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Abstract A proper vertex coloring of a graph G is linear if the graph induced by the
vertices of any two color classes is the union of vertex-disjoint paths. The linear chro-
matic number lc(G) of G is the smallest number of colors in a linear coloring of G. In
this paper, we prove that if G is a planar graph without 4-cycles, then Ic(G) < [%1 +8,
where A denotes the maximum degree of G.
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1 Introduction

All graphs considered in this paper are finite simple graphs. For a graph G, we use
V(G), E(G), |G|, 6(G) and A(G) (or simply A) to denote, respectively, its vertex
set, edge set, order, minimum degree, and maximum degree. If G is a plane graph,
then we use F(G) to denote the set of faces. For f € F(G), we use b(f) to denote
the boundary walk of f and write f = [ujuy...u,]ifuy, us, ..., u, are the vertices
of b(f) in a cyclic order. Repeated occurrences of a vertex are allowed. The degree
of a face is the number of edge-steps in its boundary walk. Note that each cut-edge is
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counted twice. For x € V(G) U F(G), let dg(x) (or simply d(v)) denote the degree
of v in G, and Ng(v) denote the set of neighbors of v in G. A k-vertex, k™ -vertex,
or k™ -vertex is a vertex of degree k, at least k, or at most k. Similarly, we can define
k-face, k*-face, k™ -face, etc. The girth g(G) of a graph G is the length of a shortest

cyclein G.
A proper k-coloring of a graph G is a mapping ¢ from V(G) to the set of col-
ors {1, 2, ..., k} such that any two adjacent vertices have different colors. A linear

k-coloring of a graph G is a proper k-coloring of G such that the graph induced by
the vertices of any two color classes is the union of vertex-disjoint paths. The linear
chromatic number 1c(G) of the graph G is the smallest number k such that G has a
linear k-coloring.

Yuster [6] introduced the linear coloring of graphs. With the probabilistic method,

he proved thatlc(G) = O (A%) for a general graph G, and constructed graphs G such

that 1c(G) = Q(A%) A related concept about linear coloring is the frugal coloring
of graphs, considered by Hind et al. [2]. A graph G is k-frugal if G can be properly
colored so that no color appears k times in any vertex neighborhood. Such a coloring
is called a k-frugal coloring of G. So a linear coloring is a 3-frugal coloring.

Esperet et al. [1] generalized the linear coloring of graphs to list coloring version.
They investigated linear choosability for some classical families of graphs such as
trees, grids, bipartite complete graphs, planar graphs, outerplanar graphs, graphs with
maximum degree 3 or 4, graphs with given maximum average degree, etc.

Raspaud and Wang [4] investigated the linear coloring of planar graphs. Amang
other things, they proved the following result:

Theorem 1 ([4]) Every planar graph G has 1¢(G) = [2$7 + 1 if there is a
pair (A, g) € {(13,7),(7,9), (5, 11), (3, 13)} such that G satisfies A(G) > A and
8(G) = g.

Wang and Li [5] extended the above result by showing the following:

Theorem 2 ([5]) Every graph G embeddable in surfaces of nonnegative Euler charac-
teristichaslc(G) = (#H—l ifthereisapair (A, g)€{(13,7), (9, 8), (7,9), (5, 10),
(3, 13)} such that G satisfies A(G) > A and g(G) > g.

Suppose that G is a graph with maximum degree A. Li, Wang and Raspaud [3]
recently proved the following results:

(1) Ie(G) < %(A2 + A) for any graph G;

@ii) le(G) < 8 for any graph G with A < 4;
(iii) 1c(G) < 14 for any graph G with A < 5; and
@iv) 1c(G) < [0.9A] + 5if G is planar and A > 52.

The following problem is put forward in [3]:
Question 1 s there a constant C such that every planar graph G haslc(G) < (%] +C?

In this paper, we answer positively Question 1 for planar graphs without 4-cycles.
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2 Main Results

A vertex v with 2 < d(v) < 3is called bad if it is incident to a 3-face. A 4-vertex v is
called bad if it is incident to two nonadjacent 3-faces. A vertex v with 2 < d(v) < 4
is called good if it is not bad. For a vertex v € V(G) and an integer i > 1, let n; (v)
denote the number of i-vertices adjacent to v, and let ni (v) denote the number of bad
i-vertices adjacent to v for 2 < i < 4. For a face f € F(G) and an integer k > 3, let
my (f) denote the number of k-vertices incident to f. Moreover, for 3 < k < 4, let
m;( (f) denote the number of bad k-vertices incident to f. For a vertex v € V(G), we
use ¢ (v) to denote the number of 3-faces incident to v.

