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Abstract: If agraph G has a drawing in the plane in such a way that every two crossings are independent, then we call G
a plane graph with independent crossings or IC-planar graph for short. In this paper, the structure of IC-planar
graphs with minimum degree at least two or three is studied. By applying their structural results, we prove that the
edge chromatic number of G is A if A > 8, the list edge (resp. list total) chromatic number of G is A (resp. A + 1)
if A > 14 and the linear arboricity of G is [A/2] if A > 17, where G is an IC-planar graph and A is the maximum
degree of G.
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1. Introduction

All graphs considered in this paper are finite, simple and undirected. We use V(G), E(G), 6(G) and A(G) to denote
the vertex set, edge set, minimum degree and maximum degree of a graph G, respectively. The crossing number of G,
denoted by cr(G), is the minimum possible number of crossings in a drawing of G in the plane. A k-alternating cycle in
a graph G is a cycle of even length in which alternate vertices have degree k in G. Throughout this paper, a k-, k*-
and k~-vertex (resp. face) in a graph is a vertex (resp. face) of degree k, at least k and at most k, respectively. Any
undefined notation follows that of Bondy and Murty [3]
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The famous Four Color Theorem states that every graph with crossing number zero (i.e. planar graph) is 4-colorable.
By this fact one can easily see that x(G) < 4 + cr(G) for every graph G, see [8]. Thus, for a class G of graphs, if we
can prove that the crossing number of any given graph G € G is bounded by a constant k, then the chromatic number of
the graph class G is also bounded by a constant. However, such a constant kK may not exist for some classes of graphs.
A graph is 1-planar if it can be drawn on the plane in such a way that each edge is crossed by at most one other
edge. This notion was introduced by Ringel [14], who proved that the chromatic number of each 1-planar graph is at
most 7, even though the crossing number of the class of 1-planar graphs is not bounded by a fixed constant. In the same
paper, Ringel conjectured that six colors are sufficient to color any 1-planar graph. This conjecture was confirmed by
Borodin [4, 5] In 2008, Albertson [2] considered graphs with even more restricted structure of crossings. The cluster of
a crossing is the set of the four end-vertices of its two crossed edges. Two crossings are independent if their clusters
do not intersect. It is easy to see that if every two crossings in G are independent, then each edge of G is crossed by
at most one other edge and thus G is 1-planar. Settling a conjecture of Albertson [2], Krdl and Stacho [11] showed that
every graph that can be drawn in the plane with all its crossings independent (for brevity, such a graph is called an
IC-planar graph throughout this paper) is 5-colorable.

From the above definitions, one can see that the class of |IC-planar graphs lies between planar graphs and 1-planar
graphs. The structures of planar graphs are well established in the literature and the structures of 1-planar graphs have
first been investigated by Pach and Téth [13] in 1997. However, to our knowledge it appears that no other work besides
the ones of Albertson [2] and Kral and Stacho [11] on IC-planar graphs has been done.

In this paper, we first remark that every IC-planar graph is 6-degenerate, and, moreover, prove that every IC-planar
graph with minimum degree at least 3 (resp. 4) contains a light edge uv with d(u) + d(v) < 18 (resp. 12). In Section 2,
some more detailed structural properties of IC-planar graphs are investigated. In Section 3, we apply these properties
to obtain some results on edge coloring, edge choosability, total choosability and linear arboricity of IC-planar graphs.

2. Structure of IC-planar graphs

Throughout this paper, we always assume that any given IC-planar graph has already been drawn in the plane with all
its crossings independent and with the minimum number of crossings. It is known that |E(G)| < 3|V(G)| — 6 for every
planar graph [3] and |E(G)| < 4|V(G)| — 8 for every 1-planar graph [9]. Similarly, we can also obtain a linear upper
bound for the size of an IC-planar graph.

Proposition 2.1.
Let G be an IC-planar graph on n vertices and m edges. Then m < 13n/4 — 6 and this bound is the best possible.

Proof. Since every two crossings in G are independent, cr(G) < n/4. We delete one edge from each crossing and
denote the resulting graph by G’. It is clear that G’ is a planar graph. Since |E(G')| = m — cr(G) and |V(G)| = n,
m = |E(G')| + cr(G) < 3|V(G)| =6+ cr(G) < 3n — 6+ n/4 =13n/4 — 6. To show the tightness of this upper bound, we
consider the Ladder graph Ly = P,00P5. Note that Ly, has 4t vertices and there are t vertex-disjoint G4 contained in Ly
(here we call these C4's operable). Triangulate Ly and then we get a planar graph with 4t vertices and 12t — 6 edges.
Now add one crossing edge inside each original operable C4. One can check that the resulting graph is an IC-planar
graph with 4t vertices and 13t — 6 edges. The left graph in Figure 1 is a graph obtained from the Ladder graph L4 by
the above operation. O

Proposition 2.2.
Every IC-planar graph contains a vertex of degree at most 6, the bound 6 is the best possible.

