N
N

N

HAL

open science

Bounding the monomial index and (1,l)-weight
choosability of a graph

Ben Seamone

» To cite this version:

Ben Seamone. Bounding the monomial index and (1,1)-weight choosability of a graph. Discrete Mathe-
matics and Theoretical Computer Science, 2014, Vol. 16 no. 3 (3), pp.173-187. 10.46298/dmtcs.2097 .

hal-01188911

HAL Id: hal-01188911
https://inria.hal.science/hal-01188911v1
Submitted on 31 Aug 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://inria.hal.science/hal-01188911v1
https://hal.archives-ouvertes.fr

Discrete Mathematics and Theoretical Computer Science DMTCS vol. 16:3, 2014, 173188

Bounding the monomial index and
(1,1)-weight choosability of a graph

Ben Seamond
Dept. d’Informatique et de recherche opérationnelle, Université de Montréal, Montréal, QC, Canada

received 23" Sep. 2013, revised 22" May 2014, accepted 30 July 2014.

Let G = (V, E) be a graph. Foreach e € E(G) andv € V(G), let L. and L., respectively, be a list of real numbers.
Let w be a function on V(G) U E(G) such that w(e) € Le for each e € E(G) and w(v) € L, for each v € V(G),
and let ¢y, be the vertex colouring obtained by ¢, (v) = w(v) + 3.5, w(e). A graph is (k,[)-weight choosable if
there exists a weighting function w for which c¢,, is proper whenever |L,| > k and |L.| > [ for every v € V(G) and
e € E(Q).

A sufficient condition for a graph to be (1,)-weight choosable was developed by Bartnicki, Grytczuk and Niwczyk
(2009), based on the Combinatorial Nullstellensatz, a parameter which they call the monomial index of a graph, and
matrix permanents. This paper extends their method to establish the first general upper bound on the monomial index
of a graph, and thus to obtain an upper bound on [ for which every admissible graph is (1,1)-weight choosable. Let
02(@G) denote the smallest value s such that every induced subgraph of G has vertices at distance 2 whose degrees
sum to at most s. We show that every admissible graph has monomial index at most d2(G) and hence that such graphs
are (1, 92(G)+1)-weight choosable. While this does not improve the best known result on (1, 7)-weight choosability,
we show that the results can be extended to obtain improved bounds for some graph products; for instance, it is shown
that GO K, is (1, nd + 3)-weight choosable if G is d-degenerate.

Keywords: 1-2-3 Conjecture, Combinatorial Nullstellensatz, permanents, graph colouring, graph labelling

1 Introduction

A graph G = (V, E) will be simple and loopless unless otherwise stated. An edge k-weighting, w, of
G is an assignment of a number from [k] := {1,2,...,k} to each e € E(G), thatis w : E(G) — [k].
Karoniski, Luczak, and Thomason [5] conjecture that, for every graph without a component isomorphic
to K>, there is an edge 3-weighting such that the function S : V(G) — Z given by S(v) = > 5, w(e)
is a proper colouring of V(@) (in other words, any two adjacent vertices have different sums of incident
edge weights). If such a proper colouring S exists, then w is a vertex colouring by sums. Let x§(G) be
the smallest value of k such that a graph G has an edge k-weighting which is a vertex colouring by sums.
A graph G is nice if it contains no component isomorphic to Ko. Karoriski, Luczak, and Thomason’s
conjecture (frequently called the “1-2-3 Conjecture”) may be expressed as follows:
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1-2-3 Conjecture. If G is a nice graph, then x%(G) < 3.

The best known upper bound on x%(G) is due to Kalkowski, Karonski and Pfender [4], who show that
X%(G) < 5if G is nice.

In [2], Bartnicki, Grytczuk and Niwczyk consider a list variation of the 1-2-3 Conjecture. Assign to
each edge e € E(G) alist of k real numbers, say L., and choose a weight w(e) € L, foreach e € E(G).
The resulting function w : E(G) — Ueep(a) Le is called an edge k-list-weighting. Given a graph G, the
smallest k such that any assignment of lists of size k to E(G) permits an edge k-list-weighting which is a
vertex colouring by sums is denoted ch; (G) and called the edge weight choosability number of G. The
following, stronger, conjecture is proposed in [2]:

List 1-2-3 Conjecture. If G is a nice graph, then ch$,(G) < 3.

A similar problem to the List 1-2-3 Conjecture for graphs is solved for digraphs in [2]], where a con-
structive method is used to show that ch$,(D) < 2 for any digraph D. An alternate proof which uses
Alon’s Combinatorial Nullstellensatz [1] may be found in [6].

