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Abstract

Let T be a tree with at least four vertices, none of which has degree 2, embedded in
the plane. A Halin graph is a plane graph constructed by connecting the leaves of T
into a cycle. Thus the cycle C forms the outer face of the Halin graph, with the tree
inside it. Let G be a Halin graph with order n. Denote by (G) the Laplacian spectral
radius of G. This paper determines all the Halin graphs with @(G) > n —4. Moreover,
we obtain the graphs with the first three largest Laplacian spectral radius among all
the Halin graphs on n vertices.
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1 Introduction

In this paper, we consider simple and undirected connected graphs. Let G = G(V, E) be a
simple graph with # vertices and m edges. Let Ng(v) be the set of vertices adjacent to v in
G and d(v) = |[Ng(v)| be the degree of v. As usual, we denote by A and § the maximum and
minimum degree of G, respectively. Denote by G[S] the induced subgraph of G. Let G — v
be the graph obtained from G by deleting the vertex v € V(G). Similarly, G — e denote the
graph obtained from G by deleting an edge e € G. Let G; and G, be two vertex disjoint
graphs. The graph G; U G is the graph with vertex set V(G;) U V(G;) and edge set E(G;) U
E(G,). The join of graphs G; and G, is the graph G; Vv G, obtained from G; U G, by joining
each vertex of G; with every vertex of G,. As usual, we denote by P,, C, and Kj, the path,
cycle and complete graph on # vertices, respectively.

A Halin graph is a plane graph constructed as follows. Let T be a tree on at least four
vertices. All vertices of T have degree 1 or at least 3. The vertices with degree 1 are called
leaves. Let C be a cycle connecting the leaves of T in such a way that C forms the boundary
of the unbounded face. We always say the tree T is the characteristic tree of G and the
cycle C is the primary cycle. Moreover, the vertices of C are called exterior vertices and
the other vertices are called interior vertices. The Halin graphs was introduced by Halin
[1]. We call K3 v C,_; the wheel graph, denoted by W,,. Clearly, W,, is the unique Halin
graph with only one interior vertex. In particular, we use H(t,t;) and H(ty, t,3,t) to
denote the Halin graphs with two interior vertices and three interior vertices, respectively
(see Figure 1).

For a graph G, we assume d; > dp > --- > d,, is the degree sequence of G and D(G) =
diag(dy, ds, . .., d,) is the diagonal matrix of vertex degree. Let A(G) be the adjacency ma-
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Figure 1 Halin graphs H(ty, t;) and H(tq, ty, t3, ts).

trix. The Laplacian matrix of G is defined as L(G) = D(G) — A(G). Obviously, L(G) is a pos-
itive semi-definite symmetric matrix, and its eigenvalues are denoted by 11 (G) > u2(G) >
-+« > 1, (G) = 0. Moreover, u(G) = u1(G) is called the Laplacian spectral radius of G. Let
G° be the complement graph of G. It is well known that

wi(GY) =n—pui(G) fori=1,2,...,n-1

Consequently, we obtain a trivial upper bound of the Laplacian spectral radius: u(G) < n.
Let G be a Halin graph on # vertices, u(G) > A(G) + 1 > 4, the equality holds if and only
ifG=W,.

The Laplacian eigenvalues of G can be used in several physical and chemical problems.
Many researchers pay attention to the Laplacian spectra of graphs (see [2—-11]). Halin graph
is very important in the mathematical literature. In this paper we study the Laplacian spec-

tral radii of Halin graphs. The following are our main results.

Theorem 1.1 Let G be a Halin graph on n vertices.
(i) n>wu(G)>n-1ifandonly if G = W,,.
(i) n—1>u(G)>n—-2ifand only if G=H(n-4,2).
(iii) n—=2> u(G)>n-3ifand only if G € {H(n-5,3),H(2,2,1,0)}.
(iv) n-3>u(G)>n—-4ifand only if Ge {H(n-6,4),H(3,2,1,1),H(n - 6,2,1,0),
H(2,2,t3,t4)} where t3 + t4 > 2.
W) IfG&{W,,H(n-4,2),H(n-5,3)}, n(W,) > n(H(n - 4,2)) > w(H(n - 5,3)) > u(G).

2 Preliminaries
In order to prove the theorem, we present some lemmas which will be used frequently in

the proof.

Lemma 2.1 ([7]) Let G be a connected graph on n vertices with at least one edge. Then
w(G) = A(G) + 1 with equality holding if and only if A(G) =n - 1.

