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Abstract

The greedy tree G(D) and the M-tree M(D) are known to be extremal among
trees with degree sequence D with respect to various graph invariants. This paper
provides a general theorem that covers a large family of invariants for which G(D)
or M(D) is extremal. Many known results, for example on the Wiener index,
the number of subtrees, the number of independent subsets and the number of
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matchings follow as corollaries, as do some new results on invariants such as the
number of rooted spanning forests, the incidence energy and the solvability. We also
extend our results on trees with fixed degree sequence D to the set of trees whose
degree sequence is majorised by a given sequence D, which also has a number of
applications.

Mathematics Subject Classifications: 05C05, 05C07, 05C09, 05C35, 05C92

1 Introduction

In the context of chemical graph theory, (molecular) graphs are used to model molecules:
the vertices of the graph represent the atoms of the molecule, and the edges correspond to
the chemical bonds between atoms. Thus vertex degrees amount to valencies of atoms. If
the entries of D = (dy,ds, . .., d,) are possible valencies of atoms, then the set of all graphs
with degree sequence D contains the molecular graphs of all possible isomers of a certain
molecule. This is one of the motivations to study graphs with a given degree sequence. In
this paper, we will be particularly concerned with trees whose degree sequence is given.

The greedy tree G(D) with degree sequence D, formally defined in the next section,
is a tree that can be constructed by starting with the largest degree vertex and always
assigning the largest available degree to a neighbour of the vertex with the largest degree
whose neighbour degrees are not yet fully specified. On the other hand, large degrees and
small degrees alternate in the M-tree M(D) with degree sequence D, see Definition 27.

The greedy tree G(D) and the M-tree M(D) are known to be extremal for a number
of graph invariants. Let us list a few examples.

e The sum W(G) of the distances d(u,v) between all (unordered) pairs of vertices
{u,v}, better known as the Wiener index, is among the most popular graph invari-
ants. It was shown by Wang in [33] and by Zhang et al. in [41] that, among all trees
with degree sequence D, G(D) has the minimum Wiener index.

e Schmuck et al. [29] showed a more general statement: if W(G) is replaced by a

Wiener-like invariant
WiG) = > f(d(u,v))
{u,v}CV(G)

for a nonnegative and nondecreasing function f, then G(D) still attains the minimum
value among trees with degree sequence D. Likewise, if f is a nonnegative and
nonincreasing function, then G(D) attains the maximum value. In particular, this
includes a well-studied invariant known as the Harary index, which corresponds to

f(z) =1/x (see [32]).
e The greedy tree G(D) is extremal with respect to several other invariants including:

— the number of subtrees (and the number of antichains when rooted trees are
considered) [3, 42,

— the spectral radius [5] and the Laplacian spectral radius [40],
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— the spectral moments [2, 24]. See also [7] for a generalisation.

e The total number of independent subsets is also known as the Merrifield-Simmons
index of a graph. It is proven in [1] that the Merrifield-Simmons index is max-
imised by M(D). The total number of matchings is also called Hosoya index. It is
minimised by M(D) (see [1]).

e The energy of a graph G is defined as En(G) = >, |\;|, where the \;s are the
eigenvalues of the adjacency matrix of G. For trees, the energy is connected to
matchings by the well-known Coulson formula [14]: let m(G, k) be the number of
matchings of cardinality k in a graph G. For every tree T,

En(T) = = /0 T log Y~ m(T, k)z*. (1)

For a positive real number z, define

M(G,z) = Z m(G, k)a*.

k>0

It is shown in [1] that, among all trees with degree sequence D, M(D) is the unique
tree with minimum M(., z) for any > 0. Thus, it also has the minimum energy.

The long list of graph invariants for which G(D) or M(D) is extremal leads us to the
following natural question: what condition(s) does a graph invariant need to satisfy for
G(D) or M(D) to be extremal among trees with degree sequence D? In this paper, we
provide sufficient conditions that cover a number of examples, both old and new. The
idea is inspired by an exchange lemma used to study bounded degree trees in [17], and
trees with given degree sequence in [1].

A sequence B = (by, by, ..., b,) is said to majorise D if by +---+ b, =d; + -+ d,
and dy + -+ d < by + -+ + b for every k with 1 < k < n. We then write B > D.
In Section 4, we will consider the set of all trees whose degree sequence is majorised by
D. Several natural sets of trees satisfy majorisation properties. This includes the set of
all n-vertex trees, n-vertex trees with bounded degrees, and trees of order n with fixed
number of leaves. There are several instances of graph invariants for which the extremal
trees with degree sequence D are also extremal among those whose degree sequence is
majorised by D. We will see many such examples at the end of this paper.

We need to introduce some notation to describe our results. Let T' be a rooted tree.
The root of T is denoted by r(7). We write T = [T}, T, ..., ] if the rooted trees
Ty, Ty, ..., Ty are the connected components of 7' —r(T"), where the roots of 171, T, ..., Ty
are the neighbours of r(7).

Let v and w be two different leaves of a tree H. The tree obtained by merging the
root of [Ly, Lo, ..., Li] with v and the root of [Ry, Ry, ..., Ry with w, as seen in Figure 1,
is denoted by [Ly, Lo, ..., LyJvHw[Ry, R, . .., Ryl.
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Figure 1: The tree [Lq, Lo, ..., LyJvHw[Ry, R, ..., Ry].

Let p(T) be a quantity associated to a rooted tree T', which satisfies a recursive relation
of the form

p([Th T27 o ;Tk]) = fp(p(T1)7 p(T2>7 c JIO(Tk)) (2>

for a symmetric function f,, i.e., the value of f, is invariant under permutation of the
branches. We call f, the recurrence rule for p. In our examples, the recurrence rule can
always be expressed as a function of sums or products over all branches.