Lemma 3 Every connected planar graph G without 4-cycles contains one of the fol-
lowing configurations:

(C1) a 1™ -vertex;
(C2) a path x1x2x3x4 such that d(x2) = d(x3) =3, d(x1) < 6 and d(x4) < 6;
(C3) a k-vertex v, 2 < k < 4, whose neighbors vy, va, ..., V¢ satisfy one of the
following conditions, assuming d(v1) < d(vz) < --- < d(vg):
(C3.1) k=2andd(vy) < 11;
(C3.2) k =3,d(v1) +d(vy) < 14, and v is bad;
(C3.3) k=4,dy) +d(v) +d(v3) <15 and v is bad.

Proof Suppose to the contrary that the lemma is false. Let G be a counterexample.
Then we have the following assertions:

(@) 3(G) = 2.

(b) Since G does not contain 4-cycles, the following (b1) and (b2) hold:
(bl) G contains neither 4-faces nor adjacent 3-faces;
(b2) Every vertex v satisfies 7 (v) < L@J.

(c) Since (C3.1) is excluded from G, every face f satisfies ma(f) < L&J)J.
Using Euler’s formula |V (G)| — |E(G)| 4+ |F(G)| = 2 and the relations

> dwy = > d(f)=2E@G),

veV(G) fEF(G)

we can derive the following identity.

D dw) -6+ > Qd(f)—6) =—12. )

veV(G) feF(G)

We define the initial weight function w by w(v) = d(v) — 6 if v € V(G) and
w(f) =2d(f) —6if f € F(G). We are going to redistribute the weight w(x) to its
adjacent or incident elements according to the discharging rules (R1) and (R2). Dur-
ing the process, the total sum of all weights is fixed. However, after the discharging is
complete, the new weight function w’ satisfies w'(x) > 0 for all x € V(G) U F(G).
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This leads to an obvious contradiction and the proof is complete:

0< Z w' (x) = Z w(x) = —12. )

xeV(G)UF(G) xeV(G)UF(G)

Our discharging rules (R1) and (R2) are as follows:

(R1) Every 7%-vertex sends 1 to each adjacent bad 2-vertex, and (d(v) — 6 —
n},(v))/(n(v) + njy(v)) to each adjacent bad 3- or 4-vertex.
(R2) Let f be a 5T-face.

(R2.1) For each occurrence of a 5~ -vertex u in b(f), we transfer from f to u
the amount of weight 2 if d(u) =2, 1 if d(u) = 3, % if d(u) = 4, and %
if d(u) =5.

(R2.2) For each bad 3- or 4-vertex x in b( f), we further transfer from f to x
the amount of weight ,B(f)/(mg(f) +m2(f)), where B(f) =2d(f) —
6 —2ma(f) — m3(f) = 3ma(f) — 3ms(f).

For x,y € V(G) U F(G), we use t(x — y) to denote the amount of weights
discharged from x to y according to the above rules (R1) and (R2.1). For a face f and
a bad 3- or 4-vertex x, we use p(f — x) to denote the amount of weights discharged
from f to x under (R2.2).

Claim 1 Suppose that a 12%-vertex v is adjacent to a bad 3- or 4-vertex u. Then
(v —> u) > %; moreover T(v — u) > % if either d(v) > 13, or v is adjacent to a
6T -vertex x which is not incident to a 3-face [vxy] with d(y) = 2.

Proof Since G contains neither (C3.1) nor adjacent 3-faces, the number of 127 -ver-
tices adjacent to v is at least n),(v). Thus, n5(v) + nj(v) < d(v) — 2n5(v). By (R1)
and since d(v) > 12, we have:

d(v) — 6 — nj(v) - d(v) — 6 — nj(v)

T(v—>u) =

ns() +ny(v) —  d() —2n5(v)
L 6 — nj(v) . 6 — nj(v) 1
d(v) —2nh(v) = 12-2n5(v) 2’

Ifd(v) > 13, we derive immediately (v — u) > %

Assume that d(v) = 12 and v is adjacent to a 67 -vertex x which is not incident to
a 3-face [vxy] with d(y) = 2. Then v gives x nothing by our rules. This implies that
ns(v) + ny(v) < d(v) —2n,(v) — 1 = 11 — 2n,(v). By (R1) and noting n(v) <5
in this case, we have:

_d@—6-my) _ 6-my) |

/ / —_ / > N
1y (v) + 1y (v) 11— 2nb(v) ~ 2

This proves Claim 1. O

Since G contains no (C3.1), every vertex v with 7 < d(v) < 11 is not adjacent to
a 2-vertex.
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Claim 2 Let v be a vertex with'7 < d(v) < 11 and u be a bad 3- or 4-vertex adjacent
to v. Then (R1) asserts that T(v — u) is at least % ifdv) =17, ‘1—‘ ifd(v) =8, % if
d(v) =9, ifd) =10, and 2 ifd(v) = 11.