Lemma 2.2 ([12]) Let G be a graph and q(G) be the signless Laplacian spectral radius.
Then u(G) < q(G). Moreover, if G is connected, then the equality holds if and only if G is a
bipartite graph.
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Lemma 2.3 ([13]) Let G be a simple connected graph with n vertices and degree sequence
di>dy>--->d,. Then

dy+2d; -1+ /(2d; —dy +1)? + 8(i — 1)(dy — d;) }

q(G) < min{ 5

1<i<nmn

Lemma 2.4 ([2]) Let G be a connected graph. Then
w(G) < max{d(u) +dW) |uve E(G)}.

Moreover, the equality holds if and only if G is a regular bipartite graph or a semiregular
bipartite graph.

For a graph G, we denote by m(v) the average of degrees of the vertices adjacent to v,
that is,

ZueN(v) d(u)
dw) ’

m(v) =
As usual, d(v)m(v) is called the 2-degree of vertex v.

Lemma 2.5 ([6, 8]) Let G be a simple graph. Then

d(u)(d(u) + m(u)) + d(v)(d(v) + m(v))
du) +d(v)

w(G) §max{ uveE(G)}.
If G is connected, then equality holds if and only if G is a regular bipartite graph or a
semiregular bipartite graph.

Lemma 2.6 ([14]) Let G be a Halin graph with k interior vertices. Then |E(G)| =2n—k -1
and n > 2k + 2.

First, we discuss the Halin graphs with at least four interior vertices.
Lemma 2.7 Let G be a Halin graph with k interior vertices. If k > 4, then 1(G) < n — 4.

Proof Let G be a Halin graph with the primary cycle C. It follows from Lemma 2.6 that
n> 2k + 2> 10. Consider any edge uv € E(G). If u,v € V(C), then d(u) + d(v) =6 <n—4.
If u € V(C) and v ¢ V(C). Suppose that d(v) =t + 1. Note that t + 1 + 3(k-1) —=2(k-1) =
t + k >t + 4, there are at least ¢ + 4 vertices in C. Then n — k = |V(C)| > t + 4, and thus
du)+dv)=t+1+3<n—-k<n-4.Ifu,v¢ V(C),andletd(u) =t + 1land d(v) = £, + 1.
Similarly, 1 + 1+, +1+3(k—-2) - 2(k-1) =ty + tL + k=2 > 11 + to + 2, so there are at
least #; + £ + 2 vertices in C. Then n —k = |V(C)| > #; + £, + 2, and therefore d(u) + d(v) =
Lh+1l+t+1<n-k<n-4.In each case, we always have d(u) + d(v) < n — 4. It follows
from Lemma 2.4 that u(G) < n — 4. O

Next, we consider the Halin graphs with three interior vertices. Let G = H(ty, 5, £3,t4)
and t; > £, > 2. Let u, v and w be three interior vertices. For simplicity, we may take ¢ =
t3+t,>1.Itisclearthat d(u) =t +1,d(v) =t +2,dw) =t +land n =t + t; + £, + 3.



Jia and Xue Journal of Inequalities and Applications (2017) 2017:73 Page 4 of 18

Lemma 2.8 Let G = H(ty, 1y, t3,t4) be a Halin graph with t; > t, > 3. Then u(G) <n—4.

Proof For t, > 4, it can easily be seen that n > 12 and

t=n-(tH+t+3)<n-11,
h=n—-(t+t,+3)<n-8,

thh=n—-(t+H+3)<n-8.

Consider all types of edges in G. Let ' e N(u) N V(C), v e Nw)NV(C) and w' € N(w)N
V(QC). It is obvious that d(«') = d(v') = d(w') = 3. Then it follows that

du)+dv)=t+t+3=n—t, <n-4;
dv)+dw)=t, +t+3=n—-t <n-4;
duw)+d(u)=t+1+3=H+4<n-8+4=n-4%
dw)+d(W)=t+1+3=6+4<n-8+4=n-4

d(v)+d(1/)=t+2+3§n—ll+5=n—6.

If xy is an edge in C, then d(x) + d(y) = 6 < n—4. Consequently, we have d(x) + d(y) <n-4
for each edge xy € E(G). Then it follows from Lemma 2.4 that u(G) < n — 4 in this case.

Ift, =3,thent; >t =3 andn=¢t+1t + t, + 3 > £; + 7. In this case, we use the bound in
Lemma 2.5 to prove the result. Let ' € N(u) N V(C), v e N(v) N V(C) and w' € N(w) N
V(C). Note that

du)=t +1,
dv)=t+2=n-t -4,
d(w) =4,
du)=d(V)=dw)=3.