Definition 1. We say that a tree 7" is p-exchange-extremal if, whenever we can decompose
T as

T = [Lh [/27 .. ,Lk]’UHU)[Rl, Rg, ey Re]
for some H, then we have k£ > ¢ and
min{p(L1), p(L2), ..., p(Lx)} = max{p(R1), p(R2),....p(Re)}

or k < ¢ and

max{p(L1), p(L2), ..., p(Lx)} < min{p(R1), p(Rz), ..., p(Re)}-

We will prove the following theorem:

Theorem 2. Let p be an invariant of rooted trees that satisfies the recurrence relation
(2). Suppose that a tree T with degree sequence D is p-exchange-extremal.

o If f, is increasing (in each variable and under addition of further variables) and the
minimum of p is attained by the single-vertex tree, then T has to be G(D).

o If f, is decreasing (in each variable and under addition of further variables) and the
mazximum of p is attained by the single-vertex tree, then T' has to be M(D).
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It turns out that extremality with respect to many different invariants implies p-
exchange-extremality for a suitable choice of p. This includes some of the previously men-
tioned instances (Wiener index, number of subtrees, Merrifield-Simmons index, Hosoya
index, etc.), but we will also discuss examples that have not been considered before.

The rest of this paper is organised as follows. Section 2 treats the case of increasing
f», where the greedy tree G(D) is extremal. The case of decreasing f, is considered in
Section 3, it leads to the situation where the M-tree M(D) is extremal. Various special
cases are listed at the end of each section. This includes many known results, but we also
obtain several new results, specifically for the number of rooted spanning forests (related
to the coefficients of the Laplacian characteristic polynomial), the incidence energy, and
an invariant called the solvability. We also settle an open question on the Steiner Wiener
index. Furthermore, in Section 4, we compare trees with different degree sequences and
prove extremality results for the set of all trees whose degree sequence is majorised by a
fixed sequence D.

The following technical terms will be needed. The height h(T') of a rooted tree T is
the greatest distance of a vertex to r(7"). A subgraph B of a tree T is called a complete
branch of T if there is an edge e such that B is one of the components of T" — e, see
Figure 2. We denote by rd(B) the degree of the root r(B) (the end of e that belongs to
B) as a vertex of B.

Figure 2: Complete branches B and T'— B of T.

2 Increasing recurrence rule f,

Definition 3. [29] Given a degree sequence of a tree D, the greedy tree, denoted G(D),
is constructed by the following “greedy algorithm”:

(i) Label the vertex with the largest degree v (the root).

(ii) Label the neighbours of v as vy, vy, ..., va(), and assign the largest degrees available
to them so that d(vi) = d(v2) = -+ > d(vg))

(iii) Label the neighbours of v, (except v) as v11,v12; - - ., V1,40, )-1, and assign the largest
degrees available to them so that d(vi1) = d(vi2) = -+ > d(via@,)-1). Then do
the same for vy, vs, ..., V().

(iv) Repeat (ii) and (iii) for all the newly labelled vertices. Always start with the neigh-
bours of the labelled vertex with the largest degree whose neighbours are not labelled
yet.
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Figure 3 shows the greedy tree G(D) for D = (4,4,3,3,3,3,3,3,2,2,2,1,1,...,1).

V1,1

V2,1,1

Figure 3: The greedy tree G(4,4,3,3,3,3,3,3,2,2,2,1,1,...,1).

We will see in this section that the greedy tree is the unique p-exchange-extremal tree
if p satisfies the following conditions:

I.1 the recurrence relation (2) holds, for some symmetric recurrence rule f,,

I.2 the function f, is strictly increasing (strictly increasing in each single variable and
strictly increasing under addition of further variables),

1.3 p(e) < p(B), for all rooted trees B with |V (B)| > 1, where e denotes a single vertex
tree.

2.1 Special case: the Wiener index

Let us first consider the special case where p(T') is the number of vertices of T, i.e.,
p(T) = po(T) = |V(T)|. We have

po([Th, -, Til) = Foo(po(Th), -, po(Ti)) = 14> po(T5).

=1

The recurrence rule f, is indeed symmetric and increasing with respect to each of
its variables and under addition of further variables. Clearly po(e) = 1 is the minimum
among all rooted trees. So conditions I.1 to 1.3 are all satisfied.

Now recall that the Wiener index is the sum of all distances between pairs of vertices:

W(T)= Y du,v).

u,veV(T)

An important alternative formula for the Wiener index for trees is (see [9])

W(T)= > po(T)po(T), (3)

wveE(T)
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where T, and T, are the components of T" — uv containing v and v respectively. We
use this formula to show that minimality with respect to the Wiener index implies pg-
exchange-extremality.

Lemma 4 (cf. [31]). Let T be a tree with degree sequence D for which W(T) attains

its minimum. Then, for any two disjoint complete branches A = [Ay,..., Ag] and B =
[B1,..., By inT, we have

o cither k > { and min{po(A1), ..., po(Ar)} = max{po(Bi1),...,po(Be)},

e ork < (¢ and max{po(A1),...,po(Ar)} <min{pg(B1),...,po(Be)}

V'Y
<
A A

r(A)  u Uy us  1(B)

¥/
/\

Figure 4: Decomposition of T" in the proof of Lemma 4.

Proof. Let P =r(A)u; ...u;r(B) be the unique path between r(A) and r(B). To simplify
notation, we put o = po(A) = 1+ 3% po(A;) and 5 = po(B) =1+ 34, po(B;).
For 1 < j <t, let U; be the component containing u; when we remove all the edges of
the path P, and set z; = po(U;), pj =21+ +2j, ¢ =2+ -+ 2_j4+1 and py = ¢o = 0.
Using the formula for the Wiener index in (3), we have:

t

W(T) = Z(a + )@ + B) + Cr,

J=0

where C'r is the contribution of edges in Uy, ..., U;, A and B.
Withg=¢; +---+q and p=p; + - - - + p;, this can be rewritten as

t
W(T) =aq+ Bp+ap(t+1)+ ijQt_j + Cr.
=0

The last two terms Z;:o p;jq—;+Cr are invariant under any rearrangements of the A;s
and B;s. Note that the degree sequence remains the same if all the A;s are switched with
all the B;s (interchanging the degrees of r(A) and r(B)), if Ay, As, ..., Ag, B1, Ba, ..., By
are permuted in an arbitrary way, or both. Hence, if W (7') is minimal, then the expression
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aq + Bp + af(t + 1) must have its minimum value under these operations. Note that the
sum Y = « + [ remains constant under any of these rearrangements, and we have

ag+Pp+ap(t+1)=ag+ (X —-a)p+aX—a)(t+1),

which is a strictly concave function of a. Thus the minimum is attained if « is either
as small or as large as possible. For this we must have

k< and max{pg(A;):1<i<k}<min{py(B;):1<i<l}

or
k> ¢ and min{pg(A;): 1 <i <k} > max{py(B;):1<i</}.