Proof. Suppose, to the contrary, that G is an IC-planar graph with §(G) > 7. Then we have 2|E(G)| = 2 vevig dlv) >
71V(G)|. On the other hand, by Proposition 2.1 we have 2|E(G)| < 13|V(G)|/2 — 12 < 7|V(G)|. This a contradiction.
Therefore, every IC-planar graph contains a vertex of degree at most 6. The right graph in Figure 1 is a 6-reqular
IC-planar graph, hence, the bound 6 is sharp. O
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Figure 1. Two extremal IC-planar graphs with respect to Proposition 2.1 and Proposition 2.2

Actually, Proposition 2.2 also follows trivially by deleting one edge from each crossing (which forms a matching), resulting
in a planar graph, which has minimum degree at most 5. In the following, we will use Proposition 2.2 to prove three
stronger results. Before we proceed, we first introduce some definitions and notations. Let G be an IC-planar graph.
The associated plane graph G* of G is the plane graph that is obtained from G by turning all crossings of G into new
4-vertices. A vertex in G* is called false if it is not a vertex of G and true otherwise. By false face, we mean a face f
in G* that is incident with at least one false vertex; and otherwise we call f a true face.

Let v be a vertex of an IC-planar graph G. By N,(v) we denote the number of 2-vertices that are adjacent to v in G. By
tc(v) and fg(v) we denote the number of true and false 3-faces that are incident with v in G*, respectively. Since every
two crossings in G are independent, f;(v) < 2 for every v in G. Throughout this section, we call a vertex in G small if
it is of degree at most 3. Denote by s¢(v) the number of small vertices that are adjacent to v in G. In particular, if u
is a 2-vertex in G with Ng(u) = {v, w} such that uv crosses xy at a point z and vxzv, vyzv, wxzuw, wyzuw are faces
of G* (see the left graph of Figure 2), then we call u a special neighbor of w in G. Denote by n¢(w) the number of
special neighbors of w. One can easily deduce the following inequality.

2ng(w) + to(w) + fo(w) < dg(w). M

Figure 2. Some relative definitions to the proofs of the main theorems

Theorem 2.3.

Every IC-planar graph with minimum degree at least 2 contains one of the following configurations:

(@) a@ 2-alternating cycle C = wvivy---vapvy, n > 2, such that dg(vi) = dg(vs) = ... = dglva1) = 2 and
maXi<i<n |N2(V2i)| >3

(b) an edge uv such that d(u) <6 and d(u) + d(v) < 18.
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Proof. Suppose, to the contrary, that G is a minimal counterexample to the theorem. Then one can see that G is
connected. Let G, be the subgraph induced by the edges that are incident with the 2-vertices of G. Since G does not
contain the configuration (b), no two 2-vertices are adjacent in G, which implies that G, contains no odd cycles. Since
G does not contain the configuration (a) either, any component of G, is either an even cycle or a tree. Therefore, G,
contains a matching M that covers all 2-vertices. If uv € E(M) and d¢(u) = 2, then v is called the 2-master of u and
u is called the 2-dependent of v. It is easy to see that each 2-vertex has one 2-master and each vertex in G may have
at most one 2-dependent.

Let v be a vertex in G and let G* be the associated plane graph of G. Denote by m¢(v) the number of false vertices
that are adjacent to v in G*. Since G is IC-planar, mg(v) < 1. Moreover, G also satisfies the following properties.

(P1) If uv € E(G) and d¢(u) < 6, then dg(v) > 19 — dg(u).
(P2) If f is a false face in G* that is incident with a 2-vertex, then d¢x(f) > 4.

(P3) If mg(v) = 0, then t(v) + s(v) < le

(P4) If mg(v) =1, fe(v) =2 and tg(v) = dg(v) — 2, then tg(v) + sg(v) < l&;)_‘%J
(P5) If mg(v) =1, fe(v) =2 and tg(v) < dg(v) — 3, then tg(v) + sg(v) < l%J
(P6) If mg(v) =1 and fg(v) <1, then tg(v) + sg(v) < [%J