The 2-degree of each vertex is as follows:

dw)m(u) =n+ 2t — 4,
d(vym(v) = 3n -2t — 13,
dwymw)=n—-t +5,
du'ymu') =t +7,
dVym(V)=n-t +2,
dw)m(w') = 10.

For all types of edges in G, consider the index in Lemma 2.5. Let e = xy be an edge of G.
Put

_ dx)(d(x) + m(x)) + d(y)(d(y) + m(y))
B d(x) +4d(y) '

f(e)=f(xy)
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For simplicity, we use type #'u’ to denote the edges u;u; € E(G) where u;, u; € N(u) N V(C).
Similarly, we define the symbol v'v and w'w’. Then we will prove that the inequality f(e) <
n — 4 holds. Note that each edge of G belongs to the one below (the types u'w’ and v'v/

may not exist).

e Uv:
Fluv) = d(w)(dw) + mw)) + dW)(dW) + m(v))
. d(u) + d(v)
G+ n+2 -4+ (-t —4)? +3n -2 13
) n-3 :

Then f(uv) < n -4 if and only if (2t; — 3)n > 2¢2 + 10¢; — 12. Since n > t; + 7, it is
easy to verify that (26 —3)n > (2t; — 3)(t; +7) > 2£} + 10t; — 12 when £ > 9. So we
have f(uv) <n -4 when f; > 9.

If f; = 8 and 1 > 16, then (2¢; — 3)n > 208 > 196 = 2¢ + 10t; — 12. Hence
fluv) <n-4.

If 4 =7 and n > 15, then (2¢; — 3)n > 2£7 + 104, — 12. Hence f(uv) < n — 4.

An argument similar to the above shows that f(uv) < n — 4 when { =6 =5

n=14, {nZlS,
t =4, =3,
{n212, and{nzll

Thus we conclude that inequality f(uv) < n — 4 holds with

h=>9,

th=8 and #n>16,
tip=7 and n>15,
th=6 and n>14,
tt=5 and n=>13,
ti=4 and n>12,
=3 and n>12.

. vw
Fow) = (n—t1—4)2+3n—2t1—13+16+n—t1+5‘

n—t

Then f(vw) < n—4 if and only if 41 > £ + £; + 24. The inequality f(vw) < n — 4 holds
with

t >4,
t1=3 and n>12.

_ B+1)2+n+26-4+9+4+7
B t1+4' )

S (uud)
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Then f(uu') < n—4 ifand only if (t; + 3)n > t12 + 9t + 29. The inequality
f(uu') < n—4 holds with

tlZ&
tp=7 and n>15,
th=6 and n>14,
tt=5 and n=>13,
ti=4 and n>12,
t1=3 and n>11.
RV
n—t—4)2+3n-26-13+9+n—-t, +2
f(VV/):( 1 ) 1 1 )

Vl—tl—l

Then f(vv) < n—4 if and only if (¢ — 1)n > 2 + t; + 10. The inequality f(vW) <n —4
holds with

h >4,
tp=3 and n>11.

_n—t1+40

S (ww)) -

Then f(ww') <n—4 if and only if 67 + t; > 68. The inequality f(ww') < n — 4 holds
with

t >4,
=3 and n>11.

_n+27

./
fv) c
Then f(u'v') < n -4 if and only if 5n > 51. The inequality f(#'v') < n — 4 holds with

t1241
=3 and n>11.

- VW
;o n—t + 30
f(v w ) ==
Then f(v'w') <n—4 if and only if 5n + £; > 54. The inequality f(v'w') < n — 4 holds
with
tl Z 4,

=3 and n>11.
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o u'w
;o h+ 35
f'w) = <
Then f(u'w') <n—4 if and only if 61 — £; > 59. The inequality f(«'w') < n— 4 holds
with
tl > 4"

tp=3 and n>11.

_9+t1+7

f(u/u/) 3

Then f(u'u') <n—4 if and only if 3n — t; > 28. The inequality f (') < n — 4 holds
with

t1241
tp=3 and n>11.

/.

I9+n—-t1+2

f(v v ) = 3
Then f(v'v') < n—4ifand only if 2n + t; > 23. The inequality f(v'v') < n— 4 holds with

t > 3.

19
/o
fWw) = 3
Then f(Www') <n -4 if and only if 3n > 31. The inequality f(v'v') < n — 4 holds with

t124'1
=3 and n>11.

