sum over ways of placing N > 0 particles on sites
Z1,...,xn € X, with each configuration given a Boltzmann weight, which is the product over all w,, and

W (z;, ;) (for i # j):

) N
Z(W,W)NZ_O]\ln S IIw= [ Wi zy). (8.9)

@1, e NEX i=1 1<i<j<N

Under weak assumptions on W (e.g. |W(z,y)| <1 like in (8.7)) Z(w, W) is analytic in w. We want to find a
sufficient condition for Z(w, W) to be nonvanishing in a polydisc Dr = {w : |w;| < R, }. This would imply
in particular that log Z(w, W) is analytic in Dg.

Note that if W were hard-core self-repulsive, i.e. W(x,x2) = OVx € X, then we only need to consider
summation over distinct x;, i.e. (8.9) would be equivalent to summing over subsets:

Z(w, W)= Z ngﬂ H W(z,y).

X'CXzeX'  {azy}CX’

Under this assumption, we introduce the notation where, for each A C X, we write!!

Za(w, W) = Z H Wy H W(x,y). (8.10)

X'CAxzeX'’ {z,y}eX’

Now we give an extension of a theorem due to Dobrushin:

Theorem 8.5 (Extension to Dobrushin). Let X be finite and let W satisfy
1. 0 < W(z,y) < 1Vz,y € X;
2. W(z,z) =0V € X).

Suppose for each x € X, there exists R, >0 and 0 < K, < 1/R,, satisfying

1—W(z,y)K,R
K, > L e/ 8.11
> 1l ——%x&, (®11)
yeX:y#x

Then, for each A C X, Zx(w, W) is nonvanishing in the closed polydisc D = {w € CXl: |wy| < Ry} and
satisfies in Dy

Ky
Moreover, given w,w' € Dp such that w',/w, € [0,00]Vz € X, by integration, one can get'?
Zx(w', W) 1— K, |w,|
log————=| < log ——%|. 1
' S NCA 2 [loa g — K, w,] (8.13)

TEA

1 Note that this is equivalent to setting wy; = 0 for x ¢ A.
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We remark that since W (z,y)K,R, < KyR,, by (8.11) we have K, > 1 and thus R, < 1.
Proof. On any A, (8.12) implies (8.13) because let w(t) : [0,1] — CIX| ¢ — w(1 — t) + w't, then w(0) = w

and w(1) = w’ and note | 22| = [w], — w,| = |[w}] — [w,|| = |2L=l|, thus
dlog Zx(w, W) Ow, 8logZA w, W) dw
rzeX z xEX
8\w1|

- Z 1- Kw|wm|

1
/ 9 \og Zn (w(t), W)t
. ot

0
o 06(1 = Kl ()

SZ/;

=
zeX
Za(w', W) 1 — K, |wl|
— log Z2WVL V)| N7 |y 2 = e lWal
%% Zaww. ) | = 2 B T R |

zeEA

The rest of the proof is by induction on the cardinality A. The claim is vacuously true for A = @. Assume
(8.12) (and thus (8.13)) hold for all sets with cardinality less than n € N and let |A| = n. Let X € A and
let A" = A\ {«}. Then from (8.10), by breaking down the summation over X’ C A into X’ containing = and

those that do not, we get
ZA(W, W) :szA/(W,W)JrZA/(W,W) (8.14)

where w, = W(z, y)wy, so

Wy Zpn (W, W) = Z wawy (x,y) H W(y,y') = Z Hwy H W(y,y).

Xzg X/ yeX’ {y,y'eXx’ XzeX’ yeXx’ {y.y'ex’}

We note w € Dp, since |W (z,y)| < 1. From (8.14) we directly get

Zy (W, W) k(w)
log Z W) =
T, BN = e W)+ Za W) Rw)ws £ 1
where k(w) = % Finally since w,/w, = W(x,y) > 0, by IH we can apply (8.13) to bound |k(w)]|
with
1 — K|y 1 — K,W(z,y)[w,| 1— K,W(z,y)|w,|
[k(w)] < = . “< ! : (8.15)
yg/ 1= Kylwy yg/ 1= Kylwy| yg\x 1= Kywy
Note

