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Abstract

A proper additive coloring of a graph G is a labeling of its vertices with
positive integers such that, for every pair of adjacent vertices, the assigned
integers are distinct and the sums of integers assigned to their neighbors are
different. The proper additive choice number of G is the least integer k such
that, whenever each vertex is given a list of at least k available integers, a
proper additive coloring can be chosen from the lists.

In this paper, we introduce some applications of Combinatorial Nullstel-
lensatz in the study of proper additive coloring and present upper bounds
on the proper additive choice number of planar graphs.
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1. INTRODUCTION

Graphs considered in this paper are finite graphs without loops or multiple edges.
Let Ng(v) denote the set of neighbors of a vertex v in G. If S is a set of vertices
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in G, then Ng(S) = U,cg Na(v). The degree of a vertex v in G, denoted dg(v),
is the number of neighbors of v in G. A vertex v is a k-vertex if dg(v) = k and
a k™ -verter if dg(v) < k. And a neighbor u of a vertex v is a k-neighbor of v if
da(u) = k and a k™ -neighbor of v if dg(u) < k. A vertex v is isolated if dg(v) = 0.
Let A(G) denote the maximum degree of a vertex in G.

A labeling of a graph G is a mapping f from its vertex set to positive integers.
For an edge xy of G with endpoints = and y, define é¢(zy) = ZzGNG(m) f(z) —
> zeNa(y) f (7). Alabeling f of G is said to be an additive coloring if 67(zy) # 0
for any edge zy of G. The additive coloring was first introduced by Czerwinski,
Grytezuk, and Zelazny [14] as lucky labeling. It was noted by Akbari, Ghanbari,
Manaviyat, and Zare [2] that an additive coloring for a graph G with vertex set
{v1,v2,...,v)q} always exists by mapping v; to 2 for 1 < i < |G|. The additive
chromatic number of G, denoted x,,(G), is the least integer k such that G has an
additive coloring from the vertex set of G to {1,2,...,k}. Note that x(G) =1
if G is a graph with no edges. An open conjecture proposed in [14] states that
X5 (G) < x(G) for any graph G, where x(G) denotes the chromatic number of G.

A list L of G is a mapping that assigns a finite set of positive integers to
each vertex of G. For a positive integer k, a list L is a k-list if |L(v)| > k for
each vertex v of G. An additive coloring ¢ of G is called an additive L-coloring
of G if ¢(v) € L(v) for each vertex v of G. The additive choice number of G,
denoted chy;(G), is the least integer k such that G has an additive L-coloring for
any k-list L. Obviously, x,,(G) < chy(G) for any graph G. And it was proved
by Ahadi and Dehghan [1] that the difference between x,,(G) and chy(G) can be
arbitrary large.

The known results about additive coloring of planar graphs are summarized
as follows. Let G be a planar graph. It was proved by Bartnicki, Bosek, Cz-
erwiriski, Grytczuk, Matecki, and Zelazny [7] that yx(G) < 468 and xx(G) < 36
when G is 3-colorable. It was proved that chy(G) < 5A(G) + 1 by Axenovich,
Harant, Przybyto, Sotdk, Voigt, and Weidelich [6] and chy(G) < 2A(G) + 25
by Lai and Lih [16]. And it was proved in [14] that chy(G) < 3 if G is bipar-
tite. The girth g(G) of G is defined to be the length of a shortest cycle, where
9(G@) = oo if G has no cycle. It was proved by Brandt, Jahanbekam, and White
[9] that xx(G) <4 if g(G) > 10 and chx(G) < 3, 8, 9, and 19 if ¢(G) > 26, 7, 6,
and 5, respectively. And it was proved by Brandt, Tenpas, and Yerger [10] that
chy(G) < 3if g(G) > 20.

A labeling f of G is said to be a proper additive coloring if f is an additive
coloring and f(u) # f(v) for any edge uv of G. The proper additive chromatic
number of G, denoted x,(G), is the least integer k such that G has a proper
additive coloring from the vertex set of G to {1,2,...,k}. The proper additive
coloring was first studied in [2] and called proper lucky labeling in some papers.
A similar application of the Combinatorial Nullstellensatz in [2] or a consequence
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of Lemma 5 showed that ch,(G) exists and is at most A(G)? + A(G) + 1 for
any graph G. The proper additive chromatic number is an upper bound on
the additive chromatic number for any graph G. Results of proper additive
chromatic number of paths, stars, cycles, wheels, complete bipartite graphs, and
some classes of graphs can be found in [5, 18].