We summarize what has been discussed above as follows.

o If 41 > 9, then max{f(e)|e € E(G)} < n — 4. Moreover, since G is not a bipartite graph,
it follows from Lemma 2.5 that 4(G) < n — 4.

o If 4 =8, then n > 15. When #n > 16, we have max{f(e)|e € E(G)} < n —4. Hence
w(G) <n—4. When n =15, that is, G = H(8, 3,1, 0). Note that
W(H(8,3,1,0)) ~10.0680 < n — 4. Thus u(G) < n—4 when £, = 8.

o Ift; =7, then n > 14. When n > 15, we infer that max{f(e)|e € E(G)} <n—4.1f n = 14,
then G = H(7,3,1,0). Since w(H(7,3,1,0)) ~ 9.0913 < n — 4, it follows that
w(G)<n—-4whent; =7.
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o If 41 = 6, then n > 13. When n > 14, we have max{f(e)le € E(G)} <n-4.1fn=13,
then G = H(6,3,1,0). By the fact that u(H(6,3,1,0)) = 8.1298 < n — 4, it follows that
W(G) <n—4 whent; =6.

o If 4 =5, then n > 12. When n > 13, we infer that max{f(e)|le € E(G)} <n—-4.1f n =12,
then G = H(5,3,1,0). Since w(H(5,3,1,0)) ~ 7.2022 < n — 4, it follows that
u(G) < n—4 when ¢ =5.

o Ift; =4, then n > 11. When n > 12, we infer that max{f(e)le € E(G)} <n-4.1fn=11,
then G = H(4,3,1,0). Now that u(H(4,3,1,0)) &~ 6.3694 < n — 4, it follows that
W(G) <n—4 whent; =4.

o If 4 =3, then n > 10. When n > 12, we infer that max{f(e)|le € E(G)} <n-4.1fn =11,
then G =H(3,3,2,0) or H(3,3,1,1). If n =10, then G = H(3,3,1,0). Note that
W(H(3,3,2,0)) ~ 6.1116 < n — 4, u(H(3,3,1,1)) ~ 6.4142 < n — 4 and
w(H(3,3,1,0)) ~ 5.8577 < n — 4. Therefore u(G) < n — 4 in this case.

Thus we have derived that 14(G) < n — 4 when ¢, = 3. This completes the proof. O

Lemma 2.9 Let G = H(ty,ty,t3,ts) be a Halin graph with t; > t; = 2.
(1) Ifti =2 or n—6, then u(G) >n—4.
(2) If3<ti<n-7and G#H(3,2,1,1), then u(G) <n—4.

Proof For t, =2.1f 1 =2 or n — 6, then A(G) = n — 5. According to Lemma 2.1, it follows
that u(G) > A +1 = n — 4. Therefore (1) holds.

Suppose 3 <, < n— 7. Obviously, n > #; + 7. We also use the bound in Lemma 2.5 to
prove the result. Let ' € N(u) N V(C), v € N(v) N V(C) and w' € N(w) N V(C). Note that

d(u) =t +1,
dv)=n-t -3,

dw) =3,
du)=d(V)=dw)=3.

Then the 2-degree of each vertex is as follows:

du)ym(u) =n+ 2t -3,
d(vym(v) =3n -2t — 11,
dwmw)=n—-t +3,
duym(u) =t +7,
dV)ym(V)=n-t +3,
dw)mw') =9.

For all types of edges in G, consider the index in Lemma 2.5. Let e = xy be any one edge
of G. Put

_ dx)(d(x) + m(x)) + d(y)(d(y) + m(y))
B d(x) +d(y) '

f(e) =f(xy)

For simplicity, we use #'u’ to denote the edges u'u” € E(G) where u/,u” € N(u) N V(C).
Similarly, we define the symbol v'v/ and w'w’. Then we will prove that the inequality f(e) <
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n — 4 holds. Note that every edge of G belongs to the one below, and the types u'w’ and
V'V exist in some circumstances.

e Uuv:

B+ +n+26-3+m—-t-3)>+3n-24-11

flw) = —

Then f(uv) < n—4 if and only if (4 — 2)n > £ + 4t; — 6. The inequality f(uv) <n -4

holds with
tl Z 8’
tp=7 and n>15,
thh=6 and #n>14,
tt=5 and n=>13,
ti=4 and n>13,
tp=3 and #n>15.
. W
m-t-3)2+3n-26-11+9+n-4+3
flvw) = )

n-—t

Then f(vw) < n—4 ifand only if ( — 2)n > £ — £; + 10. The inequality f(vw) <n —4
holds with

t124'1
=3 and n>16.

