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Abstract

The main goal of our paper is to present explicit formulas for chromatic polynomials of some
planar series-parallel graphs (sp-graphs). The necklace-graph considered in this paper is the
simplest non-trivial sp-graph. We have provided the explicit formula for calculating the chro-
matic polynomial of common sp-graphs. In addition, we have presented the explicit formulas
for calculating chromatic polynomials of the ring of the necklace graph and the necklace of
the necklace graph. Chromatic polynomials of the necklace graph and the ring of the necklace
graph have been initially obtained by transition to the dual graph and the subsequent using of
the flow polynomial. We have also used the technique of finite Fourier transformations. The use
of the partition function of the Potts model is a more general way to evaluate chromatic poly-
nomials. In this method, we have used the parallel- and series-reduction identities that were
introduced by A. Sokal. We have developed this idea and introduced the transformation of
the necklace-graph reduction. Using this transformation makes it easier to calculate chromatic
polynomials for the necklace-graph, the ring of the necklace graph, as well as allows to calculate
the chromatic polynomial of the necklace of the necklace graph.

Keywords: chromatical polynomial, partition function of Potts model, Tutte polynomial,
Fourier transform, series-parallel graph, necklace graph

Introduction

As is well known, the notion of the chromatic polynomial for a graph was introduced
by George Birkhoff in 1912 in connection with the 4 color problem. Namely, the chro-
matic polynomial Pg(q) for the given graph G specifies the number of distinct colorings
of vertices of G with ¢ colors (colorings are said to be distinct if they differ only in the
permutation of colors). For example, for any triangular graph, Pk, (¢) = ¢(¢—1)(¢—2).
Formulas for chromatic polynomials of complete graph K, , cycle graph C,, wheel graph
W, , and for some other classes of graphs are well-known. In this paper, we omit basic
formulas for chromatic polynomials and their properties (see, e.g., [1-4]). Let us only
mention one remarkable technique for calculating chromatic polynomials of graphs with
a complex crystal structure, which was proposed by N. Biggs. It is based on the transfer
matrix method that was initially used in statistical physics.

The goal of our paper is to present explicit formulas of chromatic polynomials of
some planar series-parallel graphs (sp-graphs). The graph is called an sp-graph if one
can reduce it to K5 by several consecutive replacements, i.e., by replacing a pair of
edges that are incident to a vertex of degree 2 with a single edge and/or a pair of
parallel edges with a single edge that connects their common endpoints. The SP-graph
is a necklace graph, if one can reduce it to K by several operations of the first type
followed by operations of only the second type (see Fig. 1). We present explicit formulas
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Fig. 1. An m-level necklace
graph. For this graph, m =
3, ko =2, ki =4, ka =T,

Fig. 2. A ring of ¢ “necklaces”. For this graph, ¢ = 8 and
and k3 =9

m; =2 for i =2,...,8. Sources and a sinks are bolded

for necklace graphs, for the ring of necklace graphs, and for the necklace of necklace
graphs. The main method uses the Potts model partition function for calculating chro-
matic polynomials. Note that the partition function in the Potts model coincides with
the Feynman amplitude for the vacuum case with an arbitrary propagator over a finite
field [5]. The chromatic polynomial is a special case of the Potts model partition func-
tion, where all weights of edges are equal to —1. We reduce the complicated graphs to
simpler ones by using Sokal’s parallel- and series-reduction identities of edges (see [6])
for the multidimensional case. However, the weights in the resulting simple graphs differ
from —1.

Therefore, we perform these calculations for arbitrary weights.

One can also calculate chromatic polynomials for necklace graphs and for the rings
of necklace graphs without the use of partition functions. The approach described in
section 1 is based on the transition to dual graphs and the use of the finite Fourier
transform. In section 2, we describe a method which is based on the use of Potts parti-
tion functions. In Conclusions, we compare the applicability of these two methods for
calculating chromatic polynomials of more general graphs.

For the necklace graph, we number its “levels” from 0 to m and denote the number
of edges at each level by k;, i =0,...,m (see Fig. 1).