Claim 3 Let v be a vertex with7 < d(v) < 11 and u be a bad 3- or 4-vertex adjacent
to v. If v is adjacent to a 6 -vertex, then (RI) asserts that T(v — u) is at least é if

dw) =17 %ifdw) =8, 3 ifdv) =9, §ifd(v) = 10, and § if d(v) = 11.

We carry out (R1) and (R2) in G. Let w’ denote the resultant weight function after
discharging. It suffices to prove that w’(x) > 0 for all x € V(G) U F(G).

Let f € F(G)suchthat f = [x1x2...x4(p)]. Thend(f) # 4by (b]).Ifd(f) = 3,
then it holds trivially that w’(f) = w(f) = 0. Assume that d(f) > 5. It suffices to
verify that 8(f) > 0 by (R2.1) and (R2.2).

First, assume that d(f) = 5, then w(f) = 4. By (¢c), ma(f) < 2.

o If my(f) = 2, then we may assume that d(x1) = d(x3) = 2 and d(x;) > 12 for
i =2,4,5by(C3.1). Thusm3(f)+ma(f)+ms(f) =0andso8(f) =4-2-2=0
by (R2.1).

o If my(f) =1, then b(f) contains at least two 12" -vertices, thus B(f) > 4 — 2 —
2-1=0by (R2.1).

o If my(f) =0, thenm3(f) < 3 by (C2). If b(f) contains a 6*-vertex, then S( f) >
4—3.1— % = 1. Otherwise, assume that d(x;) < 5foralli = 1,2,...,5.1f
m3(f) <2,then B(f) >4—-2-1-3- % = 0. If m3(f) = 3, then b(f) must
contain a configuration (C2), a contradiction.

Next, assume thatd(f) = 6,thenw(f) = 6.By(c),ma(f) < 3.Ifm>(f) = 3,then
(C3.1) asserts that b( f) contains exactly three 127 -vertices, thus B(f) =6—3-2 =0
by (R2.1). If m»(f) = 2, then b( f) contains at least three 12" -vertices so that B(f) >
6—2-2—1=1.Ifmy(f) = 1, then b(f) contains at least two 127 -vertices so that
B(f)=6—-2—-3-1=1.1fmy(f)=0,then B(f)>6—-6-1=0.

Finally, assume that d(f) > 7. Since G contains no (C3.1), the number of 12" -ver-
tices in b(f) is at least mo (f). In addition, it is easy to derive that m3(f) +ma(f) +
ms(f) <d(f)—2m>(f). By (R2.1), we have:

2 1
B = w(f) — Cma(f) +m3(f) + gm(f) + gms(f))
> 2d(f) — 6 — 2ma(f) +m3(f) +ma(f) +ms(f))
Z2d(f) —6—-d(f)=d(f) —6= 1.

Letv € V(G). Thend(v) > 2 by (a). Let vy, vy, ..., vg(y) denote the neighbors of
v in a cyclic order.

If d(v) = 6, then it is trivial to conclude that w’(v) = w(v) = 0.

If d(v) > 12, then Claim 1 implies that w’(v) > 0.

If 7 < d(v) < 11, then v is not adjacent to any 2-vertex by (C3.1). Since w(v) =
d(v) — 6 > 1, itis easy to derive that w’(v) > 0 by (R1).

o Ifd(v) =5, then w(v) = —1, and ¢ (v) < 2 by (b2). Thus, w’'(v) > —1+3- % =0
by (R2.1).
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e If d(v) = 2, then w(v) = —4, and v is adjacent to two 127 -vertices by (C3.1).
Since G is simple, #(v) < 1. If £(v) = 0, then w'(v) > —4 +2 -2 = 0 by (R2.1).
Otherwise, w'(v) = —4+2+2-1=0.

In what follows, we assume that 3 < d(v) < 4. If v is a good 3-vertex, i.e., v is
incident to three 5 -faces, then w'(f) > 3 — 643 -1 = 0 by (R2.1). If v is a good
4-vertex, i.e., v is incident to at least three 51 -faces, then w'(f) >4 — 6+ 3 - % =0
by (R2.1). So assume that v is a bad 3- or a bad 4-vertex.

Let f = [yoy1...ys] beab6-face. For0 <i <5, let f; denote the face adjacent to
f with y;yiy+1 € b(f) Nb(f;), where indices are taken modulo 6. We say that f is of
type 1ifd(y;) =4 andd(f;) =3 foralli =0,1,...,5,i.e., all vertices in b(f) are
bad 4-vertices. The face f isof type 2ifd(yo) = d(y2) = 3,d(y1) = Sandd(y;) =4
fori = 3,4,5,and d(f;) = 3 fori = 2,3,4,5. Note that yq, y» are bad 3-vertices
and y3, y4, ys are bad 4-vertices.