(A1) +n+260-349+10+7
- t1+4 ’

S (uud)

Then f(uu') < n—4 ifand only if (t; + 3)n > t12 + 9t + 30. The inequality
f(uu') < n—4 holds with

=9,
th=8 and #n>16,
ti=7 and n>15,
t=6 and n>14,
t1=5 and n>13,
ti=4 and n>12,
tp=3 and n>11.
RV
n—t-32+3n-26-11+9+n-t +3
f(vv/):( 1 ) 1 1 )

n—t



Jia and Xue Journal of Inequalities and Applications (2017) 2017:73 Page 10 of 18

Then f(vv) < n—4 if and only if (t; — 2)n > £} — t; + 10. The inequality f(vW) <n -4
holds with

t12431
th=3 and n>16.

_Vl—t1+30

S (ww)) c

Then f(ww') < n—4 if and only if 51 + £; > 54. The inequality f(ww') < n — 4 holds
with

t124,
th=3 and n>11.

/).

, n n+28
f(uv):T.

Then f(u'v') < n—4 if and only if 5n > 52. The inequality f(#'v') < n — 4 holds with

t >4,
=3 and n>11.

- VW
—t1+30
fvw) = n-h+ o
6
Then f(vw') < n—4 if and only if 5x + £; > 54. The inequality f(v'w') < n — 4 holds
with
L= 4,

=3 and n>11.

e uw:
4 +34
fluw) = 2=,
6
Then f(u'w') < n—4 if and only if 61 — £ > 58. The inequality f(«'w’) < n— 4 holds
with
L= 4,

th=3 and n>11.
R

_9+t1+7

f(u/u/) 3
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Then f(u'u') < n—4 if and only if 3n — £; > 28. The inequality f(«'') < n — 4 holds
with

t124’
tp=3 and n>11

/).

9+n-t+3

f(v v ) = 3
Thenf(v'v') < n—4if and only if 21 + £; > 24. The inequality f(v'V') < n — 4 holds with

t124’
tp=3 and n>11.

f(ww)=6.

Since n >t + 7 > 10, we have f(W'w') < n — 4.
So we have the following conclusions.

o If 41 > 9, then max{f(e)|e € E(G)} < n— 4. According to Lemma 2.5, it follows that
w(G) <n—4.

o Ift; = 8, then n > 15. When n > 16, we have max{f(e)|e € E(G)} < n—4.If n = 15, then
G = H(8,2,2,0) or H(8,2,1,1). Note that (FH(8,2,2,0)) ~ 10.0928 < 1 — 4 and
w(H(8,2,1,1)) ~ 10.1016 < n — 4. Thus u(G) < n — 4 when f; = 8.

o Ift1 =7, then n > 14. When n > 15, we have max{f(e)|e € E(G)} < n—4.If n = 14, then
G=H(7,2,2,0) or H(7,2,1,1). Note that u(H(7,2,2,0)) ~ 9.1261 < n — 4 and
Ww(H(7,2,1,1)) 2 9.1414 < n — 4. Hence u(G) < n—4 when t; = 7.

o If 41 = 6, then n > 13. When n > 14, we have max{f(e)le € E(G)} <n-4.1fn=13,
then G = H(6,2,2,0) or H(6,2,1,1). Note that u(H(6,2,2,0)) ~ 8.1820 < n — 4 and
Ww(H(6,2,1,1)) ~ 8.2113 < n — 4. Hence u(G) < n — 4 when t; = 6.

o Ifty =5, then n > 12. When n > 13, we have max{f(e)|e € E(G)} < n—4.1f n =12, then
G =H(5,2,2,0) or H(5,2,1,1). Note that u(H(5,2,2,0)) ~ 7.2861 < 11 — 4 and
Ww(H(5,2,1,1)) ~ 7.3502 < n — 4. Hence u(G) < n — 4 when t; = 5.

o If 1 = 4, then n > 11. When n > 13, we have max{f(e)|e € E(G)} < n—4.If n =12, then
G =H(4,2,3,0) or H(4,2,2,1). If n = 11, then G = H(4,2,2,0) or H(4,2,1,1). Note
that w(FH(4,2,3,0)) ~ 6.8985 < 1 — 4, w(H(4,2,2,1)) ~7.0131 < 1 — 4,

W(H(4,2,2,0)) ~ 6.5037 <n—4 and w(H(4,2,1,1)) ~ 6.6518 < n — 4. Therefore
w(G) <n—4 whent =4.

o If 4 =3, then n > 10. When n > 15, we have max{f(e)le € E(G)} <n—-4.1If
n=10,11,12,13,14, then G e H = {H(3,2,2,0),H(3,2,1,1),H(3,2,3,0),H(3,2,2,1),
H(3,2,4,0),H(3,2,3,1),H(3,2,2,2),H(3,2,5,0),H(3,2,4,1),H(3,2,3,2),H(3,2,6,0),
H(3,2,5,1),H(3,2,4,2), H(3,2,3,3)).