Another variant of the 1-2-3 Conjecture allows each vertex v € V(G) to receive a weight w(v); the
colour of v is then w(v) + 5, w(e) rather than ) | - w(e). Such a functionw : VU E — [k] is called
a total k-weighting. The smallest k& for which G has a total k-weighting that is a proper colouring by
sums is denoted x4 (G). A similar list generalization as above may be considered; the smallest k such
that the list version holds is denoted chtZ(G). The following two conjectures are posed in [9] and [10, [14]]
respectively:

1-2 Conjecture. If G is any graph, then x&(G) < 2.
List 1-2 Conjecture. If G is any graph, then chy(G) < 2.

Though the 1-2 Conjecture remains open, Kalkowski [3]] has shown that a total weighting w of G
which properly colours V(G) by sums always exists with w(v) € {1,2} and w(e) € {1,2,3} for all
veV(G),ec EG).

In [14], Wong and Zhu study (k, [)-total list-assignments, which are assignments of lists of size k to
the vertices of a graph and lists of size [ to the edges. If any (k,!)-total list-assignment of G permits a
total weighting which is a vertex colouring by sums, then G is (k,[)-weight choosable. Obviously, if a
graph G is (k, [)-weight choosable, then ch&(G) < max{k,1}. The List 1-2 Conjecture is equivalent to
the statement that every graph is (2, 2)-choosable. Wong and Zhu [[14] further conjecture that every nice
graph is (1, 3)-weight choosable, a strengthening of the List 1-2-3 Conjecture. A recent breakthrough
by Wong and Zhu [13] shows that every graph is (2, 3)-weight choosable and hence ch&(G) < 3 for
every graph G. There is a good deal of literature on graph classes which are (k, [)-weight choosable for
small values of k and [ (see [2, (8] [10} [11}, [12} [14]). Of particular note, it is shown in [8]] that every nice
d-degenerate graph is (1, 2d)-weight choosable. However, whether or not there exists a constant [ such
that every nice graph is (1, [)-weight choosable remains an open question.

The purpose of this paper is show how the methods used in [2]] can be extended to obtain the following
general result. Let G = (V, E) be a nice graph, with E(G) = {e1,...,en} and V(G) = {v1,...,v,}.
Let 05(G) denote the smallest value s such that every induced subgraph of G has vertices at distance
2 whose degrees sum to at most s. Associate with each e; the variable x;, with each v; the variable
Tmyj, and let X, = Zei%] x; for each v;. We show that the polynomial H(um)eE(D) (X, — X,) has
a monomial term in its expansion with non-zero coefficient for which no exponent exceeds d2(G). Based
on the work of [2]], this implies that every nice graph is (1, 92(G) + 1)-weight choosable.
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The structure of the paper is as follows. In Section 2] we present a Combinatorial Nullstellensatz ap-
proach to the List 1-2-3 and List 1-2 Conjectures, which relies on calculating permanents of matrices
which arise from natural colouring polynomials (one of which is given in the previous paragraph). Sec-
tion [3| contains some intermediary lemmas on matrix permanents and colouring polynomials. Sections
and E] are largely reliant on the results found in [2, [10]]; results are presented in near full detail, with
examples, in the interest of keeping the article self-contained. Some results are generalized where nec-
essary. Section [4] contains the main result of this paper, given above. The result that every nice graph is
(1,02(G) + 1)-weight choosable is, unfortunately, weaker than that of Pan and Yang [8]], however we are
able to obtain improved bounds for some graph products in Section 3]

2 The permanent method and Alon’s Nullstellensatz

Let G = (V, E) be a graph, with E(G) = {e1,...,emn} and V(G) = {v1,...,v,}. Associate with

each e; the variable x; and with each v; the variable x,,,; ;. Define two more variables for each v; &

V(G): X,, = Su, Ti and Y,, = 24 + X,,. For an orientation D of G, define the following two
Vi €;DV; J J

polynomials, where [ = m + n:

Pp(a1,...,zm) =[] (Xu—Xu) (1)
(u,v)EE(D)

Tp(zy,...,z) =[] (Vo—Ya). )
(u,v)EE(D)

Let w be an edge weighting of G. By letting z:; = w(e;) for 1 < ¢ < m, w is a proper vertex colouring
by sums if and only if Pp(w(ey1),. .., w(en)) # 0. A similar conclusion can be made about T if w is a
total weighting of G. This leads us to the problem of determining when the polynomials Pp and Tp do
not vanish everywhere, i.e., when there exist values of the variables for which the polynomial is non-zero.
Alon’s famed Combinatorial Nullstellensatz gives sufficient conditions to guarantee that a polynomial
does not vanish everywhere.

Combinatorial Nullstellensatz (Alon [1]). Let F be an arbitrary field, and let f = f(x1,...,x,) be a
polynomial in Flxq,...,x,]. Suppose the total degree of f is 2?21 ti, where each t; is a nonnegative
integer, and suppose the coefficient of ], xf’ in f is nonzero. If S1,...,Sy are subsets of F with

|Si| > t;, then there are s1 € S1,82 € Sa, ..., Sy € Sy, so that

f(s1,...,8,) #0.