Let L be a list of G. A proper additive coloring ¢ of G is called a proper
additive L-coloring of G if ¢(v) € L(v) for each vertex v of G. The proper
additive choice number of G, denoted ch,(G), is the least integer k such that G
has a proper additive L-coloring for any k-list L. Obviously, x,(G) < ch,(G) for
any graph G. It was proved that chy(7) < 2 in [14] and ch,(7") < 3 in [2] for
every tree T

In this paper, we study the proper additive coloring and the proper additive
choice number of planar graphs by using Combinatorial Nullstellensatz and the
discharging method. In Section 2, we introduce some auxiliary lemmas obtained
by using Combinatorial Nullstellensatz. Let G be a planar graph. In Section 3,
we prove that ch,(G) < min{2A(G) + 30,5A(G) + 6}. In Section 4, we prove
that ch,(G) < 5 if G is bipartite. In Section 5, we prove that ch,(G) < 5, 10,
12, and 28 if g(G) > 26, 7, 6, and 5, respectively. And in Section 6, we prove
that ch,(G) < 8 if A(G) < 6 and ¢g(G) > 10 and ch,(G) < 9 if A(G) < 4 and
9(G) = 6.

2. COMBINATORIAL NULLSTELLENSATZ AND AUXILIARY LEMMAS

The following lemma is a well-known fact of the additive coloring and the proper
additive coloring. Note that the first equality is the Observation 1.8 in Chartrand,
Okamoto, and Zhang [11].

Lemma 1. If the components of G are G1,Ga,...,Gi, then xn(G) = max
<j<

xs(Gj), Xo(G) = max xo(Gj), chs(G) = max chs(Gj), and chy(G) = max
Cho-(Gj).

The following Combinatorial Nullstellensatz due to Alon [3] is a very useful
tool in dealing with problems of combinatorial nature. It has already been used
to study the additive coloring in [2, 7, 9, 10, 14].

Theorem 2. Let F be a field and F(x1,...,x,) be a polynomial in Flz, ..., z,].
Suppose the degree of F is Y ;| ki, where each k; is a nonnegative integer and
the coefficient of xlflxé” --zkn in T is nonzero. If L1, Lo, ..., L, are subsets of F
with |L;| > k; for each i, then there exist ¢y € Ly, co € Lo, ..., ¢y, € Ly, such that

F(Cchv"'acn) #0
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In order to apply Combinatorial Nullstellensatz in the study of proper addi-
tive coloring, we introduce the following definitions and Proposition 3. Note that
Proposition 3 will be a handy tool in the proofs of this paper.

Assume S = {v1,...,v:} is a set of vertices in G. Label the set N(S)\ S by
{V¢41,...,v:}. Let E1(S) be the set of edges such that ab € E;(S) if and only if
exactly one of a and b has a neighbor in S. Let FEy(S) be the set of edges such
that ab € E5(S) if and only if both a and b have a neighbor in S and the set of
neighbors of a in S and the set of neighbors of b in S are different. And let E5(.S)
be the set of edges in Fj(S) U E2(S) with at least one endpoint in S. Note that
each edge in E1(S) is in the form v;w where 1 < i <7 and w ¢ Ng(S). And each
edge in Ey(S) U E3(S) is in the form vjv;, 1 <i<j <.

Let G\ S be the subgraph of G obtained by removing all the vertices in S
and A\ be a proper additive coloring of G \ S. We are going to define a proper
additive coloring f of G by labeling v; with x; for each vertex v; in .S such that
f extends A in the sense that f coincides with A on G\ S. For convenience, we
define that A(v;) = 0 for each vertex v; in S.

If v;w is an edge in £ (S), then the difference between 0 (v;w) and ) (v;w) is

>, xp. Wehave Yoo oz FE —Ah(vw)= > Az)— > Az)

vp~;, 1SPSE vp~;, ISPt 2ENg(w) 2ENg (v;)\S

by the claim of f. If v;v; is an edge in F»(S), then the difference between

d¢(vivj) and 0x(vvy)is > wp— ), x4. Sincewv; and v have different
vp~U;, I<p<E vg~vj,1<q<t

sets of neighbors in S, > oz — >, x4 is not zero. And we have
vprvi L<p<t vg~vy,1<g<t

> wmp— Y wmg#F—h(viv) = 3 Az - > () by
vp~V;, 1Pt vg~j,1<g<t ZENG(U]')\S ZGNG(W)\S

the claim of f. If e is an edge in E3(S) and the two endpoints of e are both in S,
then e = v;v; for some 1 <4 < j <t and we have x; — x; # 0 by the claim of f.
If e is an edge in F3(S) and exactly one endpoint of e is in S, then e = v;v; for
some 1 < ¢ <t <j<r and we have z; # A(v;) by the claim of f. Note that, for
each of the above inequalities, the left-hand side is a polynomial of the variables
x1,...,2; with degree 1 and the right-hand side is a constant.

Assume that By (S)UE,(S)UE5(S) # 0. The following polynomial is obtained
by multiplying the left-hand sides of the above inequalities.