Note that ©(H(3,2,1,1)) ~ 6.2470 > n — 4 and if G € H\{H(3,2,1,1)} then
1(G) < n— 4 (see Table 1). This implies that if f; =3 and G # H(3,2,1,1), then
w(G) <n—4.
Consequently, we infer that (2) holds. This completes the proof. d
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Table 1 The Laplacian spectral radii of some Halin graphs with three interior vertices

Page 12 of 18

G 6) G 1(G)
n=8 H(2,2,1,0) 54142 n=13 H(6,3,1,0) 8.1208
n=9 H2,2,2,0) 56996 H(3,2,5,0) 8.2480
H(2,2,1,1) 6.0000 H(3,2,4,1) 83198
H(3,2,1,0) 5.7480 H(3,2,3,2) 8.3052
H(6,2,2,0) 8.1820
n=10 H(3,3,1,0) 58577 H6,2,1,1) 82113
Zg " ?i Ceen "4 H(7,3,1,0 90913
H(4,2,1,0) 6.3500 H(3,2,6,0) 9.1708
H(3,2,2,0) 59709 H(3,2,5,1) 9.2272
H3,2,1,1) 62470 H(3,2,4,2) 9.2180
H(3,2,3,3) 9.2198
n=11 H(@3,3,2,0) 6.1116 H(7,2,2,0) 91261
H(3,3,1,1) 64142 H(7,2,1,1) 91414
Haa5o Sa0s N=15 H(8,3,1,0) 100680
H(3,2,2,1) 6.7387 H(8,2,2,0) 100928
H(4,2,2,0) 65037 H8,2,1,1) 10.1016
H(4,2,1,1) 66518
n=12 H(5,3,1,0) 7.2022
H(3,2,4,0) 73612
H(3,2,3,1) 74771
H(3,2,2,2) 7.4446
H(4,2,3,0) 6.8985
H(4,2,2,1) 70131
H(5,2,2,0) 7.2861
H(5,2,1,1) 73502

For Halin graphs with three interior vertices. From the proof of the above lemmas, we
see thatonly H(3,2,1,1), H(2,2, t3,t4) and H(n - 6,2,1,0) have the Laplacian spectral radii
greater than n — 4. Clearly, n — 4 < u(H(3,2,1,1)) < n — 3 (see Table 1).

Lemma 2.10 Let G € {H(2,2,t3,t4),H(n —6,2,1,0)}, where t3 + t4 > 2, then u(G) < n-3.

IfG=H(2,2,1,0), then n -3 < u(G) <n—2.

Proof It is clear that H(2,2,t3,t4) and H(n — 6,2,1,0) have the same degree sequence:

(dv,ds,...,d,)=(n-5,3,3,...,3).

Let G € {H(2,2,t3,t4),H(n - 6,2,1,0)}. By Lemmas 2.2 and 2.3, we have

wu(G)

N

1<i<nm

2

- n—5+6—1+\/(6—(n—5)+1)2+8(n—5—3)

- 2

2

If n > 11, it is easy to check that

n-3

- n+/(n-12)2 + 8(n —8)
> 5 .

n+\/(n—12)2+8(n—8)

. {d1+2di—1+\/(2di—d1+1)2+8(i—1)(d1—di)}
min
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Therefore w(G) < n — 3. If 8 < n <10, then G € {H(2,2,1,0),H(2,2,2,0),H(2,2,1,1),
H(3,2,1,0), H(2,2,3,0), H(2,2,2,1), H(4,2,1,0)}. If G = H(2,2,1,0), then # — 3 < u(G) <
n— 2. Otherwise, u(G) < n — 3 (see Table 1). This lemma follows. O

Now we consider the Halin graphs with two interior vertices. Let G = H(f;,£,) and t; >
ty >2.Notethatty =n—1t), —2 > tp, then n > 2¢, + 2.

Lemma 2.11 Let G = H(t1, ;) be a Halin graph with t; > t, > 5. Then u(G) < n—4.

Proof Suppose u and v are the two interior vertices. Let ' € N(u) N V(C) and v e N(v) N
V(C). Note that

du)=n-t -1,
dv)=t +1,
du)=d(W)=3.

Then the 2-degree of each vertex is as follows:

d(u)m(u) =3n—2t, — 5,
dwv)m(v)=n+2t, -1,
duYm(u')=n—-1t, +5,

dV)ym(V)=t+7.