Claim 4 Let f be a 6" -face and x a bad 3- or 4-vertex incident to f. Then p(f — x)
= % if fisatype I 6-face, p(f — x) = %iff is a type 2 6-face, and p(f — x) > g
otherwise.

Proof In the following argument, we simply write m) = m, (f), my = my(f), etc.
By the previous proof, we notice that S(f) > d(f) — 6 > 1 when d(f) > 7. Thus,
if d(f) = 11, then p(f — x) = d(f) —6)/d(f) =1—(6/d(f) =1- 5 =3
by (R2.2). We have to consider some cases.

Casel19 <d(f) < 10.

If b(f) contains a vertex that is not a bad 3- and 4-vertex, then p(f — x) >
dif)y—6)/df)—1) =1—=(6/d) =1 — % = 2 by (R2.2). Otherwise,
m5 4+ mjy = d(f), implying that m; = m; fori = 3,4, my = m; = 0 for all
i > 5. Since G contains no (C2), m3 < L%d (f)]. Consequently,

_ 2d(f)—6—m3—%nu

p(f = x) = a7
_ 2d(f) =6 —m3 — 3(d(f) — m3)
- d(f)
_ 3d(f)—6—3ms _ 3d(f)—6—313d(f)]
d(f) - d(f)
10 6 10 6 4
> — — > — - — = —,
T9 df)T9 9 9

Case2d(f) =8.

Then w(f) = 10 and m> < 4 by (C3.1). If my = 4, then it is easy to see that
m/3 = mﬁL = 0. If mp = 3, then b(f) contains at least four 12" -vertices, thus p(f —
x) >10—-3.2—1 =3.If my = 2, then b(f) contains at least three 127 -vertices,
therefore p(f — x) > %(10 —2-2—-3-1) = 1.1f my = 1, then b(f) contains at
least two 127 -vertices, thus p(f — x) > %(10 —-2-5-1)= %

Now suppose that m, = 0. If b(f) contains at least two 67 -vertices, then p(f —

x) > %(10 —6-1) = % If b(f) contains exactly one 61 -vertex, then m3 < 5 by (C2),
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hence p(f — x) > %(10—5'1—2-%) = é—i.Assumethatn06+—vertexoccursinb(f).
Thenms < 4by(C2).Ifms < 3,thenp(f — x) = £(10-3-1-5-3) = L. 1fm3 = 4,
then no 3-vertex in b( f) is bad by (C3.2), hence p(f — x) > 7(10—4-1-4-3) = 2.

Case3d(f)=1.

Then w(f) = 8 and my < 3 by (C3.1). If my = 3, then it is easy to observe
that my = m)y = 0. If my = 2, then b(f) contains at least three 12" -vertices, hence
p(f — x) > %(8 —2-2—=2-1) = 1.If my = 1, then b(f) contains at least two
12T -vertices, hence p(f — x) > %(8 —2—-4.1)= %

Suppose that my = 0. If b(f) has at least two 67 -vertices, then p(f — x) >
18-5-n=1.

Assume that b(f) has exactly one 61 -vertex, then mz < 4. If mz < 2, then
o(f = x) > %(8—2‘ 1 —4'%) = g. If my = 3, then it is easy to see that at
least one 3-vertex in b( f) is not bad since G contains no (C3.2). Thus, p(f — x) >
%(8 -3-1-3. %) = % If m3 = 4, then at least two 3-vertices in b(f) are not bad
and hence p(f — x) > ‘—11(8—4- 1 —2-%) = %

Assume that b(f) has no 61 -vertex, then m3 < 3 by (C2). Since G contains no
(C3.2),n03-vertex in b( f) may be bad. If m3 = 0,then p(f — x) > 1(8-7-2) = 10
Ifm3 > 1, thenmy < 6,and p(f — x) > (8 —m3 — 3my)/mly > (8 — (d — m4) —
%m4)/m4=%+,,+42%+é=%.

Cased d(f) =6.