For a polynomial P € F[zy,...,x;] and a monomial term M of P, let h(M) be the largest ex-
ponent of any variable in M. The monomial index of P, denoted mind(P), is the minimum h(}M)
taken over all monomials of P. Define the graph parameters mind(G) := mind(Pp) and tmind(G) :=
mind(7Tp ), where D is an orientation of G. Note that, given a graph G and two orientations D and D’,
Pp(z1,...,2;) = £Pp/(x1,...,x;); a similar argument holds for 7'». The parameters mind(G) and
tmind(G) are hence well-defined. Note that, for any graph G, tmind(G) < mind(G).

The following lemma is obtained by applying the Combinatorial Nullstellensatz to Pp and T:

Lemma 2.1. Let G be a graph and k a positive integer.
1. (Bartnicki, Grytczuk, Niwcezyk [2]]) If G is nice and mind(G) < k, then ch%(G) < k + 1.
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2. (Przybyto, Wozniak [10]) If tmind(G) < k, then ch(G) < k + 1.

More generally, Wong and Zhu show the following:
Lemma 2.2 (Wong, Zhu [14]]). Let G be a nice graph, D an orientation of G, and

M = C.]j(lll “ee mf’nmmfnm_:’ll e e x;ll
a monomial term of Tp(x1,...,x;) (equation (@)) with ¢ # 0. Ifmax{a; : 1 < i < m} =l and

max{a; : m+1<1i<I} =k, then Gis (k+ 1,1 + 1)-weight choosable.
This leads to the following simple corollary:

Corollary 2.3. If G is a nice graph, then G is (1, mind(G) + 1)-weight choosable.
The following proposition allows us to consider only connected graphs.

Proposition 2.4. If G is a graph with connected components G1, G, . . ., Gy, then
mind(G) = max{mind(G;) : 1 <i < k}.

In [2], Bartnicki et al. show how one may study the permanent of particular {—1, 0, 1}-matrices in
order to gain insight on mind(G) and tmind(G). Let M((m,n) denote the set of all real valued matrices
with m rows and n columns, and M(m) denote the set of square m X m matrices. The permanent of a
matrix A € M(m), denoted per A4, is calculated as follows:

per A = Z Haiﬁa(i).

€Sy i=1

The permanent may also be defined for a general matrix A € M(m, n) if n > m. Let Qm,n denote the
set of sequences of length m with entries from [n] which contain no repetition of elements; such sequences
are also known as m-permutations from [n]. For example, Q23 = {(1,2),(1,3),(2,1),(2,3),(3,1),
(3,2)}. The permanent of A is defined as follows:

m ()
perA = Z H Aia(i) = Zper B;,
AEQm,n 1=1 i=1

where {B; |1 <i < (')} is the set of all m x m submatrices of A.

The permanent rank of a matrix A (not necessarily square) is the size of the largest square submatrix
of A having nonzero permanent. Let A*) = [AA - - - A] denote the matrix formed of % consecutive copies
of A. If A has size m x [, then the permanent index of A is the smallest &, if it exists, such that A®) has
permanent rank m. This parameter is denoted pind(A). If such a & does not exist, then pind(4) := co.
Alternately, pind(A) is the smallest & such that a square matrix of size m having nonzero permanent can
be constructed by taking columns from A, each column taken no more than % times.

There are three matrices related to directed graphs which will be of interest:

Definition 2.5. Let G = (V, E) be a graph, V(G) = {v1,...,v,}, E(G) = {e1,...,en}. For an
orientation D of G, define the matrices Ap € M(m), Bp € M(m,n), and Mp € M(m,m + n) as
follows:
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1 if e; is incident with the head of ¢;
o Ap = (a; ;) wherea; j = ¢ —1 if e; is incident with the tail of e;
0  otherwise

1 if v; is the head of e;
e Bp = (b; ;) where b; ; = ¢ —1 if v; is the tail of e;
0 otherwise

o Mp = (Ap | Bp).

The following lemmas, which relate the matrices Ap, Bp, and Mp to the polynomials Pp and Tp,
provide the fundamental link between the graphic polynomials of interest and matrix permanents:

Lemma 2.6 (Bartnicki, Grytczuk, Niwczyk [2]]). Ler A = (a;;) € M(m) have finite permanent index. If
P(z1,...,2m) = [[i2;(ai1@1 + ... + @im@m ), then mind(P) = pind(Ap).