For all types of edges in G, consider the index in Lemma 2.5. Let e = xy be any one edge
of G. We may take

_ dx)(d(x) + m(x)) + d(y)(d(y) + m(y))
B d(x) +d(y) '

f(e) =f(xy)

For simplicity, we use #'u’ to denote the edges u'u” € E(G) where u/,u” € N(u) N V(C).
Similarly, we define the symbol v'v'. It is clear that every edge of G belongs to the one
below.

e Uuv:

M=t -1)?+3n-2t-5+(t, +1)> +n+2t, -1
- .

f() =

Then f(uv) < n—4 if and only if (&, — 3)n > £3 + 2t — 2. The inequality f(ux') < n - 4
holds with

th>7,
t,=6 and #n>16,
tp=5 and n>17.

_ (m—t,-1)*+3n-2t,-5+9+n—-t,+5
B n—ty+2 ’

S (uud)
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Then f(uu') < n— 4 if and only if (¢, — 4)n > £3 — 5, + 18. The inequality

f(uu') < n—4 holds with

t226)

t=5 and #n>18.

(B +1)P+n+2-149+5+7
- t2+4 ’

()

Then f(vv') < n—4 if and only if (¢, + 3)n > £3 + 9, + 32. The inequality f(v/) < n -4
holds with

t226;

t,=5 and n>13.

o uv
, n n+30
f(uv)- e
Then f(u'v) <n-4ifand only if 5n > 54.1f t, > 5, f(u'V') < n— 4.
e uu'
o 18+42(m—ty +5)
fluul) = SRS,
Then f(u'u') <n-4ifandonlyif2n+ ¢, >26.1ft, > 5, f(u'u') <n - 4.
. VYV
18 +2(t, +7
f(v/v/): + é2+ )

Then f(VV)<n-4ifandonlyif 3n —t, > 28.1f t, > 5, f(VV) < n— 4.
Thus we infer that max{f(e)le € E(G)} <n-4ift,>7,{2-% or {27} Accordingto
Lemma 2.5, it follows that u(G) < n — 4. Otherwise,

G € {H(5,5),H(6,5),H(6,6),H(7,5), H(7,6),H(8,5),H(9,5), H(10,5) }.
It is easy to see that 1(G) < n — 4 in this case (see Table 2). This completes the proof. [

Lemma2.12 Let G = H(n—6,4) be a Halin graph with n > 10 vertices. Then n—4 < 1(G) <
n-3.
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Proof Since A(G) = n — 5, it follows from Lemma 2.1 that u(G) > n — 4. The de-
gree sequence of G is (dy,ds,...,d,) = (n - 5,5,3,...,3). From Lemmas 2.2 and 2.3, we

have

w(G)

A

. {dl+2di—1+\/(Zdi—dl+1)2+8(i—1)(d1—di)}
min )

1<i<n

_di+2dy -1+ VQdy —dy +1)% + 8(d, - d»)
- 2

n+4+./(n—16)2 + 8(n —10)

2

If n > 19, then we get

_ 2 _
32n+4+\/(n ;6) +8(n 10).

n—

Therefore u(G) < n — 3 when n > 19. If n < 18, then G = H(t;,4) where #; = 4,5,6,...,12.
It is easy to check that 1(G) < n — 3 (see Table 2). Thus we complete the proof. a

Lemma2.13 Let G = H(n->5,3) be a Halin graph with n > 8 vertices. Then n—3 < u(G) <
n — 2. Moreover, the right equality holds if and only G = H(3,3).

Proof The degree sequence of G is (d1,ds,...,d,) = (n — 4,4,3,...,3). It follows from
Lemma 2.1 that ©(G) > A(G) +1 = n— 3. From Lemmas 2.2 and 2.3, we have

min
1<i<nmn

w(G)

N

{dl+2di—1+\/(Zdi—dl+1)2+8(i—1)(d1—di)}
2

- d1+2d2—1+\/(2d2—d1+1)2+8(d1—d2)
- 2

n+3++/(n—13)2 +8(n-38)
5 .

If n > 14, then

>n+3+\/(n—13)2+8(n—8)
> 5 .