Then w(f) = 6 and my < 3 by (C3.1). If my = 3, then it is easy to observe
that ms, = mj = 0. If my = 2, then b(f) has at least three 12T -vertices, hence
o(f > x)>6—-2-2—1=1.If my = 1, then b(f) has at least two 12T -vertices,
hence m3 < 3. When ms < 2, we have p(f — x) > %(6—2—2- 1 —%) = %.When
m3 = 3, it is easy to see that m/3 < 2 since G contains no (C3.2), thus p(f — x) >
l6-2-3.H=1

Suppose that my = 0. If b(f) has at least two 6T -vertices, then p(f — x)
16—4-1) =1

Assume that b(f) has exactly one 61 -vertex, then mz < 4 by (C2) and m’3 <2
by (C3.2).If m3 < I, then p(f — x) = 26 —1-4-3) = L. If3 <m3 <4,

4

v

= 715
then it is easy to see that m} + m} < 3, hence p(f — x) > %(6 —4.1— %) =
Let m3 = 2. If my +m) < 4, then p(f — x) > 7(6—-2-1-3-%) =
If m4 + m) = 5, then f must be a type 2 6-face, so that p(f — x) = %(6 -2
1-3-H=1%
Assume that b(f) has no 67-vertex, then m3 < 3 by (C2) and m’

=0l

=0
by (C3.2). If m3 = 3, then mj = 0.If 1 < m3 < 2, then mj < 3,
and p(f — x) = 26 —-2-1-3-3) = Z Letmy = 0. If mj < 4,
then p(f — x) > (6 —6-3) = L Ifm, = 6, then f is a type 1
6-face and p(f — x) = %(6 -6 - %) = % Suppose that m) = 5. If
msy = 5, then p(f — x) > L6-5-3-1) = L Ifm = 6 it
follows easily that mj = m4 = 6, contradicting the assumption. This proves
Claim 4. O
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Now suppose that v is a bad 3-vertex with neighbors vy, va, v3 such that [vviva] is
a 3-face with d(v1) < d(vy). Let f1 and f> be two other incident faces of v different
from [vvyv;] such that vvy; € b(f1) and vvy € b(f>). By (R2.1), each of f; and f>
gives 1 to v. In order to prove that w'(v) = =3 +2 -1+ 0 > 0, it suffices to confirm
thato = p(fi > v) + p(fo > v)+ (v > V) +T(Vy > V) +T(V3 > V) > 1.

Since G contains no (C3.1), we see that d(v;) > 3 fori = 1, 2, 3. Since G contains
no (C3.2),d(vx) +d(vj) = 15 for any two distinct k, j € {1, 2, 3}. If d(vy) = 3, then
d(v;) > 12, and t(v; — v) > %fori = 2, 3 by Claim 1, therefore o > %—i— % =1.
If d(vy) = 3, we have a similar discussion. If d(v3) < 4, then d(v;) > 11, and
T(v; > v) > % by Claims 1 and 3 for i = 1, 2, therefore o > 1. Thus, we assume
that d(vy), d(v2) > 4 and d(v3) > 5.

Claim5 Letri € {1,2}. If d(fi) = 5, then p(fi — v) > % if dlvj) = 4, and
p(fi > v) > % otherwise.

Proof By symmetry, we only give the proof for the case i = 1. Assume that f; =
[vivv3yx]. We consider three cases as follows.

Caseld(vy) =4.

Then d(v3) > 11, and d(x) > 3 by (C3.1). If d(y) = 2, then d(x) > 12, and
p(fi > v) = 3@ —2—1-2%) = 1 Soassume that d(y) > 3.If d(x) > 4 or
d(y) = 4,then p(fi > v) = (4 —-2-1-2-3) = L. Ifd(x) =d(y) = 3, then x is
not bad by (C3.2), and further vy is not bad, thus p(f; — v) > (4 —3-1—3) = L.

Case2d(vy) = 5.

Then d(v3) > 10, and d(x) > 3 by (C3.1). If d(y) = 2, then d(x) > 12, and
p(fi—>v)=4—-2—-1- % = 5. Soassume thatd(y) > 3.If d(x) > 4ord(y) > 4,
then p(fi = v) =14 -2-1-3%2—1)=11fd(x) = d(y) = 3, then x is not bad
by (C3.2), thus p(fi > v) > (4 —-3-1-1) = 1.

Case2d(vy) > 6.

Ifd(x) =2ord(y) =2,then p(f; > v)>4—-2—-1-— % = % So assume that
d(x),d(y) > 3.Ifd(x) > 4ord(y) > 4, thenp(fi —> v) = 14-2-1-3 -1 =1
Assume that d(x) = d(y) = 3. If at least one of x and y is not bad, then p(f; —
v) = $(4 —3-1— 1) = 1. Otherwise, it follows from (C3.2) that d(vs) > 12 and
thus p(f1 — v) > %(4 —-3.1)= % This completes the proof of Claim 5. O

It remains to show that o > 1 by applying the previous Claims 1-5. Without loss
of generality, we may assume that d(vy) < d(v3).