The proof is omitted, but the result follows from the fact that the coefficient of xk ! k2 - km in the

expansion of P is equal to M where M is the m X m matrix where column a; from A appears k;
times. Lemma [2.6|immediately 1mp11es the following vital link between the (total) monomial index of a

graph G and the permanent index of Ap (respectively, Tp) for any orientation D of G:

Lemma 2.7. Let D be an orientation of a graph G.
1. (Bartnicki, Grytczuk, Niwezyk [2]]) If G is nice, then mind(G) = pind(Ap).
2. (Przybyto, Wozniak [10]) For any graph G, tmind(G) = pind(Mp).

Lemmas|2.1|and[2.7|imply that ch$:(G) < pind(Ap) + 1 (if G is nice) and ch% (G) < pind(Mp) + 1.

We note the following general result of Wong and Zhu [14]. Let G be a graph, D an orientation of G,
and Mp the matrix defined above. Suppose a matrix M € M(m) has only columns taken from Mp and
has per (M) # 0. If no column associated with an edge e € E(G) appears more than [ times and no
column associated with a vertex v € V(G) appears more than k times, then G is (k + 1,1 + 1)-weight
choosable. However, in light of the theorem in [[13]] stating that every graph is (2, 3)-weight choosable,
it is now sufficient to consider only (1,1)-weight choosability (and hence to bounding mind(G)) and
(2, 2)-weight choosability (and hence trying to show that tmind(G) = pind(Mp) = 1).

In summary, to determine upper bounds on ch% (G), chk (G) or values of k and [ for which G'is (&, 1)-
weight choosable, it is sufficient to consider the permanents of matrices obtained by replicating columns
from Mp for some orientation D of GG. Consider the following illustrative example. Let D be the digraph
in Figure[T]and let G be its underlying simple graph.

The associated polynomial, Pp, is

Pp(zi,...,26) =(x1 + T4 — 21 — 22 — x3) X (x2 + 5 — 1 — T2 — x3)
X (1 + 22+ 23 —x3 — x5 — x6) X (T1 + Ta — T4 — T6)
X (z3 + 25 +x6 — T2 — @5) X (T4 + T6 — T3 — T5 — Tp)
=(z4a — 22— x3) X (x5 — 21 — x3) X (T1 + T2 — T5 — T¢)

X (x1 — x6) X (T3 + 6 — T2) X (T4 — T3 — T5).
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U1 U2

A AN

€9 €3 €4

»
>

U3 €5 V4 €6 Vs

Fig. 1: A digraph used to illustrate Ap, Bp, and Mp

Note that for each factor f of Pp, the coefficients of z1, ..., xg are equal to the entries appearing on
the row of Ap corresponding to f. We have:

60 -1 -1 1 0 O0O|-11 0 0 O
-1 0 -1 0 1 O0O|-1 0 1 0 O
1 1 o 0 -1 -1{1 0 O -1 0
Mp=[AplBol=1 1 4 ¢ 0 0 -1/0 1 0 0 -1
0o -1 1.0 0 1]0 0 -1 1 o0
o o -11 -1 00 0 0 -1 1
Since per Ap = —4 # 0, we have pind(Ap) = 1 (each column from Ap is chosen once). By

Lemma[2.7(1), mind(G) = 1, and so G is (1, 2)-weight choosable by Corollary[2.3] Note that no graph is
(1,1)-weight choosable, so [ = 2 is the minimum value for which G is (1, )-weight choosable. We also
clearly have that ch§,(G) < 2. Since there are adjacent vertices of equal degree in G, we have x%(G) # 1,
implying ch$;(G) # 1 and so ch$; (G) = 2.

3 Some intermediary results on permanent indices and mono-
mial indices

The major results of this paper are proven by establishing bounds on mind(G) using the permanent method
outlined in the previous section. One important tool is the following lemma, a generalization of a similar
result in [2]:

Lemma 3.1 (Przybyto, WoZniak [10]). Let A be an m x1 matrix, and let L be an m X m matrix where each
column of L is a linear combination of columns of A. Let n; denote the number of columns of L in which
the ™ column of A appears with nonzero coefficient. If per L # 0, then pind(A) < max {n; |j =1,...1}.

We will also find the following theorem useful, which gives a method for constructing graphs in a way
that preserves the property of having low monomial index:

Theorem 3.2 (Bartnicki, Grytczuk, Niwczyk [2]]). Let G be a simple graph with mind(G) < 2. Let
U be a nonempty subset of V(G). If F is a graph obtained by adding two new vertices u,v to V(Q)

and joining them to each vertex of U, and H is a graph obtained from F' by joining u and v, then
mind(F), mind(H) < 2.
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As a consequence, the following graph classes have low monomial index and hence small values of
ch§;(G) by Corollary 2.1{1):

Corollary 3.3 (Bartnicki, Grytczuk, Niwczyk [2l]). If G is a complete graph, a complete bipartite graph,
or tree, then mind(G) < 2.

Proposition 3.4. If G = C,,, then mind(G) < 2.