— _K,R,<-K
1-K,Jw,| — 1-K,R, oty < —Kylwy|

which is true so by (8.11) |k(w)| < K. Note ‘k(qlf)(;”)hrll < 17“&5;”))‘110 - and similarly to the above

kw)l K
L= [k(w)||we| = 1 — Kq|wg|

— |k(w)| < K,

so (8.12) is proven and we are done. O

12]og z denotes the principal value of z # 0, i.e. the logarithm where Imlogz € [, 7], i.e. log(x + yi) = log \/x2 +y2 +
iatan2(z, y)Ve,y € R,zy # 0.
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Now we restrict to W being a hard-core interaction, i.e. W(z,y) € {0,1}Vz,y € X (while still being
hard-core self-repulsive). If W(z,y) = 0 (resp. 1), we say = and y are incompatible (resp. compatible) and
write x o y (resp. © ~ y). In particular z ¢ x. The hypothesis of 8.5, (8.11), is then equivalent to

1—-W(z,y)KyR,y 1—-W(z,y)KyR, 1
K= ]] 1- K,R, 11 1-K,R = 11 1-K,R
y~w ATyt v yAwyta vy

KzRI 1
y%f Ty e

Thus if ¢, = —log(1 — K;R,) > 0Vx € X then (8.11) is equivalent to finding ¢, > 0 such that

exp Z cy| (e* ) > R, Vx € X.
ket

This is the Dobrushin condition. Since e®> — 1 > ¢,, a stronger and more convenient to check condition is
the Kotechy-Preiss condition:

exp | — Z eyl €z > RVx € X. (8.16)
Yy

Now we consider the special case where X can be partitioned into X = | |>° | X,, and where there are suitable
{A, }nen such that

> R, < Aymvn € Nz € X,,. (8.17)

YyEXn iyt

(8.17) typically arises when X is a set of subsets of some V, and z # y <= xz Ny # . Then we take X,
to be {z € X : |z| = n}. Then if we showed that we can find {4, } such that

> R,<ANVneNVieV, (8.18)
yEXn i€y

then for fixed z € X, and 7 € z, A,, upper bounds summing R, over y € X, withi¢ € xNy = x % y, so
summing over the m ¢ € x we can get (8.17) to hold.
Suppose (8.17) holds and suppose we take ¢, = e*™ R, Vx € X,, for some suitable o > 0. Then

oo o
exp | — ch Ccx =exp |— Z Z e Ry| e Ry > exp |— Z e“"A,m| e*"R,

yrx n=1lyeXn:ytz n=1

oo
= exp a— Z e“"A, | m| R,

and this upper bounds R, if and only if
> ) e A, (8.19)
n=1

This proves the following proposition:



Proposition 8.6. Suppose that X = | |>2, X,, and there exists {A}nen and o > 0 such that
1.3 ex, e By < Anm for all m,n and all x € X, (8.17);
2. 3 €A, < a (8.19).

Then the Kotechyj-Preiss condition (8.16) (and thus 8.5) holds with ¢, = e*" R, Vx € X,p,.

Note that since X is finite, only finitely many A, are nonzero. However for the rest of this section we
will ‘forget’ this fact and instead consider the general case where {A,, }nen is simply an infinite sequence.

In this case, for the existence of & > 0 such that Y~ e*"A,, < « to hold, it is necessary that A,, decays
exponentially, i.e. there exists ¢ > 1 such that limsup,, .. ¢"A4, = M < co. However, since this would imply
that (5)" A, < (M +¢)/2" after finitely many terms, let N be such that (5)"A,, < (M +¢)/2"Vn > N and

S V(M +€)/2" < (logc)/2, then it suffices to modify the first N —1 A, so that >-7 ' ¢"A,, < (log¢)/2 for
the desired a = log ¢ to exist. Thus any exponential decay on A, is sufficient for « to exist, up to modifying
finitely many A,,. In some applications it is thus important to estimate A,, for small n.