In words, the largest possible branches (and as many of them as possible) have to be
gathered in one place. This is precisely the statement of the lemma. O]

We know now that the tree which minimises the Wiener index is pg-exchange-extremal.
Moreover, pp-exchange-extremality is equivalent to the semi-regular property defined in
Definition 4 of [29], where it is proved that such a tree is greedy. Thus we have the
following observation, which will be the basis for the proof of the main theorem of this
section.

Theorem 5 (cf. [29, 31]). If T is a po-exchange-extremal tree, then T is a greedy tree.

2.2 Main result

We require one more lemma before stating the main result. This lemma establishes a
connection between py and other invariants p.

Lemma 6. Let p be an invariant of rooted trees that satisfies 1.1,1.2 and 1.3, and let
T be a p-exchange-extremal tree. For any two disjoint complete branches A and B in T,
p(A) = p(B) if and only if po(A) = po(B). In particular, p(A) = p(B) if and only if
po(A) = po(B).

Proof. We reason by induction on the heights of A and B, specifically max{h(A),h(B)}.
If max{h(A),h(B)} =0, then h(A) = h(B) =0, so A and B are both single vertices and
the claim holds trivially. Assume that the statement holds whenever max{h(A),h(B)} <
t, for some t > 0. Now, consider two complete branches A and B in T such that
max{h(A),h(B)} = t+ 1 and p(A) > p(B). If A only has a single vertex, then so
does B by condition 1.3. If B only has a single vertex, then po(A) > po(B) is trivially
satisfied. In both cases, there is nothing left to show. So we can now assume that A and
B have more than one vertex and can thus be decomposed. Let A = [A;,..., 4] and
B =[By,..., By for some k,¢ > 1. Since T is a p-exchange-extremal tree, we are left with
two possibilities. If k£ > ¢, and min{p(4;) : 1 <i < k} > max{p(B;) : 1 < ¢ < ¢}, then by
the induction hypothesis, we have min{pg(A;) : 1 < i < k} > max{po(B;) : 1 < i < (}.
Thus po(A) = po(B), because f,, is increasing.
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On the other hand, if k¥ < ¢ and max{p(4;) : < k} < min{p(B;) : 1 <@ <}
then p(A) < p(B) since f, is increasing, so p( ) = ( ) For this to hold, we must have

k=1{and p(Ay) =--- = p(Ax) = p(B1) = --- = p(By). By the induction hypothesis, this
implies po(A1) = -+ = po(Ax) = po(B1) = - -+ = po(B), s0 po(A) = po(B).

Thus we have shown that p(A) > p(B) implies po(A) = po(B), and the proof of the
converse is analogous. O

Now we are ready for the main theorem.

Theorem 7. Let p be an invariant of rooted trees that satisfies 1.1,1.2 and 1.3. If a tree
T is p-exchange-extremal, then T is a greedy tree.

Proof. By Lemma 6, the tree T' is also pg-exchange-extremal. Theorem 5 gives us the
desired result. ]

In the remainder of this section, we describe different applications of Theorem 7.

2.3 The number of subtrees

As a first example, we consider the number of subtrees (here, a subtree is any induced
subgraph that is connected and thus again a tree). We will be able to show that there is a
suitable function p such that a tree with the greatest possible number of subtrees among
all trees with the same degree sequence is necessarily p-exchange-extremal. To this end,
we need a technical lemma, which will also be useful later.

Lemma 8. Let x1 > ... > x, 2 1 and a > b be positive real numbers, n > k > n/2 and
S, the set of permutations of 1, ...,n. Then

aH:Eme H xl—max{ang(l +b H To@) 0 €Sy and £ € {n —k, k}}

i=1 i=k+1 1 i=0+1

Moreover, we have uniqueness: if

H%‘Fb H xz—ame)—l—b H To(i)s

i=k+1 i=0+1
a > b and the x;s are not all equal to 1, then £ =k and T,(1), ..., Tor) are a permutation
of x1,..., 7. If a = b, then either the same holds, or { =n —k and x4(1), ..., To(m—k) are

a permutation of gy, ..., Ty

In words, Lemma 8 says that the maximum value is reached when we assemble the
largest elements together in the same product.

Proof. Set g(x) = ax + bz~ [, z;, and note that

Hxa( +b H To (i) (ﬁ%.(i)).
i=1

i=0+1
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Since ¢"(x) = 2bx [[I_, x; > 0, g is strictly convex, so it can only attain its maximum
value when x = HZj To(;) is either largest or smallest. The largest possible value of z is
clearly L = Hle z;, the smallest S =[]}, 41 7;- Comparing the two possibilities, we see
that

o(L) - _anmbnxz_anxz_bnxl_a_b(H% 1T i)>0

i=k+1 i=k+1 i=k+1
since a > b and k > 5. We have strict inequality if @ > b unless k = 7 and all ;s are
equal (in which case (), ..., Zsx) are still a permutation of z1,..., ;) or all z;s are
equal to 1. The statement of the lemma follows. O

The number of subtrees of a tree T' is denoted by n(T'), and the number of subtrees of
T containing the vertices vy, ..., v, is denoted by n(7T, vy, ..., vy). In the following lemma,
we establish the necessary property to apply our main theorem.