We understand the ring of the necklace graph as the following graph (see Fig. 2).
Each necklace graph has key vertices A and B. In sp-graphs, these key vertices are
usually called a source and a sink.

We consider the graph, in which all necklaces (¢ pieces) are attached to each other
in a circle by means of these vertices. We denote by m;, ¢ = 1,...,¢, the number of
nonzero levels in the i-th necklace (the total number of levels in it equals m; + 1).
Correspondingly, we denote by k;j, j = 0,...,m;, the number of edges on the j-th
level in the i-th necklace.

1. Using “classical” methods for calculating
chromatical polynomials of sp-graphs

1.1. Evaluation of chromatic polynomials for the necklace graph. The flow
polynomial of a directed graph G is the number of nonzero values of variables z. € Z,
(where e € E(G) and Z, is the residue group modulo ¢) such that for each vertex
v € V(G) the sum of x. over all edges e that “enter” v equals the sum of x. over
all edges e that “emanate” from v (see [2] for more detail). As is known, Fg(q) is
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Ks K.

Fig. 3. The multigraph dual to

the necklace graph Fig. 4. The multigraph dual to the
ring of necklaces graph with ¢t =3

independent of the orientation of edges of the graph G, and for any planar graph,
Pa(q) = qFg(a), (1)

where G is the graph dual to G.

As a simple illustration of the mentioned terms and methods, let us consider the case
of a necklace graph with m = 1, which is reducible to a cycle graph C,. with r = kg+k;
vertices. The chromatic polynomial for this graph is well known. The dual (multi) graph
for the graph C, consists of two vertices and r edges connecting them. Thus, in order
to find the flow polynomial of the graph C,., one has to find the number of nonzero

N
(in each variable) solutions to the equation ) x; =0 in the group Z,.
j=1

Lemma 1. Let variables x; take on nonzero values in a group of order q, ¢ € N,
and let ¢ be an arbitrary fized nonzero element of this group. Then, the numbers of

I
nonzero (in each variable) solutions to the homogeneous equation Y x; = 0 and to
j=1
T

the inhomogeneous one Y x; = ¢ equal, correspondingly,
j=1

(=D +(=1)"(¢-1)/g, (2)
((g=1)"=(=1)")/q. (3)

One can easily prove lemma 1 by induction.
Using lemma 1 and formula (1), we prove that Po_(q) = (¢ —1)" + (=1)"(¢ — 1),
which coincides with the well-known result the chromatic polynomial of the graph C..
In what follows we use lemma 1 for calculating the value of the chromatic polynomial

of the necklace graph. We treat the set of multigraph edges that connect the same
vertices as a “thick” edge.

Theorem 1. The chromatic polynomial for a necklace graph obeys the formula

m —_ 1)ki _1\ki(g — m — 1)k — (—1)k:
q{H(q DRETC ST SPIY | JUSA Y } @

i=0 d =0 1

Proof. In order to prove this theorem, it suffices to make sure that the expression
in curly brackets specifies the flow polynomial for the graph shown in Fig. 3 (it is dual
to the necklace graph).
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Let us direct the edges of the graph in Fig. 3 clockwise. Denote the variables that
correspond to the “thick” edge k;, i = 0,...,m by x;;, j = 1,...,k;. Then, the flow
polynomial coincides with the number of nonzero (in each variable) solutions to the fol-
lowing system of equations:

kl km
E .’17()]—2 .’L‘lj—...:E Tmj =Y
j=1 j=1

forall y € Zg.
Considering all possible values of y and using explicit formulas given in lemma 1,
we obtain formula (4). O

1.2. Evaluation of the chromatic polynomial for the ring of the necklace
T
graph. The number v, of nonzero solutions to the homogeneous equation ) z; =0
j=1
in the group of order ¢ obeys formula (2), while the number v/ of nonzero solutions
to the corresponding inhomogeneous equation does formula (3). Choose an arbitrary
set of natural numbers (ko,...,k;). For convenience of further considerations, let us
introduce denotations f and g as follows:

f(ko,. .. km HukJ, ko,...,km):HV’kj. (5)
j=0

In accordance with theorem 1, the value of the chromatic polynomial for the graph
shown in Fig. 1is ¢{f(ko,...,km)+ (¢ — 1)g(ko,..., km)}.

