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We determine the smallest and the largest number of (A, B, 2C)-edge colourings in trees. We prove that the star is a unique tree
that maximizes the number of all of the (A, B, 2C)-edge colourings and that the path is a unique tree that minimizes it.

1. Introduction and Preliminary Results

For a general concept, see [1]. The Fibonacci sequence {F,,} is
defined recursively by the second-order recurrence relation
F, =F, |+F,_, forn > 2 with the initial conditions F, = F, =
1. A related sequence is the Pell sequence {P,} defined by P, =
2P, +P,_, forn > 2with P, = 0, P, = 1. Table 1includes first
terms of the sequence {P,}. The terms of Fibonacci and Pell
sequences are called Fibonacci numbers and Pell numbers,
respectively. The numbers of the Fibonacci type play an
important role in distinct areas of mathematics and they
have many different applications and interpretations. Some of
them are closely related to the Hosoya index Z(G) (defined
as a number of all matchings in the graph G, including the
empty matching) and the Merrifield-Simmons index o(G)
(defined as a number of all independent sets in G, including
the empty set); see [2] and its references. It is well-known that
o(P,) = F,and Z(P,, o H,) = P,,,, forn > 1, where &,
is an n-vertex path, %, is an n-vertex complete graph, and
G o H denotes the corona of two graphs. The numbers of the
Fibonacci type in the graph theory were studied intensively
also in [3-15].

Consider a simple, undirected graph G with the vertex
set V(G) and the edge set E(G). In [11] we introduced an
(A, a,A,,...,a,A)-edge colouring of a graph G defined
in the following way. Let G be p-edge coloured graph with
the set of colours {A, A,,... ,Ap}, where p > 2. Moreover,
leta, a,,...,a, be positive integers. We say that a subgraph
of G is M-monochromatic if all its edges are coloured alike

by colour M € {A},A,,...,A,}. The graph G is said to
be (a;A,a,A,,...,a,A,)-edge coloured, if every maximal
(with respect to set inclusion) A;-monochromatic subgraph
of G can be partitioned into edge-disjoint paths of the length
a,i = 1,2,...,p. This type of edge colouring of graph
generalizes the edge colouring introduced by Piejko and
Wrtoch in [10] and the edge colouring by monochromatic
paths introduced by Trojnar-Spelina and Wioch in [13].
Many interesting results concerning some special kinds
of (@A}, @,A,,...,a,A ,)-edge colouring of graphs can be
found in [10, 11]. We recall some of them.

Let {A, B,C} be the set of colours. By (A, B,2C)-edge
colouring we denote the 3-edge colouring of graph G, such
that every C-monochromatic subgraph of G can be parti-
tioned into edge-disjoint paths of the even length. Let §(G)
be the number of all (4, B, 2C)-edge colourings of the graph
G. The following result was given in [10].

Theorem 1 (see [10]). Let n > 2 be an integer. Then 6(2,,)
P,

Let {s,} be the sequence defined by the relation s, =
2s,_, + (n—1)s,_, for n > 2 with the initial conditions s, = 1,
s; = 2. We can find a few first terms of {s,,} in Table 1.

The sequence {s,} has many distinct interpretations also
in graphs. It is worth mentioning that s, is the Hosoya index
of the corona of the complete graphs %, and % ; that is,
Z(K, o K,) = s, forn > 1. For more interpretations see
(16, 17].
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TABLE 1: The first terms of {P,} and {s,,}.

n 0 1 2 3 4 5 6 7 8 9 10 11

P, 0 1 2 5 12 29 70 169 408 985 2378 5741

s, 1 2 5 14 43 142 499 1850 7193 123109 538078 2430355
Another interpretation of the sequence {s,} in graphs,

which is closely related to (A, B, 2C)-edge colouring of n-edge

star %' ,,, was given in [11]. x=y

Theorem 2 (see [11]). Let n be a positive integer. Then
0(H1,) = s,

In [12] Prodinger and Tichy proved that the star is a
tree that maximizes the Merrifield-Simmons index, while the
path is a tree that minimizes it. In this paper we obtain an
analogous result for the number of (A, B, 2C)-edge colourings
in trees.

Let G and H be given graphs with distinguished vertices
x € V(G) and y € V(H). By G* + H” we denote the graph
obtained from G and H by identifying vertices x and y (see
Figure 1) and by G* + H” we denote the graph obtained from
G and H by adding the edge xy (see Figure 2).