(P1) follows directly from the absence of the configuration (b). Let f = uvwu be a false 3-face in G* that is incident
with a 2-vertex v. Without loss of generality, assume that v is a false vertex and that vv/, ww’ are two mutually crossed
edges in G. Since Ng(v) = {V/,w}, we can redraw graph G by putting v into the face (with respect to the original
drawing) that is incident with the path v'uw. By doing so, we reduce the number of crossings by one and then get a
contradiction to our global assumption that the number of crossings is minimum. Therefore, f shall be a 4*-face and we
have proved (P2). Now we prove (P3). If t5(v) = dg(v), then by (P1), it is easy to see that sg(v) < |dg(v)/2] and thus
(P3) is satisfied. So we assume that tg(v) < dg(v) — 1. Let v11, e, v;1 , v12, o, v,fz R P be the neighbors of v in
a clockwise sequence with respect to the drawing of G such that F; is a fan for every 1 < i < r and

to(v) = Z ki—r, )
i=1

where F; is the subgraph of G induced by the edge set E; = Uf’;{vv}, vivi FU{vv} (see the right graph of Figure 2).
Note that r > 1 and we do not necessarily have Y |_, k; = dg(v) here. It is easy to see that

o) < 3|5+ detn) = Yk o)
i=1 i=1

by (P1). Without loss of generality, assume that k; is odd for every i < @ and is even for every i > a. Combine (2)
and (3), we have

"k ki +1 — ki ~k  a-—2r
tG(v)+sG(v)gZb]wdv)—r:z >+ Z§+dc(v)—r:Z§+ 5 +dalv)
i=1 i=1

i=1 i=a+1
< Zf=1 k; +22dc(v) -r_ te(v) +22dg(v) 4
< 3dc(;) —1 6)

since @ < r and tg(v) < dg(v) — 1. This completes the proof of (P3). Now we show that (P4) is a direct corollary
of (P3). Suppose that uv crosses xy in G. Since f(v) = 2, vx,vy € E(G). With respect to the graph G’ = G — uv,
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we have mg(v) = 0 and tg(v) = do(v) = dg(v) — 1. Therefore, by (P3) we have to(v) + s¢(v) < [3de(v)/2] =
[(3dg(v) — 3)/2]. Note that vxyv is a true 3-face in G™* but is not a face in G*. So we have tg(v) = te(v) — 1.
Meanwhile, since u ¢ V(G') and u may be a small vertex that is adjacent to v in G, s¢(v) < s¢(v) +1. Thus we deduce
that tg(v) + sg(v) < te(v) + sar(v) < | (3dg(v) — 3)/2]. which completes the proof of (P4). Similarly, one can also prove
(P5) by using the inequality (5). At last we prove (P6). Here we also suppose that uv crosses xy in G but consider
the graph G” = G — xy instead. Note that we have now m¢r(v) = 0, tg(v) < ter(v) < te(v) +1 < dg(v) — 1 and
sg(v) < sgr(v). If ter(v) = tg(v) + 1, then

3dgr(v) —2

ta(v) + sc(v) < ter(v) +sar(v) —1 < .

by (P3). If ter(v) = ta(v), then

ter (V) +2der(v) _ dolv) +2der(v) =2 _ 3der(v) =2

ta(v) + sa(v) < ter(v) + ser(v) < 5 = 2 2

by (4). Hence the proof of (P6) completes.

Now we assign an initial charge ¢ to V(G)U F(G*) by letting c(v) = dg(v) —4 for every v € V(G) and c(f) = d¢x(f) —4
for every f € F(G*). Since G* is a plane graph, by Euler’s formula, one can easily deduce that

Y o) =) (dev) =4+ Y (dox(N—H= ) (dex(v)=4+ > (de=(f)—4) =-8. (6)
) )

XEV(G)UF(GX) veVv(G feF(G* veVv(GX) feF(G¥)

We redistribute the charges of vertices in G and faces in G* according to the following rules (see Figure 3) and check
that the final charge ¢’ on each vertex and each face is nonnegative. Since our rules only move charge around and do
not affect the total charges, this leads to a contradiction to (6) and completes our proof.

R1. Let f = uvwu be a false 3-face in G* and let u be a false vertex.
R1.1. If dg(v) < 4, then f receives 1 from w.

R1.2. If min{dg(v), dg(w)} > 5, then f receives 1/2 from v and w, respectively.

R2. Let f = uvwu be a true 3-face in G*.
R2.1. If dg(u) =7, then f receives 1/3 from u.
R2.2. If dg(u) > 8, then f receives 1/2 from u.

R3. Let v be a 2-vertex in G, Ng(v) = {u, w} and let u be a 2-master of v. Then v receives 5/3 from v and 1/3 from w.
R4. Let v be a 3-vertex in G. Then v receives 1/3 from each of the neighbors of v in G.

R5. Suppose that uv crosses xy in G at a point z in G* and vxzv, vyzv are 3-faces in G*. Let Ng(u) = {v,w} and let
f1, f; be the face that is incident with the path xzuw and yzuw in G*, respectively.

R5.1. If dgx(f1) > 5, then v receives 1/3 from f; through the 2-vertex u.
R5.2. If dgx(fi) = dg=(f2) = 4, then v receives 1/3 from w through the 2-vertex u.