In order to evaluate the chromatic polynomial of the ring of necklace graphs, we
need to evaluate the flow polynomial for the dual multigraph. One can easily draw
this graph by placing some vertex of the dual graph (let us denote it by X)) inside
the ring of necklaces and doing some other one (let us denote it by Y') outside the ring.
The resulting graph is shown in Fig. 4. It is a single necklace with “thick” edges, its
vertices X and Y are, respectively, the source and the sink of this necklace. In this case,
the number of “thick” paths (paths of “thick” edges) that connect X and Y is equal
to t, i.e., the number of different necklaces connected in a ring. The length of the i-th
“thick” path equals m;, i.e., the number of levels in the i-th necklace. The “thickness”
of edges in this path coincides with values of parameters kio, ki1, . . ., kim, . For fixed (for
the ¢-th necklace) values of these parameters, we define the function h;(y), y € Z,, as
follows:

hi(y): {f(kZOakZ17"'7k7,mi)7 y =0, (6)
9(kio, kir, - kim,), Yy #0.
In other words, h;(y) is the number of nonzero solutions to the system

Lm,

kio
Zon Z:c1]—~ —meu—y
Jj=1

Theorem 2. For the given ring of necklace graphs, the chromatic polynomial obeys

the formula
t

(a— D [[(Fkios - him,) — glkio, - - im,))+

=1

where f and g are defined by formulas (5).
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Proof. Let us direct all edges of the graph in Fig. 4 from X to Y. We denote by
yg the total flow along the “thick” edge e, i.e., the sum of values of variables associated
with each of multiple edges. Evidently, the value of y. is the same for all “thick” edges.
Let y;, i =1,...,t, be the flow along the i-th “thick” path. Since the total flow from

t

the vertex X to the vertex Y equals 0, it holds that > y; = 0. We only need to impose
i=1

constraints on the variables associated with edges of the graph shown in Fig. 4 in order

to equate the total “incoming” and “outcoming” flows for each vertex. As a result, we

conclude that the flow polynomial of the graph shown in Fig. 4 equals

S ) % x hu(ge): (8)

Here, the symbol Z' means that the summation is performed over all vectors y =
t
(Y1,---Yt), ¥i € Zg,suchthat Y y; = 0. One can evaluate the convolution of functions

i=1
hi,...,h at the point 0 given by formula (8) by the standard technique based on the use
of the Fourier transform.

Proposition 1. Let ﬁj(z) = 3 hj(y)e*™*¥/9 — the Fourier transform of some
YE€Lq
complex-valued function h;(y), y € Zq, j=1,...,t. Then

ST ) x o< halye) = é ST

2€%Lq j=1

Proposition 1 easily follows from the basic Fourier transformation formula in the
group Zg, i.e.,

S exmisn/a — go(y), (9)

2€ZLq

where
1, y=0,

5(y)={0 y£0.

In accordance with the proved proposition 1, for evaluating the chromatic polynomial
given in theorem 2, it suffices to calculate the Fourier transform of the function h; which
is given by formula (6). Correlation (10) given below is a simple corollary of formula (9).

Proposition 2. The Fourier transform of a certain complex-valued function h(y),
y € Zg, representable as a+b0(z), a,b € C, obeys the formula

h(z) = b+ aqd(z). (10)

The end of the proof of theorem 2 is based on using of propositions 1 and 2. O

2. Evaluation of the chromatic polynomial
with the help of the partition function of the Potts model

2.1. Definition of the partition function and its connection with
the chro-matic polynomial. The Potts model describes a crystal magnetic struc-
ture as a graph. In this model, atoms are represented as vertices of the graph connected
by edges with some “neighbor” vertices. Each atom can be in any of ¢ different states.
Atoms of the crystal interact with each other. Each edge of the graph is associated with
some potential energy. According to the Boltzmann postulate adopted in the classical
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statistical physics, the probability that a system is in a certain state obeys a certain
equality. In our case, for each edge e of the graph this probability is proportional to
(14wv,.) if states of atoms at vertices of the edge e are different (or proportional to unity,
otherwise). The normalization factor in this equation is called the partition function.