For e € E(G) the notation G \ {e} means the graph
obtained from G by deleting the edge e. We prove the follow-
ing.

Theorem 3. Let x € V(G), y € V(H) and let x,,x,,...,x; €
V(G) be neighbours of x and let y,, v,,...,y; € V(H) be
neighbours of y, where k and | are positive integers. Then

k
§(G*+H”) =28(G)8(H) + 8 (H) Y 8 (G \ {xx;})

i=1

@)
!
+(G) 23 (H\ ().
=1
8(G* « H”) 2 6(G) & (H)
k 1 (2)
+ 3 YO (H\ {yy;})8(G\ fxx}).
i=1 j=1
Furthermore, ifl = 1 then
§(G*«H”)=8(G)d (H)
3)

+8(H\ {yy}) D6 (G\ {xx}).

i=1

Proof. By 8,4, 85, and 8- we denote the number of all
(A, B, 2C)-edge colourings of the graph G* + H” such that an
edge xy has a colour A, B, or C, respectively. It can be easily
seen that §, and &y are equal to the number of all (A, B, 2C)-
edge colourings of the graph G, multiplied by the number
of all (A, B,2C)-edge colourings of the graph H. Moreover,
O¢ is equal to the number of all (A, B, 2C)-edge colourings
of the graph H multiplied by the number of all (4, B,2C)-
edge colourings of graphs G \ {xx;}, where i = 1,2,...,k,

FIGURE 1: The graph G* = H’.

FIGURE 2: The graph G* + H’.

plus the number of all (A, B, 2C)-edge colourings of the graph
G multiplied by the number of all (A, B, 2C)-edge colourings
of graphs H \ {yy;}, where j = 1,2,...,I. In other words,
04 =05 =06(G)8(H) and

b0 = 6 () 3G\ [x)) + 56 Yo (H\ yys]). (8

i=1 j=1

Since 8(G* + H”) = § 4 + 85 + O, then we obtain equality (1).

By e; we denote the edge xx; € E(G), wherei =1,2,...,k

! .

and by e; we denote the edge yy; € E(H), where j =
1,2,...,1. Assume that = min{k, [} and fort € {0,1,2,...,r}
let {(t) be the number of all (A, B,2C)-edge colourings of
the graph G* = H” with exactly ¢ C-monochromatic paths
{e,e'} ¢ E(G* * H”), such that e € f{e,e,,...,e;} and
e e {e;,e;, .. .,el'}. Observe that {(0) = 6(G)6(H) and

k

=y ié(G VS (H\ {yyi}). )

i=1 j=1

It should be noted that §(G* « H”) = ¥_, {(t) and so 8(G™ «
H”) < {(0) +{(1), which gives inequality (2). Moreover, if | =
1 then also » = 1 and we obtain equality (3). This completes
the proof. O

2. The Largest Number of (A, B, 2C)-Edge
Colourings in Trees

In this section we will show that, among all trees with the
given number of vertices n, the star |, | maximizes the
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number of (A, B,2C)-edge colourings. Moreover the star
H | .1 is the unique tree with such property. To prove it we
need the following.

Theorem 4. Let m > 2 be an integer. Then for a graph G and
arbitrary x € V(G) one has

$(6 ) <3(C L), ©
where v is the leaf of %\ ,,, and v, is the center of K \ ,,.

Proof. Let V(#,,) = {vpVp...sV,} and E(X,,) =
{VoVi> VoVas - - > VoVt Let x € V(G) be the vertex of degree
k > 1andlet x;, x,,...,x; € V(G) be neighbours of x. By (3)
in Theorem 3 we have

8(G* * H,,) =8(G) S (H,,,)

k (7)
+8(H 1) ) 8 (G\ fxxi})

i=1

and by inequality (2) in Theorem 3 we have
5(G*x HY,)

2 0(G) 8 (H1m) )

k m

+ Z Z(S (*%fl,m \ {vovj}) 8 (G\ {xx;}).
i=1 j=1
It should be noted that Z;"zl O(F 1w \Avovj}) = mé(F 1)
and so (8) gives

3(G*« AY,) 2 8(G) 8 (K1)

k )
+m8 (H | 1) Z‘S (G\ {xx;}).

i=1

Since m > 2, then from (7) and (9) we have §(G* * #7,,) <
8(G* * #\’,), which completes the proof. O