Proof: Let V(G) = {v1,v2,...,v,}and E(G) = {v1va, v2vs, . .., Up_1Un, vyv1 }. Let D be the orienta-
tion of G with A(D) = {(v1,v2), (v2,v3), ..., (Vn—1,Vn), (Un, v1)}. Consider the colouring polynomial

Pp = (JC2 - Jﬁn)(ﬂig - 331)(374 - 1‘2) s (J?n — J?n_g)(l‘l — xn—l)-

Since each variable appears in exactly two factors of Pp, no exponent in the expansion of Pp exceeds 2,
and hence mind(G) < 2. O

In order to prove our major results in Section[d] the following generalization of Theorem|3.2]is required:

Lemma 3.5. Let G be a graph with finite monomial index mind(G) > 1. Let U be a nonempty subset of
V(G). If F is a graph obtained by adding two new vertices u, v to V(G) and joining them to each vertex of
U, and F* is a graph obtained from F by joining u and v, then mind(F'), mind(F*) < max{2, mind(G)}.

The proof which follows is an adaptation of the proof of Theorem [3.2] found in [2]]. Given a ma-
trix A with columns a1, as,...,a, and a sequence of (not necessarily distinct) column indices K =
(i1,12,...,1x), A(K) is defined to be the matrix A(K) = (a;, a;, -+ ai, ).

Proof: Let U = {uq,...,u} be the subset of V() stated in the theorem. Let E,, = {e1,e3,...,€2p_1}
and F, = {es,eq,..., e} be the sets of edges incident to the vertices u and v, respectively. Assume
that these edges are oriented toward U, and that for each ¢ = 1,2, ..., k the edges eg;_; and es; have the
same head.

Let D be an orientation of F', D’ the induced orientation of GG, and consider the matrices Ap and
Apr. Let Ay, ..., Agy be the first 2k columns of Ap, corresponding to {eq, e, ..., eax}. If we write
A= (A4y .-+ Agg),then Ap = (A B) where B = (A);, ).

Let Y be the (2k) x (2k) matrix and Z the (|E(F)| — 2k) x (2k) matrix such that A = [} ]. Since
the edges eo; 1 and eo; have the same head foreachi = 1,2, ... k, the columns A5; _; and As; agree on
Z. Furthermore, Y may be written as a block matrix, where ({ § ) occupies the diagonals and ( o % ) is
everywhere else, as seen in Figure 2]

There exists a matrix of columns from Ap., with no column used more than mind(G) times, with
nonzero permanent. Let K denote the sequence of edges of G which index this matrix. Consider a new
matrix

M = (My My My My --- My My B(K)),

where M; = Agj_1 — Agjforj =1,2,... k.
The properties of the columns of A outlined above imply that the matrix M can be written as follows:
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1 -1 0 -1 0

1 0 0 -1 0 -1

-1 0 0 1 -1 0
y_|lo -1 1 o 0 -1
-1 0 -1 0 0 1

0 -1 0 -1 10

Fig. 2: The block matrix Y

M = (1(? A);Eﬁz)), where R has all constant rows:
-1 -1 -1 -1

1 1 T |

R=|-1 -1 -1 -1

1 1 1 1
Since per M = per R x per Ap/(K), each of per R and per Ag(K) are nonzero, and any column of
A appears in the linear combination of at most 2 columns of M, Lemma implies that mind(F") <
max{2, mind(G)}.
We now consider F'*. Let H be an orientation of F* with ey = uwv oriented from v to w. The matrix

Ap is precisely Ap with a row and column added for eq (say, as the first row and column). It can be

depicted in block form Ap = ( 3ij j‘(c; ), where Y/ and Z’ are the matrices depicted in Figure

0o 1 -1 1 -1 0
/ —1 !
Y' =1 . , Z'=1:
: v 7

0

-1
Fig. 3: The matrices Y’ and Z’
Let Ag, Ay, ..., Aoy denote the first 2k + 1 columns of Ay, corresponding to the edges eg, e1, . . ., €2k.

Form a new matrix
N =(Ng Ng Ny Ny Ny --- N, N;; B(K)),

so that Ng = Ap and N; = Agj_1 — Agj for j = 1,2,..., k. Arguing as before, N = (%l f(;%%),
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where R’ is the following square matrix:

0o 0 2 2 2
-1 -1 -1 -1 - -1
p_|-1 -1 1 1 1
-1 -1 1 1 1

It is shown in [2] that per R’ # 0. Hence per N = per R’ x per Ag(K) # 0, and since any column of
A appears in the linear combination of at most 2 columns of N, Lemma [3.1| implies thats mind(H) <
max{2, mind(G)}. O

4 A general bound for a graph’s monomial index

Armed with the Combinatorial Nullstellensatz and the permanent method, we may now proceed with our
main results.