Let 6 = liminf,,_, o (—log A,)/n and let

Fla)=a™! Z e A,.
n=1

Then since (e®)™ < A, for large enough n as long as 0 < a < §, e® is within the domain where g(z) =

Yoo a™A, is analytic, so F is real-analytic in 0 < a < § as a composition and then product of analytic
functions. Furthermore, F(a) — 0o as a — § since e((71084n)/n=€)n A~ — ¢=€" can make the series grow
arbitrarily large as € — 0, so since the series is increasing in «, it diverges when a > ¢ so in that case
F(a) = co. As a — 0, clearly since e®"4,, — A, and a~! — oo we have F(a) — oo, thus by IVT the
infimum of F(a) on 0 < a < ¢ is actually attained, making (8.19) equivalent to

a>0

o0
inf o~ ! Z e“" A, <1.
n=1

8.4 Some combinatorial lemmas
8.4.1 Reduction to trees

In order to compute w(S), we need to sum over all connected subgraphs (S, E') C (S, Eg). However there
are often ‘too many’ such (S, E’) to upper bound. It is thus helpful that this sum can sometimes be bounded
by simply a sum over spanning trees. This is where |1 + v.| < 1Ve € E comes into play.

Proposition 8.7. Let G = (V, E) be equipped with complex edge weights {ve}ecr satisfying |1 + ve| <1 for
all e. Then

> IIw< > II lvelk (8.20)

E'CE, ecE’ E'CE, e€E'
(V,E’) connected (V,E") tree
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Outline of proof. WLOG G is connected since otherwise both sides are 0. It is known that there exists a map
R from the set of spanning trees in G to its set of connected subgraphs such that 7 C R(T') and that for
each connected subgraph (V, E') C (V, E), there exists a unique tree 7" such that Er C E' C Eg(y. Thus
by factoring out [[.cp,. ve for each such H on the left side of (8.20), we get

S Mel-| ¥ MO ¥ I

E'CE, ecE’ ErCE, e€Er 173’: e€cE'\ET
(V,E") connected (V,ET) tree ErCE'CERr(T)

Y e Y I

BErCE, ¢€Br E':E'CEg(r\Er ¢€E'
(V,Er) tree

= Z H Ve H (1+ve)

ErCE, e€Er ecEr(m\Er

(V,Er) tree

S Tw I wees X Ikl o
ErCE, ecEr EEER(T)\ET E,QE7 ecE’

(V,Er) tree (V,E') tree

8.4.2 Connected subgraphs containing a specified vertex

Definition 8.8. Let G = (V, E) be finite or countably infinite equipped with edge weights {ve}.cr and let
x € V. Define the weighted sum (over connected subgraphs on n vertices and m edges)

Crm (G, {ve}, x) = Z H |ve|

(V',E’")CG connected, e€EE’
zeV' |V |=n,|E'|=m

with special cases tree sum

Tn(G, {ve}, @) = Cpn_1(G, {ve}, z) = > 1T vl

(V',E")CG tree, eEE’
zeV',|V'|=n

and edge-counted sum
m—+1

Cho= Y, Chyal @ et B
n=1

When the edge weights are all 1, we can omit them from the notation (i.e. Cy, (G, ) = Cp.m (G, 1, ..., 1, )
etc.). For the infinite r-reqular tree T, containing vertex y, define the constant

t(r) = Tn (Tra y)

n

37



Note that we trivially have

m

Crm(G, {ve},2) < Com(G, ) <Sup ve|> . (8.21)
eclk

We actually as of now already have all we need to state and prove the main result. However, in this section

we will first state some results that will improve our main theorem. The following was proven using the

universal cover graph'® for the first inequality, and generating functions and Lagrange’s implicit function

theorem for the closed form of tgf), but it is stated here without proof.

Proposition 8.9. Let G = (V, E) be finite or countably infinite of maximum degree r and equipped with edge
weights {ve}teer. Let x € V and y be a vertex in T,.. Then

r ((r=1)(m+1))!
C',m(G’ ‘T) < O’,m(TTvy) = Tm+1(T7"7y) = tgnl-l = Tm!((r — 2)m + 3)| 0

In consequence (8.21)
Con(C, {ve}, @) < i) <sup |ve|> :
ecE
a particular case of which is

=1l
Tn(G, {ve}, z) <t (sup |ve|> . (8.22)
E

ec

Another result, whose proof will be given, helps bound the expression 8.9 gives for tgf).

Proposition 8.10.
n—1
1) = ((r =1)(n))! < (rn)

Proof.
((r—1)(n))! _ (rn —n)!
(r=2)n+2)!  (rn—n-—(n-—2))!