By R1, one can easily see that every false 3-face f in G* receives exactly 1 from the vertices incident with f. Thus
c(f) = —=1+1=0. For a true 3-face f in G* we can conclude that f is incident with either three 7*-vertices or two
8*-vertices by (P1). So by R2 we have

, . 1 1
c(fy > —1 +mln{3x§,2x§} =0.

Since 4-faces are not involved in the discharging rules, ¢'(f) = ¢(f) = 0 for every 4-face f € F(G*). Let f be a 5*-face
in G*. Then f may send out charges only by R5.1. However, no two 2-vertices are adjacent in G by (P1). This implies
that ¢’(f) > dgx(f) —4 — |d¢x(f)/2]/3 > 0 for dg=(f) > 5 by R5.1.
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Figure 3. Discharging rules for the proof of Theorem 2.3

Let v be a vertex in G. If dg(v) = 2, then ¢’(v) = =2+ 5/3+1/3 = 0 by R3, since 4 -vertices would not send out any
charges by the above rules and one neighbor of v in G must be a 2-master while the other neighbor is not. If dg(v) =3,
then by R4 one can also see that ¢’(v) = =1 +3x(1/3) = 0. If d¢(v) = 4, then it is easy to see ¢'(v) = ¢(v) = 0 since
4-vertices are not involved in the discharging rules. If 5 < dg(v) < 6, then ¢'(v) > dg(v) —4 —2x(1/2) > 0 by R1
and R2, since v is incident with at most two false 3-faces in G* and v would not send out charges to the true 3-faces
that are incident with it. If d¢(v) =7, then by R1 and R2.1,

1 1
W) >3—-2x=-—5x%x= .
c(v) >3 ><2 5><3>0
If 8 < dg(v) < 14, then v is adjacent to no 4 -vertices in G by (P1), which implies that ¢’(v) > dg(v) =4 —dg(v)/2 >0
by R1.2 and R2.2. If dg(v) = 15, then v is adjacent to no 3™-vertices in G by (P1). Meanwhile, R1.1 can be applied to v
only once, because otherwise v would be incident with two false 3-faces uvx and uvy such that u is a false vertex and
X,y are both 4~ -vertices, however, xy cannot be an edge in G by (P1), which is a contradiction. Thus,

c’(v)211—1—%><14>0

by R1 and R2.2. If d¢(v) = 16, then v is adjacent to no 2-vertices in G by (P1). So by R1, R2 and R4,

, 11 1
c(v)212—1—E—Etc(v)—gsc(v):

NN
N

~ 6l +s6() — 3 1elv) 2 0

if fo(v) > 1, and
d(v) >12— % to(v) — %Sg(v) >12— 1i(tc(v) +5s¢(v)) >0

if fc(v) =0, since tg(v) + sg(v) < 24 by (P3)—(P6) and tg(v) < 16 — fg(v).

The last cases are dg(v) > 17. In the following we only prove ¢’(v) > 0 for every 17-vertex v in G, since the proofs of
another cases are almost the same. Now consider that v may send out charges through its special neighbors by R5.2.
First of all, we suppose that v is adjacent to no false vertices in G*, that is, mg(v) = 0. So we have f;(v) = 0. Note that
there are s¢(v) many 3™ -vertices that are adjacent to v in G, at most one of which may be a 2-dependent of v. So by
R2.2, R3, R4 and R5.2,

WM 21316l ~ 3 (s 1) = 3 = 3ncl) = 2

! ! D 26 + 56 — £ t6) + 2n6() > 0,
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since tg(v) + sg(v) < 25 by (P3) and tg(v) + 2ng(v) < 17 by (1). By the same argument, one can also prove that that
c'(v) > 0 if fg(v) = 0. Therefore, we shall now assume that m¢g(v) = 1 and fg(v) > 1.

If to(v) < da(v) — 3 and fg(v) = 1, then by R1, R22, R3, R4 and R5.2,

dv)y>13-1- %tc(v) — 1§(sc(v) -1) - g — 1§nc(v) = % — %(t@(v) +s6(v)) — %(t@(v) +2ng(v)) 20,

since tg(v) + sg(v) < 24 by (P6) and tg(v) + 2ng(v) < 16 by (1).
If tq(v) < dg(v) — 3 and fg(v) = 2, then by R1, R2.2, R3, R4 and R5.2,

W) >13-1— % - % to(v) — % (sa(v) — 1) — g - %nc(v) = % - %(tc(v) +s6(v)) — %(tc(v) +2n6(v)) > 0,

since tg(v) + s¢(v) < 23 by (P5) and tg(v) + 2ng(v) <15 by (1).