Ps(xy,...,2¢) = H Z Tp H Z Tp—

viweE(S),i<r \vp~v;,1<p<i vvj€EE2(S),i<j \Vp~vi,1<p<t
g Tq H (i — xj) H (x;) € Qlxy, ..., 2.
vg~v;,1<q<t v €E3(S),i<j<t viv; €E3(S),i<t<j

Since each parenthesis is a polynomial with degree 1, the polynomial Pg is
not the zero polynomial and the degree of Pg is |E1(S)| 4+ |E2(S)| + | E3(S)].
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A graph G and a set S = {v1,v2} of vertices in G are given in Figure 1. We
have NG(S) \ S = {U3,1}4,U5,U6}, El(S) = {62}, EQ(S) = {61, €3, €4, €5, €, €7, €8,
eg,e10}, and E3(S) = {es, eq, €5, €6, €7,€8,€9,e10}. Note that e;; ¢ Ea(S) since
the two endpoints of e1; have the same neighbors in S. In addition, Ps(z,z2) =
ol (2 + 22) (21 — 12)3.

Figure 1. A graph G and a set S = {v1,v2} of vertices in G.

Proposition 3. Let S = {v1,...,v} be a set of vertices in G and k be a positive
integer. If the coefficient of [] xfi in Ps is nonzero, >, d; = |FE1(S)| +
1<i<t 1<i<t

|Ea2(S)| + |E3(S)], and k > d; for each 1 <i < t, then
chy(G) < max{k,ch,(G\ S)}.

Proof. Let L be a max{k,ch,(G \ S)}-list of G and A\ be a proper additive
L-coloring of G\ S. Define the polynomial

PS7)\(.’B1, NN ,J)t) = H Z Tp + Z )\(Z) - Z )\(Z)

vwEE (S),i<r \vp~v;,1<p<t z€Ng(v;)\S 2ENg(w)
I (S o £ ar ¥ o0 ¥ a0
UinEEQ(S),i<j Vp~i, ISPt Vg~v;,1<gst 2ENg(v;)\S zGNg(’Uj)\S
H (xl_xj) H (:L"L_)\(U])) 6@[1’1,...,%}]-
vivj €EE3(S)i<j<t vivj €EE3(S) i<t <y

The degrees of Pg ) and Pg are both |Eq(S)| + |E2(S)| + |E3(S)|. Since the
degree of each parenthesis in Pg, is 1 and ) d; equals the degree of Pg y, the
1<i<t
coefficient of ] xf’ in Pg ) equals the coefficient of [] xf’ in Pg. By Theorem
1<i<t 1<igt
2, there are ¢; € L(v1),c2 € L(v2),...,¢t € L(vy) so that Pgx(ci,¢2,...,¢) # 0.
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Define the labeling f of G such that f(v) = A(v) if v ¢ S and f(v;) = ¢; if
1 < ¢ < t. First, we prove that f is an additive L-coloring of G. Let zy be an
edge of G.

Case 1. Both = and y have no neighbor in S. Then d¢(zy) = dx(zy) # 0.

Case 2. Only one of x and y has neighbors in S. Assume that x has a
neighbor in §. Then xy € F1(S) and x = v; for some 1 < i < r. We have §¢(zy) =

d¢(viy) = Yo ot > AMz)— > A(#). Since Pg(ci,¢,...,¢) #
vp~;, ISPt zENG(vi)\S z€NG(y)

0, we have d¢(zy) # 0.
Case 3. Both z and y have neighbors in S.

Subcase 3.1. The set of neighbors of x in S and the set of neighbors of y in
S are the same. Both x and y are in G\ S and §¢(zy) = ox(zy)+ >  ¢p—

vp~T, I<p<E
> cp=0dx(zy) #0.
vp~y, 1<pst
Subcase 3.2. The set of neighbors of x in S and the set of neighbors of y in
S are different. Then zy € E3(S) and assume = v; and y = v; with 1 <@ <

J <r. Then §;(zy) = 07(vivj) = Y= > g+ > Ar) -

vp~;,1<p<t vg~v;,1<q<t z€Ng(vi)\S
Y>> A(2). Since Ps)(c1,c2,...,¢) # 0, we have d¢(xy) # 0.
2€NG(0;)\S
Therefore, f is an additive L-coloring of G. Now we prove that f(x) # f(y)
for any edge zy of G.

Case 4. xy ¢ E3(S). Both z and y are in G\ S. Then f(z) = A(x) # A(y) =
f(y) by the assumption of \.

Case 5. zy € E3(S).

Subcase 5.1. Only one of x and y is in S. Assume that x is in S. Then x = v;
and y = v; for some 1 < i <t < j. We have f(v;) — f(vj) = ¢; — A(v;). Since
Psa(c1,¢2,...,¢0) # 0, we have f(v;) — f(v;) # 0.

Subcase 5.2. Both x and y are in §. Assume that x = v; and y = v; for some
1 <i<j<t Then f(v;) — f(vj) = ¢ — ¢j. Since Pgy(c1,c2,...,¢) # 0, we
have £(v;) — f(v;) # 0.