Lemma 9. Let T be a tree with degree sequence D for which n(T') attains its maximum.
For any two disjoint complete branches A = [Aq,..., Ax] and B = [By,...,By] in T, we
have

o cither k > ¢ and
min{n(As,r(Ar)), ..., n(Ap, r(Ax))} = max{n(Bi,1(B1)), ..., n(Be,1(B))},
e ork </ and

maX{n(Ah r(Al))7 s 777("41‘07 (Ak))} mlﬂ{??(Bl’ (Bl))a s ﬂ?(Be, I(Bg))}

In other words, T is p-exchange-extremal with p(T) = n(T,x(T)).

Proof. Consider a decomposition of T" as [Ay, ..., AxJvHw|By, ..., By, for some tree H.
Each subtree of T" has to belong to one of the following types:

e Subtrees which contain neither v nor w. Each subtree of this type is either in H —v—
w or in one of the A;s or Bs. Thus, there are n(H —v—w)+ 31 n(A)+ Y0 n(By)
of them.

e Subtrees which contain w, but not v. A subtree of this type consists of a part in
H — v and another part in [By, ..., By, each containing w. Their number is

l
H —v,w) [T (1 +n(Bi,x(B)))).
=1

e Subtrees which contain v, but not w. By similar reasoning as in the second case,
the number of these subtrees is

U —w,v) | | (1+n(As,r(4)).

=

1

.
Il
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e Subtrees which contain both v and w. This corresponds to subtrees of H which
contain both v and w, to which induced subtrees of the A;s and B;s containing the
respective roots can be attached. Thus, there are

n(H, v,w) H (1+n(Bi,x(By))) H (14 n(Ai, r(A:)))

of them.

In total we have

n(T) = ar + Br,

where

¢ k
ar =n( —val—i—nBl,r ) +n(H — wle—i—nAl,r D)),
i=1 i=1

k Y/
Br=n(H—v—w)+ Zn(Ai) + Zn(Bi)
¢ k
n(H,v,w) H (1 +n(Bi,r(B;))) H (1+n(A;1(4))) .

As in the proof of Lemma 4, this must be maximal under all permutations of the A;s and
B;s, possibly also switching the degrees of v and w. Note here that 5 is not affected by
any of these rearrangements. So the maximality of 7(7") depends only on ar.

Since all the quantities involved are positive and the factors 1 + n(A4;,r(A;)) and
1+ n(B;,r(B;)) are even greater than 1, Lemma 8 applies. Thus we obtain the maximum
of ar if either n(H —w,v) > n(H —v w) k > ¢ and

min{n(Ala r(Al))’ s 777(Ak" (Ak))} maX{U(Bh (Bl))v s ’n(Bﬁv I"(Bg))},
or n(H —w,v) < n(H —v,w), k < and

max{n(Ay, 1(A1)), ..., 0(Ax, (Ar))} < min{n(By,1(By)), ..., 0(Be,r(Be))}. O
So we have established p-exchange-extremality with respect to p(T") = n(7T,r(T")), the

number of root-containing subtrees. Moreover, if T can be decomposed as [T1, ..., Ty,
then
k
n(T,x(T)) = [ [ (L +n(Tix(T)) (4)
i=1

which is increasing in all of its variables and under addition of further variables, so 1.1
and I.2 hold. Moreover, the minimum of 7(7,r(7")), which is trivially equal to 1, is only
reached if T'= e. Thus, 1.3 holds as well, and Theorem 7 implies the following theorem,
which was already established in [3, 42].

Theorem 10 ([3, 42]). Given a degree sequence, the corresponding greedy tree is the
unique tree that maximises the number of subtrees.
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2.4 Rooted spanning forests, incidence energy, Laplacian-energy-like invari-
ant

Let T be an n-vertex tree and A(T) its adjacency matrix. The Laplacian matriz of
T is L(T) = A(T) — D(T), where D(T) is the diagonal matrix whose diagonal entry
d;; is the degree of the i-th vertex v;. The Laplacian characteristic polynomial L(T,x)
is the characteristic polynomial of the Laplacian matrix. In 1967, Kel'mans [22] gave a
combinatorial interpretation for the coefficients of the Laplacian characteristic polynomial
as follows.

Theorem 11. If L(T,z) = det(xl,, — L(T)) = >_p_,(=1)"Fcx(T)x*, then

al) = Y (),

FeF(T,k)

where F(T,k) is the set of all spanning forests of the tree T' containing exactly k
components and ~y(F') is the product of the number of vertices in each component of F.

The quantity «(F') can be interpreted as the number of ways to assign roots to the
components of a forest F'; and therefore cx(T") is the number of k-rooted spanning forests
of T' (spanning forests with k& components, where each component is rooted at one of its
vertices).

Let us consider the polynomial in which we associate to every rooted spanning forest
F a weight 2*) where A(F) is the number of components of F. Replacing 2 by —z in
Theorem 11, we see that this polynomial is connected to the Laplacian matrix as follows:

(T, x) =Y ep(T)a* = det(L(T) + x1,,). (5)

Note that the total number of rooted spanning forests in a tree 1" is equal to rf(7),1).
To avoid confusion as we also consider rooted spanning forests within rooted trees, we will
refer to “marked” spanning forests rather than rooted spanning forests in the following,
and call the components’ roots “markers”. We show that the invariant rf(-, z) fits our
general scheme. This generalises the approach taken in [20], where trees with given
maximum degree are considered.

We define an auxiliary quantity for rooted trees 7', which is denoted by f(7,z). It
counts marked spanning forests F weighted with 7)1 in which the root of T is also
a marker of one of the forest’s components. Note that f(T,z) also counts (weighted)
spanning forests of T" where all components, except the one containing the root of T', have
a marker. Finally, we set

pl(Tv :U) =
Lemma 12. Let T [A1, ..., AgJlvHwW[By, ..., By| for some tree H, and let x > 0.

Suppose that tf(T,x) < rf(T",x) for every tree T" with the same degree sequence as T.
Then
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o cither k > 0 and
min{p1 (A1, 2),. .., p1(Ax, )} = max{p1(B1,x),...,p1(Bx)},

e ork </ and

max{p1(A1,2),...,p1(Ax,x)} < min{p(B1,x),...,p1(Bx)}.