If t¢(v) = dg(v) — 2 and fg(v) = 1, then by (1), we have ng(v) = 0, that is to say, v has no special neighbors in G. Thus
by R1, R2.2, R3 and R4,

21 1)+ sev) > 0,

1 1
) 2131 5160) — 3 (selV) =) =3 =5 — 3

since tg(v) + sg(v) < 24 by (P6).

If tc(v) = dg(v) — 2 and fg(v) = 2, then we also have ng(v) = 0. If v is adjacent to no 2-vertices in G, then by R1, R2.2
and R4,

dv)>13-1— % - 1il‘(;(v) - 1§sc(v) =9-— %(tc(v) +s6(v)) >0,

since tg(v) + sg(v) < 24 by (P4). So v has a neighbor u of degree 2 in G. Furthermore, since t¢(v) = dg(v) — 2 and
fc(v) = 2, u is the only 2-vertex that is adjacent to v in G and uv must be a crossed edge. Let xy be the edge that
crosses uv in G at a point z in G* and w be the other neighbor of v in G. Now vxzv and vyzv are two false 3-faces
that are incident with v. Let f;, f, be the face that is incident with the path xzuw and yzuw in G*, respectively. Then
we must have min{dg~(f1), dg=(f2)} > 4 by (P2). So by R5, v shall receive 1/3 from some element in V(G) U F(G*).
Hence by R1, R2.2, R3, R4 and R5,

, 1 1 1 5 1 1
dv)>13—-1-— 5= itc(v)— §(50(v)—1)—§ + 3 =8- §(tc(v)+sc( )) >0,
since tg(v) + s¢(v) < 24 by (P4). This completes the proof of the theorem. O

A bipartite subgraph F, with two partite sets X and Y, of the graph G is called a 3-alternating subgraph if dr(x) =
dg(x) < 3 for each x € X and dr(y) > dg(y) + 3 — A(G) for each y € Y. This important notion was introduced by
Borodin, Kostochka and Woodall in [6] and then used in some papers on graph colorings.

Theorem 2.4.

Every IC-planar graph with minimum degree at least 2 contains one of the following configurations:
(@) @ 2-alternating cycle;

(b) a 3-alternating subgraph;

(c) an edge uv such that d(u) < 6 and d(u) + d(v) < 15.



X. Zhang, G. Liu

Proof. Suppose that G is a minimal counterexample to the theorem. Then G is connected. Let G, be the subgraph
induced by the edges incident with the 2-vertices of G. Then by a similar proof as in Theorem 2.3, one can conclude
that G, is a forest. It follows that G, contains a matching M that covers all 2-vertices. If uv € E(M) and d¢(u) = 2,
then v is called the 2-master of u and u is called the 2-dependent of v.

Let X = {x:2<dg(x) <3} and Y = {y : y € Ng(x), x € X}. Since G contains no 3-alternating subgraph, we can

prove the following result.

Claim. 1If X is not empty, then there exists a bipartite subgraph F of G, with partite sets X and Y, such that dr(x) =1
for each x € X and dr(y) < 2 foreach y € Y.

The proof idea of the claim is borrowed from the proof of [6, Theorem 8]. Actually, one can also find that the proof of
it is just a part of the proof of [19, Lemma 2.4], so we omit the detailed proof of the claim here. Let F be the bipartite
subgraph from the claim. If xy € F and x € X, then y is called the 3-master of x and x is called the 3-dependent of y.

Combine these lines of discussions, we conclude that G has the following properties.

(P1) Every 2-vertex in G has a 2-master and a 3-master.
(P2) Every 3-vertex in G has a 3-master.

(P3) Every vertex in Y may have at most one 2-dependent and at most two 3-dependents.

Our proof of the theorem also uses the discharging method. First of all, we assign an initial charge ¢ to V(G) U F(G*)
by letting c(v) = dg(v) — 4 for every v € V(G) and c(f) = dgx(f) — 4 for every f € F(G*). Then by Euler’s formula one
can similarly deduce that erv(c)uﬂcx) c(x) = —8. Let us now discharge according to the following rules (see Figure 4).

R1. Let f = uvwu be a false 3-face in G* and let u be a false vertex.
R1.1. If dg(v) < 4, then f receives 1 from w.

R1.2. If min{dg(v), dg(w)} > 5, then f receives 1/2 from v and w, respectively.

R2. Let f = uvwu be a true 3-face in G*.
R2.1. If d¢(u) =7, then f receives 1/3 from u.
R2.2. If d¢(u) > 8, then f receives 1/2 from u.

R3. Let v be a 2-vertex in G. Then v receives 1 from its 2-master and another 1 from its 3-master.
R4. Let v be a 3-vertex in G. Then v receives 1 from its 3-master.

R5. Suppose that uv crosses xy in G at a point z in G* and vxzv, vyzv are 3-faces in G*. Let Ng(u) = {v, w} and let
f1, f, be the face that is incident with the path xzuw and yzuw in G*, respectively.