Hence, f is a proper additive L-coloring of G and ch,(G) < max{k, ch,(G \
S)}. [ ]

The following result of the additive chromatic number and the additive choice
number was proved in [16] and can be obtained by rewriting the Lemma 3.1(a)
in [9].
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Lemma 4. If G is a graph and v is a vertex of G, then

XE(G)<maX{Xz(G\{U}),1+ > dG(U)}

u€Ng(v)

and

chy(G) < max {chg(G\ {v}), 1+ Z dg(u)}.

u€Ng(v)

By similar arguments of the proofs of Lemma 4 in [9] and [16], we have
the following result of the proper additive choice number. Now we give a proof
obtained by applying Proposition 3.

Lemma 5. If G is a graph and v is a vertex of G, then

Cho—(G)gmaX{ChU(G\{’U}),l—l-dg(U)—i- Z dg(u)}.

u€Ng(v)

Proof. Let S be {v}. Since the endpoints of any edge in E»(S) have different
sets of neighbors in S and |S| =1, E2(S) = 0. We have |E1(S)| < >, da(u),
uENG(v)
|E5(S)| = dg(v), and the polynomial Pg equals :U'lEl(S)‘HES(S)‘.
By Proposition 3, we have ch,(G) < max{|E1(S)| + |E3(S)| + 1,chs (G \

{v})} < max{l + dg(v) + ez%:( )d(;(u), che (G \ {v})}. [ |

The following result of the additive choice number was rewritten from the
Lemma 3.1(b) in [9].

Lemma 6. Let G be a graph with girth at least 5 and v be a verter of G. Let R be
a set of 1-neighbors of v with |R| = r and Q = {v1,...,v4} be a set of 2-neighbors
of v having a (k — 1)~ -neighbor other than v, say vi,... ,vé, respectively, such
that vy, ..., vy are independent. If r(k — 1)+ 3 (k—dg(v;) — 1) = dg(v), then

v, €EQ
chy (@) < max{chs(G\ (RUQ)),k}.

By a similar argument of the proof of Lemma 6 in [9], we have the following
result of the proper additive choice number. Now we give a proof obtained by
applying Proposition 3.

Lemma 7. Let G be a graph with girth at least 5 and v be a vertex of G. Let R be
a set of 1-neighbors of v with |R| =1 and Q = {v1,...,vq} be a set of 2-neighbors

of v having a (k — 3)~ -neighbor other than v, say vi,... ,v;, respectively, such
that vy, ..., vy are independent. If r(k —2)+ 3 (k —dg(v;) —3) = dg(v), then
v, EQ

chy (G) < max{ch,(G\ (RUQ)),k}.
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Figure 2. An illustration of Lemma, 7.

Proof. Let R = {vgy1,...,0q4r} and S = RUQ. Since v},...,v, are indepen-
dent, E5(S) = 0. We have |E1(S)| = dg(v) + Y. da(v)), |E3(S)| = r + 2q, and

v, €EQ
the polynomial Ps equals (1 + - - - 4+ z44,)%¢ @ ] x?G(vi)H Iz
1<i<q q+1<j<q+r
Since Y (k—dg(v))—3)+r(k—2) > dg(v), there exist nonnegative integers

V,€Q
di,...,dg4r such that dy + -+ + dgyr = dg(v), di < k — dg(v}) — 3 for each
1 <i<gq and dj < k—2foreach ¢+ 1 < j < ¢+ r. By the multinomial

theorem, the coefficient of [] i

1
1<i<q+r
i+dg (v)+2

in (x1 4+ 244,)%® is nonzero. Hence,

dj+1
.’

the coefficient of [] x?
1<i<q g+1<j<q+r
I :L';-ji in (x4 - - + 244,)%®) and is nonzero. Since d; +dg(v])) +2 < k—1
1<i<g+r
foreach 1 <7 < qganddj +1 < k—1 for each ¢ +1 < j < ¢+ r, we have

ch, (G) < max{k,ch,(G\ (RUQ))} by Proposition 3. ]

in Pg equals the coefficient of

3. PLANAR GRAPHS

The following lemma was proved by van den Heuvel and McGuinness [15] using
the discharging method and used to prove that the additive choice number of a
planar graph is at most 2A(G) + 25 in [16].

Lemma 8. Let G be a planar graph. Then there exists a vertexr v whose k

neighbors vi,ve, ..., v are enumerated to satisfy dg(v1) < -+ < dg(vg) and one
of the following statements holds.
(A1) k<2

(A2) k=3 with dg(v1) < 11;
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(A3) k=4 with dg(v1)
(A4) k=5 with dg(v1)

7 and dg(ve) < 11;

<
<6, dg(v2) <7, and dg(vs) < 11.

If G is planar, then GG contains a vertex with degree at most 5. By the well-
known property and Lemmas 5 and 8, we have the following upper bound on the
proper additive choice number of planar graphs.