Recall that a graph G is d-degenerate if every induced subgraph of G has a vertex of degree at most
d. If G and H are graphs, we write H <; G to denote that H is an induced subgraph of G. The
degeneracy of a graph G, which we denote by 9(G), is the smallest d for which G is d-degenerate; that
is 9(G) = max{d(H)|H <; G}. We extend the notion of degeneracy to pairs of vertices at a given
distance. Given an integer r > 1, let 0,,(G) denote the minimum value of d(u) + d(v) for two vertices
u,v € V(Q) at distance exactly r in G. The r-degeneracy of G, denoted 0, (G), is

0r(G) = max{o,(H)|H <; G}.

If no induced subgraph of G has vertices at distance exactly r (for example, G = K,, and r > 2), then we
adopt the convention that 0, (G) = 2A(G).

We now show that mind(G) is at most 02 (G). The result is achieved by carefully orienting the edges of
a graph and applying the lemmas from the previous sections to show that our desired matrix has non-zero
permanent.

Theorem 4.1. If G is a nice graph, then mind(G) < 0:2(G).

Proof: We may assume that GG is connected, since Proposition states that mind(G) is at most the
largest monomial index of its components. If G is a tree, cycle, or complete graph, then mind(G) < 2
by Corollary [3.3]and Proposition [3.4] and hence the theorem holds for the following graphs: Ps, K3, Py,
K 3, C4, and Ky. If G is isomorphic to K3 with a leaf or Cy with a chord, then one may check that the
theorem holds for G by straightforward computation of the associated colouring polynomial Pp for any
orientation D). Hence, the theorem holds for any connected graph on 3 or 4 vertices.

We proceed now by induction on |V (G)|. Let G be a connected graph on at least 5 vertices, and for any
graph H with |V (H)| < |V(G)], assume that mind(H) < 02(H).

If G is a complete graph, then the theorem holds by Corollary Assume that G is not complete.
There exist u, v,w € V(G) such that the induced subgraph G[{u, v, w}] is a path of length 2 (or, vvw is
an induced 2-path). Choose this 2-path such that d(u) + d(w) is minimum (and, hence, d(u) + d(w) <
02(G)). The ultimate goal will be to apply an inductive argument to G — {u, w}, however we must
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concern ourselves with whether or not this subgraph of G is nice. To this end, we define the following
sets of edges:

N

= the edges of those components in G — {u, w} isomorphic to Ko
E,={e€ E(G)|e>u,e#uv}

E,={e€ E(G)|e>w,e#vw}

E,={ec E(G)|e>v,e# uv,vw}

E*=E(G)\ (Ey,UE,UE,U{uv,vw})

The path uvw and the sets of edges E,,, E,,, I, are shown in Figure@

E,

Fig. 4: The induced 2-path vvw in G

Casel: E,NF #0

If E, N F # (), then there can be only one edge in this intersection, otherwise the connected
component containing v in G — {u, w} would have two or more edges. Since uv,vw € E(G),
it follows that Ng(v) = {u,w,z} for some vertex z € V(G). Since {v,z} induces a graph
isomorphic to K5 in G — {u, w}, we have that Ng(z) C {u,v, w}.

If 2 is adjacent to both u and w, then v and z are adjacent twins. Suppose that G \ {v, 2} is not
nice; we will show that this contradicts our choice of uvw which minimizes dg(u) = dg(w).
If G is not nice, then u, w, or both u and w are adjacent to exactly one vertex in G other than
v and z; without loss of generality, suppose that uy € E(G), y # v,z. Since y ¢ Ng(x),
the vertices y, u, z induce a 2-path; furthermore, dg(y) + dg(x) = 1 + 3 = 4. This contracts
our choice of uvw, since d(u) + d(w) > 3+ 2 = 5. Thus, G — {v,z} is a nice graph,
and so, by Lemma[3.5] mind(G) < max{2, mind(G — {v,z})}. By the induction hypothesis,
mind(G — {v,2}) < 02(G — {v, z}), and so

mind(G) < max{2, mind(G — {v,z})} < max{2,52(G — {v,z})} < 92(G).
We may now assume that x is not adjacent to at least one of u and w. If w ¢ Ng(z), then

both uvw and zvw are induced 2-paths in G. By the minimality of d(u) + d(w), we must have
that d(u) < d(z). If u is adjacent to z, then d(x) = 2 and, since u is adjacent to v as well,
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Case 2:

d(u) = 2 and Ng(u) = {v, z}. Otherwise, if u is not adjacent to x, then dg(u) = dg(z) = 1
and Ng(u) = {v}. In either case, u and z are twins. If G — {u, 2} is not nice, then the only edge
not incident to u or z is the edge vw, contradicting our choice of G with |V (G)| > 5. Assume
that G — {u,z} is nice. By Lemma [3.5] mind(G) < max{2, mind(G — {u,z})}, and by the
induction hypothesis, mind(G — {u, z}) < 02(G — {u,x})). Thus,

mind(G) < max{2, mind(G — {u,z})} < max{2,0:(G — {u,z})} < (G).