R5.1. If dgx(fi) > 5, then v receives 1/2 from f; through the 2-vertex u.
R5.2. If dgx(f1) = dg=(f2) = 4, then v receives 1/2 from w through the 2-vertex u.

In the following we show that the final charge ¢’ for every vertex and face is nonnegative. This implies that

Y )= ) =0,

XEV(G)UF(GX) XEV(G)UF(GX)

a contradiction.

Note that the rules R1, R2 and R5 are highly similar to the corresponding ones in the proof of Theorem 2.3. So by
some analogous arguments, one can check that ¢’(f) > 0 for every face in G* and ¢/(v) > 0O for every vertex of degree
between 4 and 12 in G. Since 2-vertices and 3-vertices participate only in R3 and R4, one can also conclude that
c’(v) = 0 for every 2-vertex and every 3-vertex in G by (P1) and (P2). If v is a 13-vertex in G, then v is adjacent to
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Figure 4. Discharging rules for the proof of Theorem 2.4

no 2-vertices since the configuration (c) is forbidden in G. This implies that R5.2 would not be applied to v. Moreover,
v would take part in R1.1 at most once. It follows that ¢’(v) > 9—1—-12x(1/2) —2x1 =0 by R1, R2, R4 and (P3).
At last we work with 14*-vertices, which may have special neighbors (recall the definition stated before (1)).

Let v be a vertex in G with dg(v) > 14. First of all, suppose that v has at least one special neighbor, that is, ng(v) > 1.
Then by R1, R2.2, R3, R4, R5.2, (P3) and (1),

)2 dol) —4 =1 =3 = 2t6lV) — 3 nalv) 1~ 2x1 = dolv) — 2 (telv) + 2n6(v) + 5 n6(V) — &
> dG(v)—%(dG(v)—Z)—B: %dg(v)—7 >0
if f6(v) = 2, and
¢ 2 o) 41— S 16() = 316 =1 = 2x1 = dolv) = 5 (1) + 2(V) + 5 () —8
> dolv) — 3 (do) = 1)~ = = S da(v) =7 20
if f6(v) = 1, and
c(v) > dg(v)—4~— % ta(v) - % ng(v) =1-2x1=dg(v) - % (ta(v) +2nc6(v)) + %nc(v) —7>dg(v) - % do(v) — g >0

if fc(v) = 0. Thus we assume that v has no special neighbors in G. If v has no 2-dependents or v is incident with at
most dg(v) — 1 many 3-faces, then

c’(v)zd(;(v)—4—1—%(dg(v)—1)—2><1 :%d(;(v)—§>0 or

c’(v)2dc(v)—4—1—%(dc(v)—Z)—1—2><1 :%dc(v)—720

by R1, R2, R3, R4 and (P3), respectively. Hence we shall assume that v has one 2-dependent v and all faces that are
incident with v in G* are of degree 3. Moreover, one can consequently deduce that uv is a crossed edge in G. Let xy
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cross uv in G at a point z in G*. Now vxzv and vyzv are two false 3-faces in G*. Let f; and f, be the face that is
incident with the path xzuw and yzuw in G*, respectively. Then we must have min {dcx (f1), dgx (fz)} > 4 since 2-vertex
is incident with no false 3-faces in G*. This implies that v would get 1/2 by R5 from either f; or w. Hence by R1, R2,
R3, R4 and (P3),

c/(v)zdc(v)—4—1—%(dc(v)—1)—1—2><1+%=1§dc(v)—720

for dg(v) > 14. O

Theorem 2.5.

Every IC-planar graph with minimum degree at least 3 contains one of the following configurations:

(@) a 3-alternating cycle;
(b) an edge uv such that d(u) + d(v) <12.

Proof. Suppose that G is a minimal counterexample to the theorem. Then it is easy to see that G is connected. Let
V5 be the set of 3-vertices and let Vi be the set of 107-vertices in G. Let F be the set of edges in G having one
end-vertex in V5 and let H be the bipartite subgraph with vertex set V53U V;f and edge set F. Since G does not contain
3-alternating cycles, H is a forest and thus |V(H)| = |V5| + |V;5| > |E(H)|. Moreover, the neighbors of every vertex
in V5 belong to the vertex set V;§ due to the absence of the configuration (b) in G. This implies that |E(H)| = 3|V5].
Hence we conclude that

Vibl > 2|VAl. 7)

Let us assign an initial charge c to V(G)UF(G*) by letting c(v) = d¢(v) —4 for every v € V(G) and c(f) = dgx(f)—4 for
every f € F(G*). It follows easily from Euler’s formula that 3 ur(ox) €(x) = —8. Now we redistribute the charges
of vertices and faces according to the following rules (see Figure 5).