Theorem 9. If G is a planar graph, then
Xo(G) < chy(G) < min{2A(G) + 30,5A(G) + 6}.

Proof. We prove the theorem by induction on the number of vertices of G. The
theorem is trivially true for the induction basis of a single vertex graph.

Let v be the vertex characterized in Lemma 8, we have 1+ dg(v) + dg(v1) +
< +dg(vg) < 2A(G) 4 30 for each case. Hence, we have ch,(G) < max{ch, (G \
{v}),1+da(v)+ > dg(u)} <max{2A(G\{v})+30,2A(G)+30} < 2A(G)+

ueENg (v
30 by Lemma 5. "
Let w be a vertex with dg(w) < 5. By Lemma 5, we have ch,(G) <

max{ch, (G \{w}), 1+dg(w)+ e];( )dg(u)} < max{SA(G\{w})+6,5A(G) +
6} < 5A(G) +6. ‘ ]

4. BIPARTITE PLANAR GRAPHS

The following theorem of proper additive choice number of bipartite graphs was
proved in [2] by using Combinatorial Nullstellensatz and used to prove that the
proper additive choice number of a forest is at most 3.

Theorem 10. Let G be a bipartite graph and k be a positive integer such that G
has an orientation with mazimum out-degree at most k. Then ch,(G) < 2k + 1.

The mazimum average degree of a graph G, denoted mad(G), is the maximum
of the average degrees % taken over all the subgraphs H of G. A graph G has
an orientation with maximum out-degree at most k if and only if the maximum
average degree of G is at most k (cf. [4]). Since the maximum average degree of

a bipartite planar graph is less than 2, we have the following corollary.

Corollary 11. If G is a bipartite planar graph, then x,(G) < chy(G) < 5.

5. PLANAR GRAPHS WITH GIVEN GIRTH

Recall that it was proved in [9] that the additive choice number of a planar graph
with girth at least 5 is at most 19. By the proof in [9], we have the following
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lemma. Note that the constraint 1 < d < 9 in (B1) which we will use in the proof
of Theorem 13 is not described in [9] but we can obtain it from the proof. The
constraints in (C1) of Lemma 14, (D1) of Lemma 18, and (E1) of Lemma 12 are
similar.

Lemma 12. If G is planar and the girth of G is at least 5, then G contains at
least one of the following configurations.

(B1) An isolated vertex or a d-vertex with 1 < d < 9 has neighbors with degree
sum at most 18.

(B2) A d-vertex v with d < 18r+ (18 —t)q:, where r is the number of 1-neighbors
of v and g is the number of 2-neighbors of v having a t~ -neighbor other
than v for some t < 18.

(B3) An induced cycle vsvivgvsvy such that dg(vs) < 17, dg(vi) = dg(ve) = 2,
de(ve) <7, and dg(vs) < 7.

By Lemma 12 and the auxiliary lemmas, we have the following theorem for
planar graphs with girth at least 5.

Theorem 13. If G is a planar graph with girth at least 5, then
Xo(G) < chy(G) < 28.

Proof. We prove by using mathematical induction on the number of vertices.
The theorem is trivially true for the induction basis of a single vertex graph. By
Lemma 12, we have three configurations to argue.

For Configuration B1, let v be the characterized vertex. We have ch, (G \
{v}) < 28 by the induction hypothesis. By Lemmas 1 and 5, we have ch,(G) <
max{ch, (G \ {v}),1+dg(v)+ > dg(u)} <max{28,1+9+ 18} = 28.

u€ENg(v)

For Configuration B2, note that dg(v) < 18r + (18 — t)q; < 267 + (25 — t)q;
for some ¢t < 18. Let R be the set of the r 1-neighbors of v and @) be the set
of the 2-neighbors of v having a ¢t~ -neighbor other than v. By the induction
hypothesis, we have ch,(G \ (RUQ)) < 28. By Lemma 7, we have ch,(G) <
max{ch,(G \ (RUQ)),28} = 28.

For Configuration B3, let S = {v1,v2}. Since the most restrictions on labels
occurs when dg(vs) = 17 and dg(vs) = dg(vs) = 7, we assume that this is
the case. By the induction hypothesis, we have ch, (G \ {v1,v2}) < 28. Since the
coefficient of 23%28 in Py, ,,1 = 2323 (x14+22)'7 (21—22) is 1, we have ch,(G) < 28
by Proposition 3.

Therefore, we have x,(G) < ch,(G) < 28. |

Recall that it was proved in [9] that the additive choice number of a planar
graph with girth at least 6 is at most 9. By the proof in [9], we have the following
lemma.
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U1

%)

Figure 3. Configuration B3.

Lemma 14. If the girth of G is at least 6 and the mazximum average degree of
G is less than 3, then G contains at least one of the following configurations.