Theorem 5. Let n > 2 be an integer and let T,, be a tree with n
vertices. Then

8 (Tn) < 6 (‘%l,nfl) . (10)

Proof (by induction on the number of vertices of degree k > 2 in
thetreeT,). Let T, be an n-vertex tree with exactly t vertices
of degree k > 2.1ft = 1 then the result is obvious, because T, |
is an n-vertex star %, ,, ;. Assume that inequality (10) holds
for T, , with arbitrary ¢ > 1. We will prove that it holds for

T, ;.1 Note that for each tree T, | there exists x € V(T ),
such that T,,,,, is isomorphic to T, ., , * F#7, |, where v

is the leaf of the star % ,, | and m > 3. Applying Theorem 4
we have

x H

l,m—l)

WA

l,m—l) >

8 (Tn,t+1) = 8 (Tx

n—-m+1,t

(11)
<8 (T"

n—-m+1,t

where v, is the center of the star % ,, ;. Note that T

*
—m+1,t
H Y‘,’m_l is the n-vertex tree with ¢ vertices of the degree k >

2. Thus, by the induction hypothesis we have &(T,;,;) <
6(#,,_)> which completes the proof. O

Remark 6. From Theorems 4 and 5 we can see that the star
K\ ,-1 is a unique graph which maximizes the number of
(A, B, 2C)-edge colourings in trees of given order #.

3. The Smallest Number of (A, B, 2C)-Edge
Colourings in Trees

Now we show that, among all trees with the given number
of vertices n, the path 9, minimizes the number of all
(A, B,2C)-edge colourings and that it is the unique tree with
such property. To prove it we need some initial results. First
we prove the following property of the Pell numbers.

Theorem7. Letq > 2 andm; > 1 be integers fori = 1,2,...,q.
Then

Y PP > P> (12)

wherem =m; +my + -+ +m, + 1.

Proof (by induction on q). For q = 2 we have

2
mel+m2+l—mipmi = Pmlpm2+1 + Pm1+1Pm2 > Pmlerz' (13)
i=1

We can check the above inequality using the well-known
identity for the Pell numbers

PP

m

+1 +Pn—1Pm = Pn+m‘ (14)
Assume that inequality (12) holds for an arbitrary g > 2. We
show that it holds for g + 1; namely,

q+1
me+mq+l—mipmi > Pm+mq+l—1’ (15)
i=1

wherem,,, isapositive integer and m = m, +m, +---+m, +1.
Using (14) and the induction hypothesis we obtain

q+1 q
zpm+mq+l_mipmi = ZPm+mq+1_miPmi + P’”qun
i=1 i

1
= Z I:Pm—m,d-lpmq+1 + Pm—m,-quH—l:I Pmi + Pumq+1
i=1
il q
16
= quﬂ ZPm—m,-+1Pm,- + qu+1—1 me—mipm,- ( )
i=1 i=1
+P,P,

q+1

>P, P, ,+P P

Mgy~ m—=1 Mg, =1 m—l"'Pumqul

> Pm—lpmqﬂ—l + Pmpmq+1 = Pm+mq+1—1’

which ends the proof. O



Let my,m,,...,my, g > 2, be positive integers. By
1y 11y WE denote the subdivision of a star % ; in such
way that in the resulting graph an ith edge of % ; is replaced
by a path of length m;,i = 1,2,...,9. Form; =m, = --- =

m, = 1thegraph &, ,isastar %, and forq = 2 the graph

S, m, is apath P, ;. For g = 3 the star subdivision
mymyms 18 called a tripod. In [11] we proved that
9 (é)mhmz’ms) = Pm1+mz+m3+1 + 2Pm1Pm2Pm3 (17)

for all positive integers m,, m,, and m;. We will use the
following notations:

V((Sm‘,mz ..... mq) = {yO} u {ylliy;ayylnl}
UL 25 Y, J U
Uyt s
E (Sml,mz ..... ) = {)’0)’14’1)’2’”'))’2171)’;1} (18)

U{yots Y1935 s Vo1 Vs }

J-.--

U oyt yiyd oyt i |

Theorem 8. Let m,,m,,...
Then

My, q > 3, be positive integers.

q (Cg)ml,mz,...,mq> > Pm1+m2+'"+mq+1 . (19)

Proof (by induction on q). If g = 3 then the result we have
immediately from (17). Assume that the inequality holds for