Proof. Let A = [Ay,...,Ax] and B = [By, ..., By|. To obtain an expression for rf(T z),
we consider the following cases for a marked spanning forest of 7"

e 1(A) and r(B) belong to components that have a marker in H (possibly the same
component). The parts that form spanning forests of A;U---UA,UB;U---UBy are
either fully marked or marked except for the root’s component (which is joined to
the component of r(A) or r(B) in H). Let ¢;1(H,r) be the number of r-component
marked spanning forests of H, and set a = ) ., c11(H,7)z". The contribution of
this case to rf(7, x) is

k

)4
a- (A, 2) +£(A;, ) H(rf(Bj, ) 4 f(B;, x)).

=1

e r(A) and r(B) belong to the same component, but this component does not have a
marker in H. In this case, the marker of the component that contains r(A) and r(B)
lies in one of the A;s or B;s. So we have to choose exactly one of them and replace
the factor rf(.,x) 4+ f(.,z) by rf(.,z). Let coo(H,r) be the number of r-component
spanning forests of H, where r(A) and r(B) lie in the same component and all com-
ponents except the one containing those are marked. Set b = Y7 ., coo(H,7)z"~".
This gives a contribution of

k ¢
b- Hrf (A;,z) + (A, x)) Hrf Bj,x) +{(Bj,z))
=1

=1 J
f(B;, )
*er (B;, ) +f(Bj,x)>'

(S5

e r(A) and r(B) lie in different components, both vertices have markers outside of H.
Now, one of the A;s has to contain the marker of the component of r(A), and one
of the B;s the marker of the component of r(B). Let ¢y,(H,r) be the number of
r-component spanning forests of H where r(A) and r(B) belong to different com-
ponents and all but those two components are marked. Set ¢ =37, _, cjo(H,7)z" 2.
For this case we get

IIM:v

k ¢
c- JJ(f(As, ) + £(A;, 7)) H(rf(Bj, ) 4 f(B;, x))

=1
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i rf(A;, z) ‘ rf(B;, )
(; rf(A;, x) + f(Ai,x)) (; rf(Bj, z) + f(Bj,x)> ’

e r(A) and r(B) lie in different components, one has a marker in H, the other does
not. Let ¢jo(H,r) be the number of r-component spanning forests of H such that
r(A) and r(B) lie in different components and all but the one containing r(B) are
marked. Define ¢q; (H, ) analogously, with the roles of r(A) and r(B) reversed. Now
set dy = Y oy cro(H,r)z" " and dy = 37 -, co1 (H,7)2"~". Using a similar reasoning
as before, we get a contribution of

k ¢ i
rf(A;, x
i [Tt (A 2) + 1A 2) [16E(Bs. ) + (85, 2)) - L x<)+f()A )
1 = iy 3

=1
k L

¢
rf(B;, )
. f(A f(A (rf (B, f(B,;
+dy H(r( i w) +1(A;, ) Jl;[lr , o)+ ,x)) - Z F(Byoe) + (B 7)

]:

Hence, we finally obtain

k ‘
rf (T, x) :H(rf(Az,x )+ f(A;, x) H (rf(Bj,z) + £(Bj,x))
=1 j=1
k ¢
rf(A;, x) rf(B;, x)

[CL n (b + d1> Z rf(A x) n f(wa) (b+ dQ) Zl rf(Bj,lE) + f(Bj7x)

- rf(A;, x) ¢ (B, x)
+c (lzl rf(A;, x) + f(A;, x)) (JZI rf(B;,z) + £(B;, ) ]

The product [, (rf(A;, ) +(A;, z)) Hﬁzl(rf(Bj, x)+£(Bj, x)) remains constant when
the A;s and Bjs are rearranged, as does the sum

‘ rf(B;, z)

rf(A;, )
Y=
er (Aj,z) + (A, ) p= «1f(B;, z) + {(Bj, x)

_Zpl Al,.fE +ZP1 B],.’L"

We can now argue exactly as in the proof of Lemma 4. Write y = Zle p1(A;, z). For
rf (T, z) to attain its minimum under all possible permutations of A;s and B;s, the function

y—a+ (b+d)y+ b+da) (X —y)+cyX —y),

which is strictly concave in y, has to attain its minimum. This occurs when y is either as
large or as small as possible. That is,
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e k> (and min{p (A1, 2),...,p1(Ax, )} = max{p1(B1,z),...,p1(B, )}, or
k < ¢ and max{p;(A1,z),...,p1(Ax,2)} < min{p1(B1,z),...,p1(Bx)}. O

We have established now that minimality with respect to rf(-, z) implies p;-exchange-
extremality. Moreover, the quantity p; can be determined recursively as follows. If T" can
be decomposed as [T}, ..., Ty], then

tf (T, x) = H(rf(Ti, z)+ (T}, x)) (m + Z rf(Tiri()Ti ?()Tz I)) |
and i
(T, o) = [ JGE(T, @) + £(T, 2))

using similar arguments as before. Thus,

k rf (T;,x)
T Y d T o+ o p(T, )

- k (T, - 2 :
L+ o+ Y0, mraiitey Lra+ X, ;T )

pu(T, ) (6)

The recurrence rule f,, corresponding to (6) is increasing in all of its variables and under

addition of further variables, moreover p;(e,z) = 717 Is the unique minimum. So, we

may use Theorem 7 to obtain the following result.

Theorem 13. For every tree T' with degree sequence D and every x > 0,
(T, 2) > ri(G(D), ),

with equality if and only if T is isomorphic to G(D). In particular, G(D) has the smallest
total number of marked spanning forests among trees with degree sequence D.

Now, let us consider other quantities related to the polynomial rf(7, z).

Definition 14. A subdivision graph, denoted S(G), is a graph obtained by inserting a
new vertex of degree 2 on each edge of G.

Lemma 15 ([43]). Let T' be a tree of order n and S(T) its corresponding subdivision
graph. Then

where m(S(T), k) is the number of k-matchings of S(T).