(C1) An isolated vertex, a 1-vertex that has a 8 -neighbor, or a 2-vertex that has
neighbors with degree sum at most 8.

(C2) A d-vertex v with d < 8r + (8 — t)q:, where 1 is the number of 1-neighbors
of v and g is the number of 2-neighbors of v having a t~-neighbor other
than v for some t < 8.

(C3) A 6-vertex having siz 2-neighbors one of which has a 3~ -neighbor.

(C4) A T-vertex having seven 2-neighbors two of which have a 4~ -neighbors.

By Lemma 14 and the auxiliary lemmas, we have the following theorem for
graphs with girth at least 6 and maximum average degree less than 3.

Theorem 15. If the girth of G is at least 6 and the mazimum average degree of
G s less than 3, then x,(G) < chy(G) < 12.

Proof. We prove by using mathematical induction on the number of vertices.
The theorem is trivially true for the induction basis of a single vertex graph.
By Lemma 14, we have four configurations to argue. Let v be the characterized
vertex in each configuration.

For Configuration C1, we have ch,(G \ {v}) < 12 by the induction hypoth-
esis. By Lemmas 1 and 5, we have ch,(G) < max{ch,(G \ {v}),1 + dg(v) +

> de(u)} < max{12,1+2+ 8} = 12.
uENG(v)

For Configuration C2, note that dg(v) < 8r + (8 — )¢ < 10r + (9 — t)q
for some t < 8. Let R be the set of the r 1-neighbors of v and @ be the set
of the 2-neighbors of v having a t~-neighbor other than v. By the induction
hypothesis, we have ch,(G \ (RUQ)) < 12. By Lemma 7, we have ch,(G) <
max{ch, (G \ (RUQ)), 12} = 12.

For Configuration C3, let vy be a 2-neighbor of v having a 37 -neighbor. Since
the most restrictions on labels occurs when vy has a 3-neighbor, we assume that
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this is the case. Relabel v by v; and label the vertices in Ng({vi,v2}) as in
Figure 4. By the induction hypothesis, we have chy (G \ {v1,v2}) < 12. Since the
coefficient of z{%z3! in Py, .3 = 21%23(z1 — 22)® is 1, we have chy(G) < 12 by
Proposition 3.

U3
V4
Vs U1 U2 U
®
Vg
Uy,

Figure 4. Configurations C3 and C4.

For Configuration C4, let v9 and v3 be 2-neighbors of v having a 4™ -neighbor.
Since the most restrictions on labels occurs when vy and vz both have a 4-
neighbor, we assume that this is the case. Relabel v by v; and label the ver-
tices in Ng({v1,v2,v3}) as in Figure 4. By the induction hypothesis, we have
chy(G \ {v1,v2,03}) < 12. Since the coefficient of x{%25%23 in Pp,, 4, 0} =
2102323 (—21 + 22 + 23)7 (21 — 22)%(71 — 23)? is 35, we have ch,(G) < 12 by
Proposition 3.

Therefore, we have x,(G) < ch,(G) < 12. ]

The following proposition is a well-known property of planar graphs.

Proposition 16. Let G be a planar graph with girth at least g. Then, mad(G) <
29
g—2°

By Proposition 16, we have mad(G) < 3 if G is a planar graph with girth at
least 6. Therefore, we have the following corollary for planar graphs with girth
at least 6.

Corollary 17. If G is a planar graph with girth at least 6, then
Xo(G) < chy(G) < 12.

Recall that it was proved in [9] that the additive choice number of a planar
graph with girth at least 7 is at most 8. By the proof in [9], we have the following
lemma.

Lemma 18. If the girth of G is at least 6 and the maximum average degree of
G is less than %, then G contains at least one of the following configurations.
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(D1) An isolated vertex, a 1-vertex that has a 7~ -neighbor, or a 2-vertex that has
neighbors with degree sum at most 7.

(D2) A d-vertex v with d < Tr + (7 — t)q:, where r is the number of 1-neighbors
of v and q; is the number of 2-neighbors of v having a t~ -neighbor other
than v for somet < 7.

By Lemma 18 and the auxiliary lemmas, we have the following theorem for

. . . 14
graphs with girth at least 6 and maximum average degree less than .

Theorem 19. If the girth of G is at least 6 and the mazximum average degree of
G s less than %, then x,(G) < chy(G) < 10.

Proof. We prove by using mathematical induction on the number of vertices.
The theorem is trivially true for the induction basis of a single vertex graph. By
Lemma 18, we have two configurations to argue.

For Configuration D1, let v be the characterized vertex. We have ch, (G \
{v}) < 10 by the induction hypothesis. By Lemmas 1 and 5, we have ch,(G) <
max{ch,(G \ {v}),1+2+ 7} = 10.