Thus, the partition function of the Potts model (which is known to mathematicians
as the multivariate Tutte polynomial [6]) can be defined on an arbitrary finite graph.
Let G = (V, E) be a finite undirected graph with the vertex set V' and the edge set E.
The partition function equals

Za(q,v) = Z qK(A) H Ve, (11)

ACE ecA

where ¢ and T = {ve,e € E} are commuting variables, while K(A) is the number of
connected components in the subgraph (V, A). It is important to note that if v, = —1
for all edges e, then the set of states gives the weight 1 for each proper coloring and
the weight 0 for an improper one. Thus, Ps(q) = Za(g, —1).

2.2. Graph transformations based on parallel-, series-, and necklace-re-
duction identities of edges.

Proposition 3. Let us assume that the graph G contains edges eq,...,e,, that
connect the same pairs of vertices x and y (the parallel connection of x and y). Then,
the value Zg(q,v) remains constant, even if we replace these edges with a single edge
e with the following weight:

n

ve = [J(1+ve,) - 1. (12)

i=1

We obtain formula (12) by converting the parallel-reduction identity for n = 2
(see [6, pp. 16-17]).

Let us assume that edges eq,...,e, are sequentially connected, i.e., there exist
distinct vertices z1,x9,...,Tx4+1, such that they are sequentially adjacent to each other
(this means that there exists an edge that connects x; and x;11, ¢ = 1,...,n), while
vertices 2 ...z, have the degree of 2. We also consider the case when =1 = 1.

Proposition 4. In the case of a sequential connection, the following two transfor-
mations do not affect the partition function:

1) Replace edges ey, ..., e, with a single one e = x1x,41 with the weight
n
q H Vi
Ve = = (13)
H(Ui +4q) - H Vg
i=1 i=1

2) Multiply the partition function Zg(q,v) for the obtained graph by the prefactor

n n

H(Ui +aq) - Hvi

i=1 =1
. 14
q ( )

We obtain formula (13) by converting the series-reduction identity for the case when
n =2 (see [6, p. 17]).
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When using the partition function for evaluating the chromatic polynomial, we set
all weights to —1, i.e., v = —1. Then, formula (13) and prefactor (14) turn into

a(-1)" IR e
G-y s PR

By simple arithmetic transformations we obtain the following corollary of proposi-
tions 3 and 4.

Ve =

Proposition 5. Let G' contain a necklace subgraph H with arbitrary weights vy,
i=0,....,m, j=1,...,k; (see Fig. 1) associated with vertices of the i-th level of this
necklace. Let us assume that all vertices of H , except the source and the sink, are not
incident to the rest of vertices of the graph G . Then, the replacement of the subgraph H
with one edge e (connecting the source and the sink) with the weight

k;

. H(Uij+q)+(q—1)Hvij
Ve = H = K P =
= H(Uij +q) — H Vij

j=1 j=1

and the further multiplication of the resulting partition function by the prefactor

m H(Uij +q) — H'Uij
j=1 j=1
g )

do not affect the partition function Zg .

~1 (15)

q

2.3. The application of formulas established in section 2.2 for evalua-
tion of chromatic polynomials of the necklace graph, ring of the necklaces
graph, and necklace of the necklaces graph. As was mentioned above, the par-
tition function coincides with the chromatic polynomial for v;; = —1. Therefore, we
can apply proposition 5 for evaluating the chromatic polynomial of the necklace graph.
To this end, it suffices to evaluate the partition function for the graph consisting of one
edge that connects distinct vertices. We denote the weight of this edge by w. Using
formula (11), we obtain the partition function for this graph, i.e.,

Z(G)=¢* x14qxw. (16)