8.5 The main results

This is the main theorem of the paper:

Theorem 8.11. Let G = (V, E) be loopless, finite and equipped with complez edge weights satisfying {ve}ecr
satisfying |1 +ve| < 1Ve € E. Let Q = Q(G,{v.}) > 0 be the smallest number satisfying

00
i 1 an—(n—1) T < 1. 2
et 2 QT mar (G, {veh ) < =

13The universal cover graph U is a tree constructed from the set of all walks starting at = and that do not using any edge
consecutively. U is a subgraph of T, s0 Ce,m (U, z) < Ce,m(Tr,y) is clear. However proving Ce,m (G, z) < Co,m (U, z) requires
more work and is omitted.
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Then all zeros (in s) of Za(s,{ve}) lie in |s| < Q.

Note that @ < oo since T,, = 0 for n > |V, so the series is finite.

Proof. First by 8.3 we view Zg as a grand-canonical gas with wg = w(S) and W (S;, S;) being the exclusion
function 1{S; N S; = &}. Let Rg = w(S5) and let A, = maxzev Y g.,c5,5/n (W(S)|- Note Ay = 0 which is
why the series in (8.23) starts at 2. Then using the partition of &2,.(V) into X,, = {S € Z.(V) : |S| = n},

we have
> Rs= Y Re<ANVzeV
SeXmmxeS S:|S|=n,zeS

i.e. (8.18) and in consequence the first condition of 8.6 hold.
Note that from 8.7 we have, for all S where z € S and |S| = n,

()] < [s|70570 Y T el

E'CEg, e€E’

(S,E") tree
= Y @) <sTY Y Do T loel =17 VT0(G {ve} @)
S:z€S,|S|=n S:weS,|S|=n E'CEg, e€E’
(S,E’") tree
= A, = max Z lw(S)| < |s|~Y maécTn(G, {ve}, x)
¢ S:x€eS,|S|=n r€
-1 an — o1 an -1 an|,|—(n—1)
=« Ze A, =a Ze A, <a Ze [s] glea&(T"(G’{UE}’x)
n=1 n=2 n=2
inf a™' ) €A, < inf o™t e*[s|7 Y max T, (G, {ve 8.24
= o™ 2 e A < imha™ 3 el (G o) (8.24)

Since the right hand side of (8.24) is decreasing in |s| and the second condition of 8.6 would be satisfied with
|s| = @, it would also be satisfied with |s| > @ so by 8.5 Zg (s, {ve}) is nonvanishing in wg < Rg = w(S5),
thus Zg(s, {ve}) # OV|s| > Q. O

If, in addition, the degree of vertices in G is at most r, then let C(r) be the smallest number such that

o
: -1 an —(n—1)4(r) <
éI;f;)a E_ze (C(r)) ty) <1.

Then as a corollary to 8.11, directly from 8.9, we have

Corollary 8.12. Let G = (V, E) be loopless, finite, of mazimum degree r and equipped with complex edge
weights satisfying {vetecr satisfying |1 + ve| < 1Ve € E. Let Vmax = maxecp |ve|. Then all zeros of
Za(s,{ve}) lie in |s| < C(7)vmax-

Recall that the chromatic polynomial Cg(s) = Zg(s,—1,...,—1). Thus directly from 8.12 we have
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Corollary 8.13. Let G = (V, E) be loopless, finite, of mazimum degree r. Then all zeros of Cg(s) lie in
|s| < C(r).

The following is a corollary of the bound on tg) from 8.10.

Corollary 8.14.

Proof. Note log ”2,71 =(n—1)logn—3"  logn < (n—1)logn —nlogn+n =n—logn so ":1 < % <em

Thus if C(r) > Mr,

o0 oo n—1
: -1 an —(n=1)4(r) < ; -1 an —(n—1) (Tn)
él;%a nE_Qe (C(r)) ) < éI;%Oz nE_Qe (C(r)) e

. B s C(’r) —(n—1) nn—1
_ f 1 an
e e (G0)

. - o C(’l”) —(n—1)
1 (a+1)n
o™t Yo (S2)

IN

oo a+1 "
inf a1 € - 12ty L
S%aM;<M>£W®e Ty
The above can be verified with M = 45 and o = 0.5. O
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