For Configuration D2, note that dg(v) < 7r 4+ (7 —t)g: < 8r + (7 — t)q
for some t < 7. Let R be the set of the r 1-neighbors of v and @ be the set
of the 2-neighbors of v having a t~-neighbor other than v. By the induction
hypothesis, we have ch,(G \ (RUQ)) < 10. By Lemma 7, we have ch,(G) <
max{ch,(G \ (RUQ)),10} = 10.

Therefore, we have x,(G) < ch,(G) < 10. ]

By Proposition 16, we have mad(G) < % if G is a planar graph with girth at
least 7. Therefore, we have the following corollary for planar graphs with girth
at least 7.

Corollary 20. If G is a planar graph with girth at least 7, then
Xo(G) < chy (G) < 10.

Let P(tg,...,tn—1) be the path vivy - - - v, — v, such that, for each 7 in {2, ...,
n — 1}, the vertex v; has t; 1-neighbors and dg(v;) = 2 + t;. Recall that it was
proved in [9] that the additive choice number of a planar graph with girth at least
26 is at most 3. By the proof in [9], we have the following lemma.

Lemma 21. If G is planar and the girth of G is at least 26, then G contains at
least one of the following configurations.

(E1) An isolated vertex or a 1-vertex that has a 2~ -neighbor.

(E2) A d-vertex v with d < 2r 4+ (2 — t)q, where r is the number of 1-neighbors
of v and q; is the number of 2-neighbors of v having a t~-neighbor other
than v for some t < 2.
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(E3) A bipartite component.

(E4) A path P(te,...,tn—1) with (t2,...,tn,—1) = (1,0,1), (1,1,1), (1,1,0,0),
(0,1,0,0), or (1,0,0,0).

(E5) A path vgvzvivavavsvy with dg(v;) = 2 for each 1 < i < 5.

By Lemma 21 and the auxiliary lemmas, we have the following theorem for
planar graphs with girth at least 26.

Theorem 22. If G is a planar graph with girth at least 26, then
Xo(G) < chy (G) < 5.

Proof. We prove by using mathematical induction on the number of vertices.
The theorem is trivially true for the induction basis of a single vertex graph. By
Lemma 21, we have five configurations to argue.

For Configuration E1, let v be the characterized vertex. We have ch,(G
{v}) < 5 by the induction hypothesis. By Lemmas 1 and 5, we have ch,(G)
max{ch, (G \ {v}),1+1+2} <5.

For Configuration E2, note that dg(v) < 2r + (2 —t)¢: < 3r + (2 — t)g
for some t < 2. Let R be the set of the r 1-neighbors of v and @ be the set
of the 2-neighbors of v having a t~-neighbor other than v. By the induction
hypothesis, we have ch,(G \ (RU Q)) < 5. By Lemma 7, we have ch,(G) <
max{ch, (G \ (RUQ)),5} = 5.

For Configuration E3, we have ch,(G) < 5 by Lemma 1 and Corollary 11.

For Configuration E4, choose an integer ¢ with 2 <¢<n—1and ¢; = 1. Let
u; be the 1-neighbor of v;. We have ch,(G\{u;}) < 5 by the induction hypothesis.
By Lemmas 1 and 5, we have ch,(G) < max{ch,(G \ {u;}),1+1+3}=5.

For Configuration E5, let S = {v1,v2}. By the induction hypothesis, we have
chy(G \ {v1,v2}) < 5. Since the coefficient of 21z} in Py, .,y = 2i23(21 — 22)*
is 6, we have ch,(G) < 5 by Proposition 3.

Therefore, we have x,(G) < ch,(G) < 5. ]

\
<

6. PLANAR GRAPHS WITH GIVEN MAXIMUM DEGREE AND (GIRTH

Let [ be a positive integer. An [-thread in a graph G is a trail of length [ + 1 in
G whose [ internal vertices have degree 2 in G. Under the definition, the ends of
an [-thread may be the same vertex. It was proved in [8, 12] that the square of
a graph with the maximum degree at most 6 and maximum average degree less
than % is 7-choosable and the following lemma can be obtained by the proofs (cf.
13)).
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Figure 5. Configurations E4 and E5.

Lemma 23. Let G be a graph with the maximum degree at most 6 and maxi-
mum average degree less than % Then G contains at least one of the following

configurations.
(F1) An isolated vertex v or a 1-vertex.
(F2) A 2-thread joining a 5~ -vertex and a 4~ -vertex.

(F3) A cycle of length divisible by 4 composed of 3-threads whose endpoints have
degree 6.

(F4) A 4-vertez v having four 2-neighbors vi, va, v3, v4 Such that vy, ve, and vs
have a 2-neighbor and vy has a 4~ -neighbor other than v.

(F5) A 3-vertex v having three 2-neighbors v1, va, vs which have a 4~ -neighbor
other than v.

(F6) A 3-vertex u having one 4~ -neighbor and two 2-neighbors v, x such that v
has a 2-neighbor and x has a 4~ -neighbor.

By Lemma 23 and the auxiliary lemmas, we have the following theorem for
planar graphs with maximum degree at most 6 and girth at least 10.