If4 <d() <6,thend(v;) > 9 and T(v; — v) > % for i = 2,3 by Claims
1 and 2. By Claims 4 and 5, each of fi, f> gives at least é to v. Consequently,
c0=2-14+2-t=1

If d(vi) > 7, then t(v; — v) > é fori = 1,2 by Claims 1 and 3, and p(f; —
v) > $fori =1,2by Claims4and 5. Thus, 0 > 2§ +2- 1 = L.

Finally, suppose that v is a bad 4-vertex such that [vvjv,] and [vv3vs] are 3-faces.
Let fi and f; be the two other incident faces of v different from [vv;v2] and [vv3v4]
such that vvy, vvg € b(f1) and vvy, vvz € b(f2). Thend(f;) > Sandt(f; — v) = %
by (R2.1). In order to show that w’(v) = —2+2- % +o0* > 0, it suffices to inspect that
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c*=p(fi>v)+p(r—>v)+tlv;—>v)+t(y > v)+T(V3 > V) +T(V—>
v4) > %

Since G contains no (C3.1), we see that d(v;) > 3 fori = 1,2,3,4. Since G
contains no (C3.3), d(v;) +d(v;) +d(vi) > 16 for any three mutually distinct indices

ik, jef{l1,2,3, 4).

Claim 6 Ifd(f1) =5, then the following statements hold:

(1) p(fi = v) = Fifd) =d(vs) = 4;

2) p(fi > v) > % if either d(v1) = 3 and d(v4) > 4, or d(v4) = 3 and d(vy) > 4;
3) p(fi > v) > % if either d(v1) =4 and d(v4) > 5, ord(v4) = 4 and d(vy) > 5;
@) p(fi = v) > g if either d(v1) = d(v4) = 3, ord(vy) > 5 and d(v4) > 5.

Proof Assume that f1 = [vjvvsyx]. Without loss of generality, assume that d(vy) <
d(v4). We need to consider some cases as follows.

Case1d(vy) = 3.

Since G contains no (C3.2),d(x) > 15 —d(w) =15 -4 = 11.If d(v4) = 3, then
similarly d(v4) > 11by (C3.2),and p(f; — v) = $(4—2-1—32) = $. I d(vy) > 4,
then p(fi > v) > ;(4-2-1-2-3) =1

Case2d(vy) = 4.

Since G contains no (C3.1), d(x) > 3. The proof is split into some subcases.

(2.1) d(v4) = 4. Then d(y) > 3 by (C3.1). By symmetry, we may suppose that
d(x) < d(y). Ifd(x) > 5, then p(fi — v) > 34 -3-2-2.1) =2
d(x) = 4, then p(fi — v) > +(4 —5-3%) = Z. Assume that d(x) = 3, then
d(y) = 4by (C2). Ifd(y) = S, then p(fi — v) = @ —1-3-3 -1 = L1f
d(y) = 4, then x is not a bad 3-vertex and further y, v; are not bad 4 vertices, thus
p(fi = v) =34 —1-4-3)=¢

2.2) d(v4) =5. Then d(y) =3 by (C3.1). If d(x),d(y) > 4, then p(f; — v) >

l4—-4. 35— —) =
‘ Assume that d(x) = 3. Thend(y) > 4 by (C2). If d(y) = 5, then p(f; — v) >
3(4 -1-2- 2 -2 3) 1 .Ifd(y) =4, then x is notabad 3-vertex, further vy, y

are not bad 4- Vert1ces Thus, p(fi > v) 24—-1-3-5— % = %
Assume that d(y) = 3. Then d(x) > 4 by (C2). If d(x) > 5, then p(f; —
v) > 3(4—1—2 -2 3) = Ifd(x) = 4, then y and x are not bad, thus

p(fi —>v)z%(4—1—3-%—%)=%.

(2.3) d(vq) > 6. If d(y) = 2, then d(x) > 12, and hence p(f; — v) > %(4 —
2-2-3)=L11fd(y) > 4, then p(fi > v) > 24 —1—3-2) = 1. Assume that
d(y) = 3. Ifd(x) > 4,then p(f) > v) > (4 —1-3-3) = 1. Ifd(x) = 3, then
x, v are not bad, thus p(f; — v) > %(4—2~ 1 —2%) = %

Case3d(vy) = 5.