Replacing w in the latter formula with v, (see formula (15)) and multiplying the result
by the corresponding prefactor for v;; = —1, we evaluate the chromatic polynomial for
the necklace graph

m — 1)k (1)K ME —_ 1)k _1ki(g —
26) [ == <qul+qx (H =1+ UG 1)_1>>:

i=0 =0

m — 1ei — (—_1)k: m — 1)ki _1\ki(g —
:q[(q_l)nm DAEIC S JURREE Al 1)].
=0

i=0 q q

This formula coincides with formula (4) in theorem 1, which was derived in another
way (see section 1.1).
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Let us now apply formulas established in section 2.2 for evaluating the chromatic
polynomial of the ring of the necklace graphs. We use denotations introduced at the end
of Introduction.

Converting each necklace into an edge by using proposition 5, we get a graph Ci
with weights v;, i = 1,...,¢, which are equal to

T @D+ (D) - )

U; = — —
o @D (DR

-1

We also need to take into account the prefactor

L (g — 1)k — (=1)ki
1l ?

for each necklace. Now, by applying formula (13), we get a “loop” graph with the weight

t
a]lv
i=1

w =

t

H(Ui +aq)— Hvi

=1 =1

We also have to take into account the prefactor that appears under the contraction of

edges of the ring, i.e.,
t t

H(Ui +aq) - H'Uz'

=1 =1
pref = * :

q

As a particular case of equality (11), we get the following partition function formula
for the “loop” graph with the weight w:

Z(G) =q+qgxw=q(l+w).

With the help of algebraic transformations, we obtain a formula for the chromatic
polynomial of the ring of necklace graphs, which coincides with formula (7) in theorem 2.

Finally, let us consider a necklace sp-graph, in which each edge is replaced with an
arbitrary necklace graph. We treat the outer necklace as a large one and do the inner
necklaces as small.

Let us introduce denotations for the large necklace. Let M be the quantity of levels
in the large necklace, denote the level number in the large necklace by r, r =0,..., M.
Let t,. be the quantity of small necklaces on the rth level of the large necklace.

Let us now introduce denotations for small necklaces. Instead of the variable i used in
the Introduction, we introduce the double index r¢ for denoting the £th small necklace
on the rthlevel, r=0,...,M, ¢ =1,...,t,.. For convenience of further considerations,
let B,, stand for the ¢th small necklace on the rth level.

It remains to introduce the denotation m,, for the number of levels in the small
necklace B;, and the denotation k.., for the number of edges on the j-th level in the
necklace By, 7 =0...myy.

Theorem 3. Let G be a necklace of necklace graphs with parameters introduced
above. We put

uzyi

zre =[] (4= D" + (-0"4 (- 1)),

Jj=0
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More

ver =] (0= 0" = (-)).

j=0

M t
s=(M+1)+ZZ(mrz+l).

r=0 ¢=1

Then, the chromatic polynomial of the graph G obeys the formula

M ( t t,
Palq)=¢'* [(q - ]] {H((q — Dy + 200) = [ [ (wre — yre)} +

r=0 (/=1 {=1

M tr tr
H {H((q - l)yrf + ajr@) + (q - 1) H(xri - yrf)}] .

r=0 /=1 (=1

For the proof of theorem 3, we need to make calculations, applying proposition 5
for small necklaces and for a large one and then making use of formula (16).

Conclusions

In this paper, we have derived explicit formulas for chromatic polynomials of some
sp-graphs. Chromatic polynomials of necklace graphs and the ring of necklace graphs
were initially obtained by transition to the dual graph and the further use of the flow
polynomial. We have also used the technique of finite Fourier transformations. Fourier
transforms were used for evaluating the Tutte polynomials in [5, 7].