Let M(T,z) = > oom(7, k)z* be the matching generating polynomial of T'; then
Lemma 15 implies that rf(7', x) = M(S(T'), ). Thus, we obtain the following corollary of
Theorem 13:

THE ELECTRONIC JOURNAL OF COMBINATORICS 28(1) (2021), #P1.1 15



Corollary 16. For every tree T" with degree sequence D, and for every x > 0,
M(S(T),z) = M(5(9(D)), x),
with equality if and only if T is isomorphic to G(D).

For a tree T', let 1, o, . . ., f1n, be the eigenvalues of L(T"). They are also the eigenvalues
of the signless Laplacian matrix L*(T) (this is in fact true for every bipartite graph,
see [8]). Recall that the energy of a graph is the sum of the absolute values of the
eigenvalues of its adjacency matrix. A variant of the energy, known as the Laplacian-
energy-like invariant (LEL for short, see [27]), is defined by

LEL(T) = Z N

It is closely related to the incidence energy IE of a graph, defined in [21] as the sum
of the singular values of its (vertex-edge) incidence matrix. For every tree T', one has
LEL(T) = IE(T"). Furthermore, it is known that (see [13])

LEL(T) = IE(T) = %En(S(T)), (7)

where S(T') is the subdivision graph of T'. This allows us to prove the following corollary.

Corollary 17. Given a degree sequence of a tree, the incidence energy IE, or equivalently
the Laplacian-energy-like invariant LEL, is minimised by the greedy tree.

Proof. Let T be a tree and S(T) its subdivision graph. Using the Coulson formula (1) for
the energy and the relation (7), we obtain:

LEL(T) = IE(T) = 2/ Ea (Zm ) i — z/m%lnM(S(T),xQ)dx.

Thus, the claim readily follows from Corollary 16. [

2.5 A common generalisation of Wiener index and terminal Wiener index

In analogy to the Wiener index, the terminal Wiener index [12] is defined as the sum of
all distances between pairs of leaves, and the spinal Wiener index [4] is the sum of all
distances between pairs of non-leaves. It is known that both are minimised by greedy trees
[31, 4]. We consider a common generalisation defined as follows: for two fixed positive
numbers a and b, we set

WaslT) = Y wlv)w(w)d( Z dYoow d(v, w),

{v,w}CV(T) veV(T) weV(T)
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where

a if u is a leaf,
w(u) = .
b otherwise.

It is easy to see that W ; is the Wiener index, W is the terminal Wiener index, and
Wy 1 is the spinal Wiener index. Let us prove an equivalent representation for W, ; that
generalises (3).

Proposition 18. We have

Y. www)dew) = Y > ww > w) |,

{v,w}CV(T) vweE(T) \ueV(Ty) ueV (Ty)
where T,, and T, are the components of T — vw containing v and w respectively.

Proof. A pair of two vertices v’ and w’ occurs on the right side of the equation with
weight w(v )w(w’) for every edge vw such that v* € T, and w' € T, (or the other way
around). Equivalently, whenever the unique path P(v',w’) from v' to w’ contains the
edge vw. Every pair of two vertices v and w’ is counted d(v',w’) times in this way and
therefore contributes w(v")w(w’) d(v’,w’). The sum over all pairs gives the left side of the
equation. ]

Let £(T) be the set of leaves of a tree T'. If T is rooted, the root is only counted as a
leaf if it is the only vertex. In view of Proposition 18, we can write

Wap(T) = Z p2(T3) p2(Tow),

vweE(T)

where po(T) = a|L(T)| + b|V(T) — L(T)|. Here, T, and T, are regarded as rooted at v
and w, respectively.

Lemma 19. Let T be a tree with degree sequence D for which W,,(T) attains its mini-
mum. For any pair of disjoint complete branches A = [Ay, ..., Ax] and B = [By, ..., By
m T, we have

o cither k > ( and min{pa(A1), ..., p2(Ax)} = max{ps(B1),...,p2(Br)},
e ork < { and max{ps(A1),...,p2(Ar)} <min{pa(B1),...,p2(Be)}

Proof. The proof is analogous to the one for the Wiener index (Lemma 4), using ps instead
of £0- ]

In other words, a tree that minimises W,; is ps-exchange-extremal. Moreover, if
H = [Hy,..., Hy;, then

k
p2(H) = Zm(Hz‘) +b. (8)

We see that conditions I.1, 1.2 and 1.3 are satisfied for every fixed pair of positive numbers
a,b. Hence, we have the following theorem:
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Theorem 20. Given a degree sequence D, W, is minimised by G(D) for every fized pair
of positive numbers a,b.

If we take the limits @ — 0 or b — 0, we find that the greedy tree minimises W
and W, o, thus in particular the terminal and the spinal Wiener index. However, it may
not be the unique optimal tree, since strict inequalities may become non-strict in the
limit. Let us, for example, exhibit this phenomenon for the terminal Wiener index W .
Consider the trees with degree sequence (3,2,2,2,2,2,1,1,1) shown in Figure 5. Note

N h

I I : .| S
The greedy tree T T

Figure 5: Optimal trees for the terminal Wiener index.

that Wi o(T*) =6+5+5 =16 and W, o(T) = 6 + 6 + 4 = 16, so the greedy tree T* and
the tree 1" have the same terminal Wiener index and are thus both extremal. Both trees
satisfy Lemma 19.

2.6 The Steiner Wiener index

The Steiner distance of a graph, introduced by Chartrand et al. [6] in 1989, is a natural

and nice generalisation of the classical graph distance. For r > 2, let {vq,vs,...,v,.} be
a set of vertices of a graph G. We denote by S(vy,vs...,v,) the smallest subtree of G
which contains all the vertices vy, vs,...,v,. Then the Steiner distance of {vy,...,v.},

denoted by sd(vy,vs,...,v,), is the number of edges in S(vy,vs,...,v,). For r = 2, the
Steiner distance clearly coincides with the classical distance, i.e., sd(vy, vy) = d(vy, ve).