Since G contains no (C3.1), d(x) > 3. There are two subcases:

(3.1) d(vq4) = 5. Then d(y) > 3 by (C3.1). By symmetry, we may suppose that
d(x) < d(y). Since G contains no (C2), we derive that d(y) > 4. If d(x) > 4,
then p(fi — v) > 3@ —3-%2-2.1) = 3. If d(x) = 3, then x is not bad, thus
p(fi—v)z34-1-2-3-2-9) =3
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(3.2)d(v4) > 6.1fd(y) = 2, thend(x) > 12and,o(f1 —> V) >4-— 2____ = 1.
Ifd(y) > 4, then p(f; — v) > 3(4— 1-2.5- —) = 4 Assumethatd(y) = 3.
If d(x) > 4, we have similarly p(f; — v) > —. Ifd(x) = 3, then x is not bad, thus
,0(f1—>v)>2(4 2. 1———3)—%

Case4d(vy) > 6.

Ifd(x) =2, thend(y) > 12, thus p(fi — v) >4 -2 -2 = 3. Ifd(y) =2, we
have a similar proof. If d(x),d(y) > 3, then p(f; — v) > 4 —2-1—3) = 3.
This proves Claim 6. O

With the same reason, we can prove the following:

Claim 7 Ifd(f2) =5, then the following statements hold:

(1) p(fr = v) = Fifdw2) =d(v3) = 4;

2) p(for = v) > % if either d(v2) = 3 and d(v3) > 4, or d(v3) = 3 and d(vy) > 4;
3) p(for > v) > % if either d(vy) = 4 and d(v3) > 5, ord(v3z) =4 and d(v2) > 5;
@) p(for > v) > % if either d(v2) = d(v3) = 3, ord(v2) > 5 and d(v3) > 5.

Using Claims 1-4, 6 and 7, we will show that o* > % In fact, if d(v;) > 5 for
alli = 1,2,3,4, then p(f; — v) > % for j = 1,2 by Claims 4, 6 and 7, thus
o* > % + % = % Thus, we may assume that d(v;) = minj<;<4{d(v;)} < 4. The
proof is split into the following cases:

Case 1d(vp) <d(v;) fori =3, 4.

1.1 d(vy) =3.

If d(vp) < 6,thend(v;) > 16 —d(v)) —d(vp) > 16 —3 -6 =7 fori = 3,4.
By Claims 1 and 3, 7(v; — v) > ¢. By Claims 4,6,7, p(fi — v) > ¢ fori = 1,2.
Thus, o* 24'%= %

If d(vp) > 7, then d(v3),d(vq4) > 7, and T(vy) — v) > %, t(v; — v) > %for
i =3,4.Notingthatp(ﬁ —v) > éfori = 1,2, we have o* > %+4- % = %

(1.2)d(v1) =

If4 < d(vg) < 5, then d(v;) > 7 and r(v, — v) > fori = 3, 4. Since
p(f,—>v)>lforz_12wehavea >2- +2 4_6

If d(vy) > 6, thend(v,) > 6 fori =3, 4. Slnce p(fi > v)= L p(fr > v) =4,
we have o* > 3 + 5= %g

Case 2 d(v3) <d(v;) fori =2,4.

2.1)d(vy) =3.

Ifd(v3) <5,thend(v;) > 8and t(v; — v) > Alffori =2,4.Since p(f; — v) >
éfori = 1,2, we have o* 22-4—11+2~ é = g.

Ifd(v3) = 6,thend(v;) > 7and t(v; — v) > %fori =2,4.Since p(f1 — v) >
%andp(f2—> v) > ‘—‘,wehaveo* 22-%4—%4—% 2%

If d(vy) > 7 then 7(v4 — v) > 7 and t(vy; > v
p(fi > v) > forl =1,2, wehavea > +4 %—

(2. 2)d(v1) =

If4 < d(v3) 5 5, then d(v;) > 7 and t(v; — v) > %fori = 2,4. Since

p(ﬁ—)u)z%fori:1,2,Wehavea*22~%+2-;lt=}—1.

> % for i = 2,3. Since
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Ifd(v3) > 6,thend(v;) > 6fori =2, 4. Since p(f1 = v) > 4—1‘, p(fr = v) > 2,
we have o* > 4—1‘ + % = %.

Case 3d(v4) < d(v;) fori =2,3.

Ifd(vi) =4and 4 <d(vy4) <5,thend(v;) > 7 and t(v; — v) > % fori =2,3.
Since p(f1 — v) > %andp(fz — v) > g,wehaveo* > 2-%+%+g > %.The
rest proof is similar to that of Case 2. O

Given a partial linear coloring ¢ of a graph G using the color set C and a vertex
v € V(G), we use C2(v) to denote the set of colors which appear exactly twice in
Ng(v). For Vo € V(G), we use C>2(Vp) to denote the set of colors which appear at
least twice in V).

Theorem 4 [f G is a planar graph without 4-cycles, then 1c(G) < {#] + 8.