The use of the partition function of the Potts model is a more general way to
evaluate chromatic polynomials. The parallel-reduction and series-reduction identities
(introduced by A. Sokal) play an important role in this method. The multidimensional
case of these identities is presented in propositions 3 and 4. The case of the necklace
reduction is considered in proposition 5. The use of these transformations simplifies
the evaluation of chromatic polynomials of the necklace, ring of necklaces, and neck-
lace of necklace graphs. In general, this technique allows us to evaluate the chromatic
polynomial of any sp-graph. Note that the same technique was used in [8] for estimat-
ing the radius of the circle that contains all the roots of the chromatic polynomial of
an sp-graph.

In our further works, we are going to use the necklace reduction technique for evalua-
ting the partition function of graphs with a hierarchical structure, namely, the necklace-
type sp-graphs, where all edges are replaced with the same necklaces for many times.
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HaXO}K,U,eHI/Ie XpoMaTnIeCK1UX MHOTOYJIEHOB
HEKOTOPbBIX IIapaJlJieJIbHO-IIOCJIeJOBaATE€/JIbHBbIX I‘pa(l)OB

9.F0 Jlepnep, C.A. Myxamedscarosa

Kasancxuti ([Ipusonsicexudi) gedepanvhoti ynusepcumem, 2. Kazanw, 420008, Poccus

AnaHOTaMS

OcHOBHasl 11eJ1b PAOOTHI — MTPE/ICTABUTD SIBHBIE (POPMYJIBI JjIsl BBIYUCIEHUST XPOMATHIECKUX
MHOTOYJIEHOB HEKOTOPBIX MAPAJIIETHHO-TIOCAEI0BATEbHBIX rpados (sp-rpados). ['pad kosbe,
paccMaTpuBaeMblii B JAHHON paboTe, 3TO MPOCTEHINi HeTPpUBUAJIBbHBIN sp-rpad. Mbr gaaum
SBHYIO (POPMYITY JIJIsI BBITUCTIEHUs Tpada-Kojbe 0b1ero suga. Kpome Toro, 6yayT JaHbI sBHbIE
GOPMYIIBI 15T BBIYUCIIEHUST XPOMATHIECKUX MHOTOYIEHOB TPadOB KOJIBIIO U3 KOJbE U KOJIbE
73 KOJIbe IIPOU3BOJILHOTO BHUIA.

XpoMaTuiecKre MHOTOYJIEHBI I'PadOB KOJbe M KOJBIO U3 KOJIbE W3HAYAJIBLHO IOJIYYIEHBI
HaMU{ TPU TOMOIHU TIepexXo/ia K JBOWCTBEHHOMY rpady U AaJbHEHIIeMy HUCIOTb30BAHUIO IO~
TOKOBOI'O MHOroO4eHa. Kpome TOro, Mbl HCIOJIB30BAJIN TEXHUKY KOHEYHOI'O IPEOOPA30BAHUS
Dypre.

Bonee yumBepcampHbIM CIOCOOOM TMOACYETa XPOMATHIECKUX MHOTOUJIEHOB SIBJISIETCS WIC-
[IOJIb30BaHUE CTATUCTUIECKOH cyMMbl Mojesn llorrca. Mnes ncmomp3yeMbIX 37€Ch TOXK/IECTB
[apaJijiesIbHOIO ¥ IIOCJIe0BATEILHOIO COKpalleHus: Oblia npesioxkena Ajganom Cokasom.
Mpgr pazoBbeM 3Ty uzer0 m BBemeM mpeoOpasoBaHme COKpaleHusi rpada kombe. Mcmomp3oBa-
HI€ 9TOr0 IPeoOPa30BAHUS IO3BOJISIET YIIPOCTUTDH BBIYUCIEHHE XPOMATHIECKUX MHOTOYIEHOB
rpadOB KOJIbe, KOJBIIO U3 KOJIbE W BBIYUCIUTH XPOMaTHYECKHUII MHOrOYIeH rpada Kojabe u3
KOJIBE.
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KuroueBbie cjioBa: XpoMaTHIeCKUE MHOTOUIEHBI, CTATUCTAYECKas cymMma momenu [lor-
Tca, noauHoM Tarra, nmpeobpazoBanne Pypbe, mapaJIeIbHO-IIOCIEI0BATENbHBIN Ipad, rpad
KOJIbE
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