-2

Therefore u(G) < n — 3. If n < 13, then G = H(t;,3) where £; = 3,4,5,...,8. It is clear that
W(H(3,3)) =n—-2and u(H(t,3)) < n—2 where t; = 4,5,...,8 (see Table 2). Thus we com-
plete the proof. g

Lemma 2.14 Let G = H(n—4,2) be a Halin graph with n > 6 vertices. Then n—2 < u(G) <
n — 1. Moreover, the right equality holds if and only G = H(2,2).
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Table 2 The Laplacian spectral radii of some Halin graphs with two interior vertices

G n(G) G n(G)
n=6 HQ,2) 50000 n=14 H(6,6) 8.8562
_ H(7,5) 9.2930
n=7 H(3,2) 56180 e oo
n=8 ZS i; g'gggi n=15 H(7,6) 9.4835
' : H(@8,5) 10.1954
n=9 H(,3) 65315 H(9,4) 111012
n=10 H(4, 4) 68820 n=16 H(9,5) 11.1399
H(G,3) 73058 H(10,4) 120785
n=11 H(5, 4) 74911 n=17 H(10,5) 121055
H(,3) 8.1938 H(11,4) 13.0627
n=12 H(s,5) 78605 n=18 H(12,4) 140513
H(6,4) 8.2932
H(7,3) 91335
n=13 H(6,5) 84827
H(7,4) 9.1923
H(@8,3) 100976

Proof The degree sequence of G is (dy,ds,...,d,) = (n - 3,3,3,...,3). It follows from
Lemma 2.1 that ©(G) > A(G) +1 = n— 2. From Lemmas 2.2 and 2.3, we have

w(G) < min

1<i<nmn

{dl +2d; —1+/(2d; —dy +1)> + 8(i - 1)(d; —di)}
2

< d1+2d2—1+\/(2d2—d1+1)2+8(d1—d2)
- 2
n+2+/(n-10)2 +8(n—6)
) .

If n > 9, then

1> n+2+/(n—-10)2 + 8(n—6)
> 5 .

Therefore u(G) < n - 1. If n < 8, then G = H(2,2), H(3,2) or H(4,2). It is clear that
w(H(2,2)) =n-1, u(H(3,2)) < n—1and u(H(4,2)) < n—1 (see Table 2). Thus we complete
the proof. d

Now we are ready to present the proof of Theorem 1.1. In fact, from the previous lemmas,
it is easy to obtain the main result. For the sake of completeness, we provide a brief proof.

3 Proof of Theorem 1.1
Let G be a Halin graph. We make a summary of Lemmas 2.6-2.14.

If G has k > 4 interior vertices, then (G) < n — 4.

If G has three interior vertices, then u(G) < n — 4 when G ¢ {H(2,2,13,t4),H(n —
6,2,1,0),H(3,2,1,1)}, where t; + t4 > 1; if G € {H(2,2,t3,t4), H(n — 6,2,1,0), H(3,2,1,1)},
where 3 + 4, > 2,thenn -4 < u(G) <n-3;if G=H(2,2,1,0), then n — 3 < u(G) < n - 2.

If G has two interior vertices, then u(G) < n — 4 when

Gé¢{H(n-6,4),H(n-5,3),H(n-4,2)}.
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On the other hand, we have n — 4 < u(H(n - 6,4)) <n—-3,n—-3 < u(H(m-5,3)) <n-2,
n-2<uHm-4,2)) <n-1and u(H(n-5,3)) > u(H(?2,2,1,0)).

If G has one interior vertex, then G = W, and u(W,,) = n.

It is now obvious that the theorem holds.

Remark 3.1 From the proof, we see that there is no graph with n—1 < u(G) < n. If u(G) =
n—1iff G=H(2,2). If u(G) =n -2 iff G = H(3,3). There is no graph with ©(G) = n — 4.

Remark 3.2 Let H(n—t—2,t) be a Halin with n verticesand 7 > 2t +2. Then A =n—t—1,
so u(H(n—t—-2,t)) > n—t. The degree sequenceis (n—t—-1,£+1,3,...,3), thenif n > 5t -1,
we have

di+2d, -1 2dy —d; +1)? + 8(d; — d.
p(Hn—t=2,0)) < L+ 2dy —1+4/( 22 1+1)2+8(d: 2)§n—t+1.

That s, for an integer k, when 7 is sufficiently large, then n—¢t < u(H(n—t-2,t)) <n—-t+1.
From this we propose the following conjecture.

Conjecture 3.1 Let H(ty,t;) be a Halin graph with two interior vertices and order n, where
n=t+t+2andty >ty. Then

Q) n-t<puHt,b) <n-H+1;

(2) u(H(t, 1)) < u(H(t + 1,5, —1)).

4 Conclusions

We determine all the Halin graphs with ©(G) > n— 4. Moreover, we also obtain the graphs
with the first three largest Laplacian spectral radius among all the Halin graphs on # ver-
tices. Considering the further order of the Laplacian spectral radius of Halin graphs is still

an interesting and important problem.
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