In [25], the authors define the Steiner r-Wiener index SW,(G) of a graph G as a
generalisation of the Wiener index in the following way:

SW..(G) = Z sd(vg,...,v).
{v1,..,0r}CV(Q)

It is straightforward that the case r = 2 corresponds to the classical Wiener index. We
have SW;(G) = 0 for every graph G and SW,,(G) = n — 1 for every n-vertex graph G, so
it is natural to restrict r to the set {2,3,...,n — 1}. There is also an alternative formula
for the Steiner Wiener index of trees generalising (3), see [25]:

Proposition 21. Let T' be an n-vertez tree, and r a positive integer. We have

- S (|V<¢T“)|) <‘Z(_TZ)‘) ©)

weFR(T) =1
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where T, and T, are the components of T — uv containing u and v respectively.

Proof. Equation (9) is already proven in [25], and Equation (10) follows directly from
the Vandermonde identity. There is also a direct combinatorial argument: the edge uv
is contained in S(vy,vs,...,v,) if and only if the set {vy,vs,...,v.} contains vertices of
both T, and T,. Equivalently, {vy,vs,...,v,} can be any set of r vertices that is not a
subset of either V(T;,) or V(T,). Our formula follows immediately. O

Zhang et al. [39, Question 1.1] asked in a recent paper whether the greedy tree
minimises the Steiner r-Wiener index for every r. In the following, we will answer this
question affirmatively. Recall for the following lemma that po(7") is simply defined to
be the number of vertices of T. As for the Wiener index, we will show pg-exchange-
extremality. To avoid degeneracies (see the example below), we consider SW,.(T')+cW (T)
for some fixed ¢ > 0 and later let € go to 0.

Lemma 22. Let € be a fized positive real number, and let T be a tree for which SW,.(T') +
eW(T) attains its minimum among trees with degree sequence D. Then, for any two
disjoint complete branches A = [Ay,..., Ag] and B = [By,...,B¢] in T, we have

e cither k > ¢ and min{py(A;), ..., po(Ax)} = max{po(Bi),...,po(Be)},
o ork < (¢ and max{po(A1),...,po(Ar)} <min{po(B1),...,po(Be)}
In other words, T' is py-exchange-extremal.

Proof. We use the same notation as in the proof of Lemma 4, see also Figure 4 again. We
have

SW,(T) + eW (T (( ) (‘”pf) - (q”’ +5> +ela +p) (g +B)> +Cr,

r

£

Jj=

+e(a+pj)(n—a —pj)) + Cr,

where C7 is invariant under permutations of the A;s and B;s. This is a strictly concave
function of «, so it can only attain its minimum when « is either at its largest or smallest
value. As in the proof of Lemma 4, this implies the statement. n

We thus have the following theorem.

Theorem 23. Given a degree sequence D, a positive integer r and a positive real number e,
SW(T) + eW(T) attains its minimum if and only if T is the greedy tree G(D).
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As mentioned before, we now take the limit € — 0 to obtain the following theorem.

Theorem 24. Given a degree sequence D, the greedy tree attains the minimum of the
Steiner r-Wiener index SW,..

As was also the case previously for the terminal Wiener index and the spinal Wiener
index, the greedy tree might not be unique with the minimum Steiner r-Wiener index.
This can happen when r is quite large (compared to the total number of vertices), as in
the following example: for the degree sequence D = (3,2,2,1,1,1), both the greedy tree
and the only other tree with the same degree sequence have the same Steiner 5-Wiener

index of 27.

Greedy tree Non-greedy tree

Figure 6: Both trees with degree sequence (3,2,2,1,1, 1) have the same Steiner 5-Wiener
index.

3 Decreasing recurrence rule f,

Let us first mention some definitions, which are needed to describe an M-tree. We use
similar terminology and notation as in [1]. Let us remark that, even though large and
small degrees alternate, the concept is slightly different from that of an “alternating greedy
tree”, as introduced in [35].

Definition 25. A complete branch B = [By,..., Bi] of a tree T is called a pseudo-leaf
branch and its root a pseudo-leaf if |V(By)| = |V(B2)| = --- = |V(Bx)| = 1; i.e., all

vertices in B, except for the root r(B), are leaves.

We simply write [d] for a pseudo-leaf branch with d vertices (a root and d — 1 leaves).
In particular, [1] stands for a single vertex.

Definition 26. Let (dy,...,d;,1,...,1) be the degree sequence of a tree T', where d; > 2
for 1 < j < t. The t-tuple (dy,...,d;) is called the reduced degree sequence of T. We
assume that the d;s are in non-increasing order, i.e., d; > dy > --- > d;.

By the handshake lemma, the sum of the number of leaves of T" and the degrees of the
non-leaf vertices, i.e., |L(T)| 4+ 32¢_, di, where (dy, ..., d;) is the reduced degree sequence
of T, is equal to 2(]£(T)|+t—1). Thus, the number of leaves is |£(T)| = 2—2t+3"1_, d;.
This implies that two trees with the same reduced degree sequence have the same number
of leaves, therefore they have the same degree sequence.
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Next, we give an explicit construction for the M-tree M(D) with degree sequence
D. Following the previous remark, we also write M(D’) instead of M(D) for the same
M-tree, where D’ is the reduced degree sequence corresponding to D.

Definition 27. Let (di,...,d;) be a reduced degree sequence of a tree. If ¢t < d; + 1,
then M(dy, ..., d;) is the tree obtained by merging ¢t — 1 leaves of a star [1 + d;| with the

roots of the ¢ — 1 stars [di], [da], ..., [di—1]. In our formal notation, it can be written as
[[di], [da], - .-, [di=1], [1], - .., [1]]. We label selected vertices as shown in Figure 7, in such
a way that

d(v;) < d(vy) ifi <j. (11)

At this point all non-leaf vertices are labelled.

Figure 7: Labelling of the vertices of M(dy, ..., d;) when t < d; + 1.