R1. Every 10*-vertex gives 1/2 to a common pot from which each 3-vertex receives 1.

R2. Let f = uvwu be a false 3-face in G* and let u be a false vertex.
R2.1. If dg(v) < 4, then f receives 1 from w.

R2.2. If min{dg(v), dg(w)} > 5, then f receives 1/2 from v and w, respectively.

R3. Let f = uvwu be a true 3-face in G* such that dg(u) < dg(v) < dg(w).
R3.1. If dg(u) <5, then f receives 1/2 from v and w, respectively.
R3.2. If dg(u) = 6, then f receives 1/4 from u and receives 3/8 from v and w, respectively.

R3.3. If d¢(u) > 7, then f receives 1/3 from u, v and w, respectively.

We check that the final charge ¢’ on each vertex and each face is nonnegative. And we also show that the final charge
of the common pot is nonnegative. Since our rules only move charge around and do not affect the sum, this leads to a
contradiction that the total final charge is nonnegative and completes the proof.

Since |V;§| > 2| V5| by (7), the charge of the common pot is positive. By the above rules, one can easily check that every
3-face in G* would receive exactly 1 from the vertices that are incident with it and every 4*-face does not take part in
the discharging rules. So we conclude that ¢'(f) > 0 for every f € F(G*).

Let v be a vertex in G. If dg(v) = 3, then v does not participate in R2 and R3. So by R1, ¢'(v) = =14+1=0. If dg(v) = 4,
then it is trivial that ¢’(v) = ¢(v) = 0. If dg(v) =5, then v would send out no charges to its incident true 3-faces by R3.
Meanwhile, v may be incident with at most two false 3-faces since every two crossings in G are independent. So by R2.2,
cd(v) >1—-2x(1/2) = 0. If dg(v) = 6, then v is adjacent to no 6 -vertices since the configuration (b) is forbidden in G.
So to each true 3-face v shall send 1/4 by R3.2 and to each false 3-face v shall send 1/2 by R2.2. This implies that

1 1
'W)>2-2x-—4x-=0
c(v) > ><2 ><4
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Figure 5. Discharging rules for the proof of Theorem 2.5

because v can be incident with at most two false 3-faces. Similarly one can also check that

, 1 3
c(v)23—2x§—5x§>0

by R2.2 and R3.2 if dg(v) =7 and ¢'(v) >4 —8 x 1 =0 by R22 and R3.1 if dg(v) = 8. If dg(v) > 9, then by the same
argument as in the proof of Theorem 2.3 one can conclude that R2.1 may be applied to v at most once. It follows that
d(v)>25—-1-8x(1/2)=01if dg(v) =9 by R2 and R3 and ¢'(v) > dg(v) —4—1—(dg(v)—1)/2—1/2 > 0 if dg(v) > 10
by R1, R2 and R3. O

From Theorem 2.3 and Theorem 2.5, we can deduce the following two corollaries, which prove the existence of light
edges in IC-planar graphs with prescribed minimum degree.

Corollary 2.6.
Every IC-planar graph with minimum degree at least 3 contains an edge uv with d(u) + d(v) < 18.

Corollary 2.7.
Every IC-planar graph with minimum degree at least 4 contains an edge uv with d(u) + d(v) < 12

To end this section, we would like to point out that the upper bound 12 mentioned in Theorem 2.5 and Corollary 2.7 is
the best possible due to the existence of a 6-reqular IC-planar graph (see the right graph of Figure 1). Meanwhile, the
condition 0(G) > 3 in Corollary 2.6 is essential because the weight of any edge of the complete bipartite graph K3,
is 24 n, not bounded by a constant. But we still do not know whether Theorems 2.3 and 2.4 are tight or not. We leave
this as an open problem for further research.

3. Applications to coloring problems

A proper edge (resp. total) coloring of a graph is an assignment of colors to the edges (resp. to the vertices and edges)
of a graph so that no two adjacent edges (resp. elements) receive the same color. The smallest number of colors needed
in a proper edge (resp. total) coloring of a graph G is the edge (resp. total) chromatic number, denoted by x'(G)

(resp. x"(G))-
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For edge coloring, the well-known Vizing's theorem states that for any graph G, A(G) < x’(G) < A(G)+1. This theorem
divides all graphs into two classes: class one graphs have x’(G) = A(G) and class two graphs have x'(G) = A(G) + 1.
Consequently, a major question in the area of edge colorings is that of determining to which of these two classes a given
graph belongs. It is known that every planar graph with maximum degree at least 7 [16] and every 1-planar graph with
maximum degree at least 10 [22] is of class one. What can we say about IC-planar graph? The following answer can be
seen as a corollary of Proposition 2.1.