Theorem 24. If G is a planar graph with mazimum degree at most 6 and girth
at least 10, then x»(G) < chy(G) < 8.

Proof. We prove by using mathematical induction on the number of vertices.
The theorem is trivially true for the induction basis of a single vertex graph. Since
G is a planar graph with girth at least 10, we have mad(G) < 3 by Proposition
16. By Lemma 23, we have six configurations to argue.
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For Configuration F1, let v be the characterized vertex. We have ch, (G
{v}) < 8 by the induction hypothesis. By Lemmas 1 and 5, we have ch,(QG)
max{ch,(G \ {v}),1+1+6} <8.

For Configuration F2, label the 2-thread by vsvivevs. Since the girth of G is
at least 10, v3 and vy are distinct and nonadjacent. Since the most restrictions on
labels occurs when dg(vs) = 5 and dg(vs) = 4, we assume that this is the case.
We have ch, (G \ {v1,v2}) < 8 by the induction hypothesis. Since the coefficient
of z]z§ in Py, v} = x5 (21 — 22)* is 6, we have ch,(G) < 8 by Proposition 3.

\
<

vz U1 U2 4

Figure 6. Configurations F2 and F3.

For Configuration F3, let v be the third vertex in a 3-thread of the cycle.
We have ch,(G \ {v}) < 8 by the induction hypothesis. By Lemma 5, we have
chy(G) < max{ch,(G\ {v}),1+2+4} <8.

For Configuration F4, we have ch,(G \ {v1,v2,v3}) < 8 by the induction
hypothesis. Since {vi,v2,v3} is a set of 2-neighbors of v having a 2-neighbor
other than v and dg(v) = 4 < (8 — 2 — 3) x 3, we have ch,(G) < max{ch,(G \
({v1,v2,v3}),8} = 8 by Lemma 7.

For Configuration F5, we have ch,(G \ {v1,v2,v3}) < 8 by the induction
hypothesis. Since {v,ve,v3} is a set of 2-neighbors of v having a 4™ -neighbor
other than v and dg(v) = 3 < (8 — 4 — 3) x 3, we have ch,(G) < max{ch,(G\
({v1,v2,v3}),8} = 8 by Lemma 7.

For Configuration F6, we have ch, (G \ {v}) < 8 by the induction hypothesis.
By Lemma 5, we have ch,(G) < max{ch,(G \ {v}),1+2+5} <8.

Therefore, we have x,(G) < ch,(G) < 8. ]

The following lemma was proved by Ruksasakchai and Wang [17] using the
discharging method.
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U1 U3
U1
v v u
V2 v
V3 T
U2 !

Figure 7. Configurations F4, F5, and F6.

Lemma 25. Let G be a graph with mazimum degree at most 4 and mazimum
average degree less than 3. Then G contains at least one of the following config-
urations.

(G1) An isolated vertex v or a 1-vertex.
(G2) A 2-vertex v having two 3~ -neighbors.

(G3) A 4™ -vertex v having two 2-neighbors vy, vy one of which has a 3~ -neighbor
other than v.

(G4) A 4-vertex v having four 2-neighbors vy, v, vs, V4.

(G5) A 2-vertex u having two 4-neighbors v and w such that v has three 2-
neighbors u, vi, ve, and w has two or three 2-neighbors.

By Lemma 25 and the auxiliary lemmas, we have the following theorem for
planar graphs with maximum degree at most 4 and girth at least 6.

Theorem 26. If G is a planar graph with mazimum degree at most 4 and girth
at least 6, then x,(G) < chy(G) < 9.

Proof. We prove by using mathematical induction on the number of vertices.
The theorem is trivially true for the induction basis of a single vertex graph. Since
G is a planar graph with girth at least 6, we have mad(G) < 3 by Proposition
16. By Lemma 25, we have five configurations to argue.

For Configuration G1, let v be the characterized vertex. We have ch,(G \
{v}) < 9 by the induction hypothesis. By Lemmas 1 and 5, we have ch,(G) <
max{ch,(G\ {v}),1+1+4} <9.

For Configuration G2, we have ch, (G \ {v}) < 9 by the induction hypothesis.
We have ch,(G) < max{ch,(G \ {v}),14+ 2+ 6} <9 by Lemma 5.

For Configurations G3, G4, and G5, we have ch,(G \ {vi,v2}) < 9 by the
induction hypothesis. Since {v1,v2} is a set of 2-neighbors of v having a 4~ -
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V1 U3
U1 U1
v
v
v u w
U2 (%)
(%) V4

Figure 8. Configurations G3, G4, and G5.

neighbor other than v and dg(v) < 4 < (9 —4 — 3) x 2, we have ch,(G) <
max{ch, (G \ ({v1,v2}),9} =9 by Lemma 7.

Therefore, we have x,(G) < ch,(G) < 9. ]
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