If u ¢ Ng(x) and w € Ng(z), then the exact same argument holds as for u € Ng(x) and
w ¢ Ng(x). Having considered all possible neighbourhoods of z, we conclude that if £, N F
is nonempty, then mind(G) < 912(QG).

E,NF=0

Suppose that F,NF = ). The argument proceeds as follows: after choosing a “good” orientation
D of G, we will construct a matrix whose columns are linear combinations of A p with no column
of Ap being used more than 05 (G) times and with nonzero permanent. The result then follows
by Lemma|3.1

Let D be an orientation of G where the edges of E, U {uv} and E, are oriented toward u
and v, respectively, and the edges of E,, U {vw} are oriented away from w; see Figure [5| Let

E v

Fig. 5: An orientation D of a graph G with an induced 2-path uvw

Cyp and ¢y, be the columns of Ap associated with the edges uv and vw, respectively, and let
€ = Cyy — Cyu; see Figure[d

We must still concern ourselves with the possibility that deleting « and w from G gives a graph
which is not nice. If a component of G — {u,w} is isomorphic to K5, then one vertex of this
component must be adjacent to either u or w in G. Let F = {fi,..., fi} be the set of edges
belonging to the &k connected components of G — {u,w} that are isomorphic to K». For each
fi € F,lete; be an edge from E,, or E,, to which f; is adjacent. Let F’ denote this collection of
edges from E, UE,,,andlet F;, ={e : e€¢ E,NF}and F,, = {e : e € E,, N F}. Each edge
fi € F will be oriented away from its shared endpoint with e;.

Let H = G — {u,w} — F and D(H) be the corresponding sub-digraph of D. Since we have
removed all components isomorphic to Ko, H is nice. Since H has fewer vertices than G, by
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Cuv  Cyw

uv 0 —1 1
vw 1 0 1

10 1
E., :

1 0 1

0 -1 1
Euw :

0 -1 = = |1

101 0
Ey :

11 0

0 0 0
E* :

0 0 0

Fig. 6: An operation on two columns of Ap

the induction hypothesis, mind(H) < 92(H). Hence, there exists a matrix Ly consisting of
columns of Ap g, none repeated more than 0y (H) times, with per (Lz) # 0. Let K denote
the sequence of edges which indexes the columns of Ly. For an m x n matrix A, recall that
A®) is the m x kn matrix consisting of k consecutive copies of A (see page . Let Lg be
the following block matrix:

E,UE,U{uv,ow} Jd(u)-i—d(w) K1 X
Lo = (c(d(u)+d(w)) ‘ Ap(F) ’ Ap(K) ) _ F 0 Ky Xo |,
E(H) 0 0 Ly

where the blocks are as follows:
® Ji(u)+d(w) 18 the (d(u) + d(w)) x (d(u) + d(w)) all 1’s matrix.

e K = (% ) having entries depending on whether the column is indexed by e; € F,, or
e; € F,. If the column is indexed by e; € F),, then the column will have (i) 1 in each row
indexed by the other edges from E,, (ii) 1 in the row indexed by wwv, (iii) —1 in the row
indexed by f;, and (iv) O in all other entries. Otherwise, the entries follow the same pattern
with the signs swapped. Since the column associated with e; has only one non-zero entry
in the rows indexed by F, K> is diagonal with | F}, | entries being —1 and | F},, | entries being
1.

o X = (ﬁ;) the (|E(G)| — |E(H)|) x |E(H)| submatrix of Ap(K) whose rows are in-
dexed by E(G) \ E(H); and
e Ly, is the matrix with per (Lz) # 0 defined above.
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Since Jy(u)+d(w), K2, and Ly are all square matrices,

per(Lg) = per (Jd(u)er(w)) -per (Ks) - per (Lp)
(d(u) +d(w))!- (=) (1) ™1 per (L) # 0.

Since the sets {uv,vw}, F, and E(H) are pairwise disjoint, no column is used more than
max{d(u) + d(w), 1, mind(H)} times. Lemma implies that pind(Ap) < max{d(u) +
d(w),1,mind(H)}. Since pind(Ap) = mind(G) (Lemma [2.7}1) and mind(H) < 8»(H) by
induction,

mind(G) < max{d(u) + d(w),1,mind(H)} < max{02(G),1,0:(H)} < 92(G). -

We immediately obtain the following result by Corollary
Corollary 4.2. If G is a nice graph, then it is (1, 02(G) + 1)-weight choosable.