Proposition 3.1.
Every IC-planar graph with maximum degree at least 8 is of class one.

Proof. Let G be a minimum counterexample to the theorem with maximum degree A > 8. Then G is a connected
graph of class two and x'(G — e) < x'(G) for every edge e of G. In fact, such a graph G is also called A-critical graph
in the literature. In [12], Li showed that the average degree of every A-critical graph with A > 8 is at least 13/2. This
implies that |E(G)| > 13]V(G)|/4. However, on the other hand we have |E(G)| < 13|V(G)|/4 — 6 by Proposition 2.1.
This is a contradiction. O

Proposition 3.2.
There are IC-planar graphs of class two with maximum degree A for each A < 6.

Proof. Since Vizing [17] presented examples of planar graphs of class two with maximum degree no more than five, the
theorem holds for A < 5. Now we construct an IC-planar graph G" with maximum degree 6 by replacing an edge uv of the
6-regular IC-planar graph G shown in Figure 1 with a path uwv satisfying d¢(w) = 2. Note that A(G') = 6, |V(CG')| = 25
and |E(G’)| = 73. Clearly the largest matching in G’ has size at most ||V(G')|/2] = 12. Since |E(G')| =73 > 12A(C),
the graph G’ is of class two. O

In view of the above two propositions, we leave a conjecture here.

Conjecture 3.3.
Every IC-planar graph with maximum degree 7 is of class one.

Let f be a function into positive integers. We say that G is edge-f-choosable (resp. totally-f-choosable) if, whenever
we are given a list of f(x) colors to each element x € E(G) (resp. x € E(G) U V(G)), there exists a proper edge
(resp. total) coloring of G such that each element is colored with a color from its own list. In particular, if f(x) = k
for every element, then we say that G is edge-k-choosable (resp. totally-k-choosable). The list edge (resp. list total)
chromatic number of G, denoted by x/(G) (resp. x/'(G)), is the smallest integer k such that G is edge-k-choosable (resp.
totally-k-choosable). The following is the well-known List Coloring Conjecture, see [6, 10].

Conjecture 3.4.
For any graph G, x{(G) = x'(G) and x'(G) = x"(G).

As far as we know, this conjecture was confirmed for several classes of graphs including planar graphs with maximum
degree at least 12 [6] and 1-planar graphs with maximum degree at least 21 [23]. We now focus on IC-planar graphs.
Actually, based on Theorem 2.4 and Theorem 2.5, one can respectively prove the following two theorems.

Theorem 3.5.
Let G be an IC-planar graph. If A(G) > 14, then x/(G) = A(G) and x[(G) = A(G) + 1.

Theorem 3.6.
Let G be an IC-planar graph. If A(G) > 10, then x[(G) < A(G) + 1, and if A(G) > 11, then x/'(G) < A(G) + 2.
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The proofs of the above two theorems are omitted here since highly similar proofs constructed by Borodin et al. can be
found in [6]. The interested readers can refer to Theorem 9 of their paper.

We have now confirmed the List Coloring Conjecture for IC-planar graphs with maximum degree at least 14. By the way,
let us recall the well-known Total Coloring Conjecture, which asserts that every graph of maximum degree A admits a
(A +2)-total coloring. This conjecture has already been confirmed for planar graphs with maximum degree at least 7 [15]
and 1-planar graphs with maximum degree at least 13 [21]. By Theorem 3.6, we can additionally conclude that the Total
Coloring Conjecture also holds for IC-planar graphs with maximum degree at least 11.

A linear forest is a forest in which every connected component is a path. A mapping ¢ from E(G) to {1,2,..., t} is called
a t-linear coloring if the subgraph induced by ¢~(s) is a linear forest for every 1 < s < t. The linear arboricity la(G)
of a graph G is the minimum number t for which G has a t-linear coloring. Akiyama, Exoo and Harary [1] conjectured
that la(G) = [(A(G)+1)/2] for any regular graph G. It is obviously that la(G) > [A(G)/2] for every graph G and
la(G) > [(A(G)+1)/2] for every reqular graph G. So this conjecture is equivalent to the following conjecture, which is
known as Linear Arboricity Conjecture.

Conjecture 3.7.

For any graph G, [%] <la(G) < [

2

This conjecture has been completely confirmed for planar graphs by Wu [18, 20]. Moreover, Cygan et al. [7] proved that
la(G) = [A(G)/2] for every planar graph with maximum degree at least 9. For an IC-planar graph, we can also determine
its linear arboricity provided that its maximum degree is large enough. The proof of the following theorem is based
on Theorem 2.3. We omit it here since a highly similar proof can be found in [18]. The interested readers can refer to
[18, Theorem 2.2].

Theorem 3.8.
A(G)

Let G be an IC-planar graph. If A(G) > 17, then la(G) = [?]
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