Proof We prove the theorem by induction on the vertex number |G|. If |G| < 8, the
theorem holds obviously. Let G be a connected planar graph with |G| > 9 and without
4-cycles. By Lemma 3, G contains one of the configurations (C1)-(C3). We have to
handle each of these cases separately. Let C = {1, 2, ..., f%} + 8} denote the set of
colors used in the following argument, where A = A(G).

Case 1 G contains a 1-vertex v adjacent to a vertex u.

Let H = G — v. Then H is a planar graph with A(H) < A and |H| < |G| and
without 4-cycles. By the induction assumption, H has a linear coloring ¢ using the
color set C. We color v with a color different from c¢(u) and those colors in Cy(u) to
extend ¢ to the whole graph G. Since |C2(u)| < [44=1] < | 271 =47~ 1, such
color always exists.

Case 2 G contains a path xjx2x3x4 such that d(xp) = d(x3) = 3, d(x1) < 6 and
d(x4) < 6.

Fori = 2,3, let xi’ denote the neighbor of x; that is not on the path xjxyx3x4.
Let H = G — {x2, x3}. By the induction hypothesis, H admits a linear coloring ¢
using the color set C. We color x; with a color a € C\(C=2(Npg(x1) U Ny (xé)) U
{c(x1), c(x4), c(x}), c(x})}) and x3 with a color b € C\(C>2(Npy(x4) U Ny (x})) U
{a, c(x1), c(x4), c(x}), c(x5)}). Since

|C\(C=2(Ng (x1) U Np (x3)) U {e(x1), c(xa), c(xp), c(x)}]
> |C| — |C>2(Ng (x1) UNg (x3)| — 4

- "%“ e {(d(xl) — 1)+ (dx) — 1)J 4

2

A A46-2
2 2

and similarly |C\(C>2(Ng (x4) U Ng (x5)) U{a, c(x1), c(x4), c(x}), c(x5) )| = 1, the
colors a and b exist.

Case 3 G contains a k-vertex v, 2 < k < 4, whose neighbors vy, vy, ..., vy satisfy
one of the following conditions, assuming d(v;) < d(v2) < --- < d(vg):

(C3.1) k=2andd(vy) < 11;
(C3.2) k=3,d(v)) +d(vp) < 14, and v is bad;
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(C3.3) k =4,d(v1) +d(v2) +d(v3) <15, and v is bad.

Let H = G — v. By the induction assumption, H has a linear coloring ¢ with
the color set C. If (C3.1) holds, we color v with a color a € C\(C>2(Nu(v1) U
Ng (v2)) U {c(v1), c(v2)}). Since [C>2(Np (v1) U N (v2)) U {c(vi), c(v2)}] < 2+
| @e=DAd@)=D | < | A2} < 147 4 6, g exists.

If (C3.2) holds, assuming that v is incident to the 3-face [vvjvz], we color
v with a color a € C\(Cx2((Nu(v)\{v2}) U (Ng(w2)\{v1}) U Np(v3)) U
{c(v1), c(v2), c(v3)}). Itis easy to see that |C>r((Ng (vi)\{v2}) U (Vg (v2)\fvi}) U
Ni(3) U {e(v1). c(v2), c(3)}] < 3 + [LQU=DHE0DDHAWD | < 3
| 1HA=3 | =[27+7, hence a exists. Since c(v1) # ¢(v2) andso [{c(v1), c(v2), c(v3)}]
> 2, the coloring is available.

If (C3.3) holds, assuming that v is incident to two 3-faces [vviv;] and [vvzva], we
color v witha colora € C\(C>2((Ng (vi)\{v2})) U(Ng (v2)\{v1}) U(Ng (v3)\{va}) U
(Nu (va)\{v3})) U {c(vr), c(v2), ¢(v3), c(va)}). It is easy to see that [C>2((Ng (v1)\

{v2DU(NE () \ {1 DUNE (v3)\{va DU(NE () \fv3))U{e(v1), c(v2), ¢(v3), c(v4)}]
< 44 L<d<v1>—2)+(d<uz)—2);r(d(v3)—2)+(d(v4)—2>J < 44 (18— 8747,

hence a exists. Since c(v;) # c(vy) and c(v3) # c(vs), no three elements in
{c(v1), c(v2), c(v3), c(va)} are same, the coloring is available. This completes the
proof of the theorem. O

We fell that the upper bound (#1 + 8 in Theorem 4 is not best possible. It is

straightforward to see that for any graph G, Ic(G) > [#1 + 1. Thus, it is interesting
to determine the smallest constant ¢* such that every planar graph G without 4-cycles
haslc(G) < [#1 + ¢*. Our Theorem 4 and the fact that every odd cycle Cy,41 has

1c(Cops1) = 3 = [22407 4 2 imply that 2 < ¢* < 8.
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