It is not hard to see that, if G is d-degenerate, then 2d < 02(G) < A(G) + d, and so Corollary
does not improve upon the constructive result of Pan and Yang [8] that every nice d-degenerate graph is
(1, 2d)-weight choosable. However, we hope that the extension of the algebraic methods established by
Bartnicki et al given in this section will serve as motivation for subsequent improvements. In particular,
the proof relied on finding a “good” induced subgraph whose columns had cancellation properties that
could be exploited in calculating the permanent index of the matrix Ap. It is conceivable that a more
clever choice of induced subgraph might yield a better result than that given in Theorem[4.1]

5 Monomial indices of graph products

We now consider some classes of graphs where we can improve upon the result on Theorem in
particular the cartesian product of two graphs. The following decomposition lemma on mind(G) provides
an approach for such graphs:

Lemma 5.1. Let G be a graph, and let H be an induced subgraph of G containing a 2-factor. Let X be a
minimal edge cut separating V (H) from V(G)\ V (H). If the components of G — H — X are C4, . .., C},
then mind(G) < max{mind(H) + |X|, mind(C}), ..., mind(Cy)}.

Proof: Let |V(H)| = vand F' = {ey,...,e,} be a 2-factor of H. Let D be an orientation of G such
that the cycles of F' are directed. Define the column vector ¢ = Zle ¢; where ¢; is the column of Ap
corresponding to e;. For each e € E(H) \ F there are two edges of F' incident to each of the head and
tail of e, and for each e € F there is one edge of F' incident to each of the head and tail of e. Hence, the
entries of ¢ are nonzero in the rows indexed by the edges of X and 0 in all other entries.

There exists a matrix Lg_x consisting of columns of Ag_ x with no column of Ap repeated more
than mind(G — X)) times and per (Lg_x) # 0. Let K denote the sequence of edges of G — X which
index Ag_ x. Consider the following matrix:

= (o o) = (3,2
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where (M N) is indexed by X, each row of M is constant, and every entry of M is nonzero. Any
column indexed by e € E(G) \ F is used at most mind(G — X) times in the construction of L,
and any edge from F is used at most |X| + mind(H) times. Clearly, per (L) = per (M )per (Lg —
X) # 0, and hence pind(Ap) < max{|X| + mind(H), mind(G — X)}. Since mind(G — X) =
max{mind(C), ..., mind(C}), mind(H)} by Proposition[2.4Jand mind(G) = pind(Ap) by Lemma[2.7(1),
the result follows. O

Recall that the Cartesian product of two graphs G and H, denoted by G O H, is defined as the graph
having vertex set V(G) x V(H) where two vertices (u, v') and (v, v’) are adjacent if and only if either
u = v and v’ is adjacent to v' in H or v/ = v/ and u is adjacent to v in G. Some results on x%(G)
for Cartesian products of graphs are given in [7]]; for instance, if G and H are regular and bipartite, then
X5 (K, O H), x$(Cy 0 H), and x&(G O H) are at most 2 for n > 4, and ¢ > 4,t # 5. Lemmal5.1| may
be used to bound ch$ (G O H) for many more graphs G and H. Note that, for the graph G O H and vertex
v € V(@G), the subgraph induced by the set of vertices {(v,x) : x € V(H)} is denoted (v, H).

Theorem 5.2. Let H be a regular graph on n > 3 vertices which contains a 2-factor. If G is a d-
degenerate graph, then mind(G O H) < nd + mind(H).

Proof: We may assume that G is connected. The proof of (1) is by induction on |V (G)]; the statement is
true when G is a single vertex, since d = 0 and ch§,(H) < mind(H) + 1 is guaranteed by Lemma 2.1]
Suppose |[V(G)| > 2. Let v € V(G) have degree at most d, and let X be the minimal edge cut for
(v, H). Since | X| =n - dg(v) and G — v is d-degenerate, Lemma|5.1]implies that
mind(G O H) max{mind(H) + nd¢(v),mind((GO H) — X)}
max{mind(H) + nd,mind((GO H) — (v, H)}
max{mind(H) + nd, mind((G —v) O H)}
max{mind(H) + nd,nd + mind(H)}
mind(H) + nd.

(VAN VAN VAR VAN VAN

O

Corollary 5.3. Let H be a regular graph on n > 3 vertices which contains a 2-factor. If G is a d-
degenerate graph, then (GO H) is (1,nd + mind(H) + 1)-weight choosable.

Since mind(K,,) is at most 2 by Corollary [3.3] the following corollary is obtained:
Corollary 5.4. For any integer n > 3 and any d-degenerate graph G, the graph GO K, is (1,nd + 3)-
weight choosable.

Recall that Pan and Yang [8] showed that every nice d-degenerate graph is (1, 2d)-weight choosable.

Since GO K, is d(n — 1) degenerate, where d is the degeneracy of GG, Corollary represents an im-
provement for these graphs.
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