= 3,4,...,q, with arbitrary g > 3. We will prove that it
holds for t = g + 1. Note that S gy 18 isomorphic to

Yo v

Loeenst
leaf of P> and m,,, is a positive integer. Thus, applying
(3) of Theorem 3 we obtain

q (Cs)ml ----- MgoMg+1 )

=5(Pp 1) (S, (20)

+8(Pn, ) 20 (S, V)

Note that for alli € {1,2,...,q}
8<C§jml,...,mq \ {)’0)’11})

_+1» where y, is the center of§,, . ,visthe
qt

------

(21)
_6< my,m, i 1M 150005 mq)a(gmx)
By induction hypothesis we have 6(S8,, . . l’mi+l""’mq) >
P, foralli € {1,2,...,q} andm =m, +m2+---+mq+1.
Therefore (21) and Theorems 1 and 7 give
q
26<§m1 ,,,,, {yOyl}) Z m— m—1* (22)
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Thus by (20), (22), and Theorem 1 we have

8 (S ) > Pony18 (S, ) + Pony Prvct (23)

qa

By the induction hypothesis we have §(§,, mq) > P, and so

------

(23) gives
)2 PaiiPut Py Py (24)

Using identity (14) we have §(& »
P ., +1» Which completes the proof. O

my ety tmg

M5 Mg ) > Pm+m =

Theorem9. Letm,,m,,..., Mg, q 2 2, be positive integers and
letm = my+m,+---+my+1. Then for a graph G and arbitrary
x € V(G) one has

8 (Gx + (5)3/711]1,7’"2 mq) > 6 (Gx + ‘@rn) 4 (25)

where y, is the center of S,

P

m, and v is the leaf of the path

me

Proof. Let x € V(G) be the vertex of degree k > 1
and let x;,x,,...,x, € V(G) be neighbours of x. Note
that G* + S;Vrfl P is isomorphic to G* = é’fnl PETRT
where &,

is the graph obtained from §, ,, . ’ by

adding a vertex y and an edge y,y. Therefore, equality (3) of
Theorem 3 gives

My 5etlys1

6(G + 8% q)

My, My, st

= 8(G) 8 (St (26)

+8(é’

MMyl

Moreover equality (1) of Theorem 3 gives

8 (G*+9") =28 (G)8 (P,,)

k
(2,) Y 8(G\ {xx;}) (27)
i1
+6(G)6(2,,_,).
By (27), Theorem 1, and the definition of (P,) we obtain

k
P, +P, Y 8(G\{xx}). (28

i=1

5(G*+2")=5(G)

From Theorem 8 we have 6(§m1,m2,...,mq,1) > P, and

G P mq) > P, and so (26) and (28) give 8§(G* +
cS’)r;‘;l I mq) > 8(G* + 9),), which ends the proof. O

Theorem 10. Let n > 2 be an integer and let T, be a tree with
n vertices. Then

8(T,)=26(2,). (29)
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Proof (by induction on the number of vertices of degree k > 3 in
thetreeT,). LetT, , be the n-vertex tree with exactly ¢ vertices
of degree k > 3.1ft = 0 then the result is obvious, because T, ,
is an n-vertex path &,. Assume that inequality (29) holds for
T, ; with arbitrary t > 0. We will prove that it holds for T, ,, ;.
Note that for each tree T, ,,, there exists x € V(T,,;,,), such
that T,,,,, is isomorphic to T, , + S’}"V?pmzw-;mq’ where y, is

the center of &

my,My,..

amgp = Ty ey 1, and
q = 2. Applying Theorem 9 we have

q (Tn,t+1) =0 <T:1€—m,t * (g)ilr?l,mz,...,mq)
(30)
>4 (T;m,t + 9";1) ,
where v is the leaf of the path &,,. Note that T}, , + 9,

is the n-vertex tree with t vertices of degree k > 3. Thus by
the induction hypothesis we have §(T,;,,) = §(2,) and the
proof is complete. O

Remark 11. From Theorems 9 and 10 we can see that the
path &, is a unique graph which minimizes the number of
(A, B,2C)-edge colourings in trees of given order .

From previous theorems we have also the following.

Corollary 12. If T, is a tree with the number of vertices n > 2,
then

P, <6(T,) <s, ;. (31)
Moreover, if T, is different from P, and K ,,_,, then

P,<8(T,) <s, ;. (32)
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