On the other hand, if ¢ > d; + 2, we construct M(dy,...,d;) recursively. Let ¢ be

the largest integer such that a vertex labelled vy, occurs in M(dy,,...,d;—1), and let s
be the smallest integer such that v, is adjacent to a leaf in M(dy,, ..., d;—1). Let Ry, =
[[di], ..., [d4,—1]], where the pseudo-leaves are labelled vgyq, ..., vgia,—1, still respecting

(11). M(dy,...,d;) is the tree obtained by merging the root of R, with a leaf adjacent
to vs.

U1

M(4,3,3) M(4,4,4,3,3,3) M(5,4,4,4,3,3,3,2)

Figure 8: Step-by-step construction of M(5,4,4,4,3,3,3,2).
We will show in this section that the M-tree M(D) is the unique p-exchange-extremal
tree with degree sequence D if p satisfies the following conditions:

IL.1 the quantity p satisfies (2), where the function f, is symmetric,
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I1.2 the function f, is strictly decreasing (strictly decreasing in each single variable and
strictly decreasing under addition of further variables),

I1.3 the quantity p satisfies p(e) > p(B), for all rooted trees B with |V (B)| > 1.

3.1 Special case: the Hosoya index

Let T be a rooted tree, and recall that the Hosoya index, denoted by z(T), is the total
number of matchings of 7. The number of matchings in T" that do not cover the root
r(7") will be denoted by zy(7"). We consider the following ratio, which can be interpreted
as the probability that a random matching does not cover the root:

If T =[T1,...,T], then it is not hard to see that

j=1
and
k k
A1) = () + 3 w0 [ 1)
j=1 i=1
i#£]
It follows that )

p3(T) = ps([T1, T2, .., Ti])

= - . (12)
1+ Zj:l p3(T;)
Note that this recurrence rule f,, is symmetric and decreasing with respect to each
of its variables and under addition of further variables. In addition, we obviously have

p3(®) = 1 > p3(B) for every rooted tree B with more than one vertex. Thus I1.1, I1.2
and IL.3 are all satisfied.

Lemma 28 (cf. [17]). Let T be a tree with degree sequence D for which z(T) attains its
mazximum. For any two disjoint complete branches A = [Ay, ..., Ay] and B = [By, ..., By
m T, we have

e cither k > { and min{ps(A;), ..., ps(Axr)} = max{ps(Bi),...,p3(B)},
o ork < { and max{ps(A1),...,p3(Ax)} <min{ps(B1),...,ps(Be)}.

In other words, the tree with degree sequence D that minimises the Hosoya index is
ps-exchange-extremal. In addition, as a special case of Theorem 22 in [1], the following

holds.

Theorem 29 ([1]). If T is a ps-exchange-extremal tree, then T is an M-tree.
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3.2 Main result

In analogy to Theorem 7, we obtain the following result.

Theorem 30. Let p be an invariant of rooted trees that satisfies conditions I1.1,11.2 and
I1.3. If a tree T is p-exchange-extremal, then T is an M-tree.

The proof of Theorem 30 is essentially identical to that of Theorem 7, with minor
modifications to take into account that f, and f,, are decreasing and p(e) and p;3(e) are
maxima. The rest of this section will be devoted to applications of Theorem 30.

3.3 Matching polynomial and energy

Let T be arooted tree. Denote by m(7T', k) the number of k-matchings in 7" and by m (T, k)
the number of k-matchings not containing the root. We write M(T,z) = >_, ., m(T, k)z*
and Mo (T, z) = >, mo(T, k)z* for the generating polynomials corresponding to m and
mg respectively. Moreover, we define the following ratio for x > 0:

MO (T7 .T)
T r)=——7+~1—.

T( ? ‘r) 1\/[(/1—17 I)

Lemma 31 ([1]). Let > 0, and let T be a tree such that M(T,z) < M(T",z) for
every tree T' with the same degree sequence. For any two disjoint complete branches

A=Ay, ..., A and B=[By,..., B in T, we have
o cither k > ( and min{7(A;,x): 1 < j <k} >max{r(B;,z): 1< j </},
o ork </{ and max{r(A;,z):1<j <k} <min{r(Bj,z):1<j <}

The tree that minimises the matching polynomial M(7', z) for some x > 0 is therefore

7(., r)-exchange-extremal. In addition, we have the following generalisation of (12): if
T = [Tl,TQ, N ,Tk], then

1
CLra X r(Tye)
The recurrence rule f,, with p(T") = 7(7T,z), is thus symmetric and decreasing with
respect to each of its variables and under addition of further variables. In addition,

7(e,z) = 1 is the unique maximum among all rooted trees for every x. Thus the following
result from [1] can be seen as a special case of Theorem 30:

(T, )

Theorem 32 ([1]). Let x be a fixed positive real number. If T is a tree with degree
sequence D, then

M(T,2) > M(M(D), 2),
and equality holds only if T is isomorphic to M(D).

In view of the connection between the energy and the matching polynomial (namely
the Coulson formula (1)), we also get the following corollary.

Corollary 33 ([1]). Given the degree sequence D of a tree, the energy is minimised by
the M-tree M(D).
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3.4 Merrifield-Simmons index

Recall that the number of independent sets in T is also called the Merrifield-Simmons
index and denoted by o(7"). Let 0o(7") be the number of independent sets of T that
do not contain the root, and define py(T') = o(T)/0o(T). The following lemma from [1]
states that the tree that maximises the number of independent sets among all trees with
a given degree sequence D has to be ps-exchange-extremal.

Lemma 34 ([1]). Let T' be a tree with degree sequence D for which o(T') attains its
mazximum. Then, for any two disjoint complete branches A = [Ay,..., Ay] and B =
[By,...,By] inT, we have

o cither k > ( and min{p4(Aj) 1< j <k} >max{ps(B;):1<j <L
o ork < /{ and max{ps(A;):1 k} <min{py(B;) : 1 <5<}

The recurrence rule f,, corresponding to p4 is found in a similar way to (12), and is
given by

/04([T17T27 s 7Tk]) =1+ Hp‘l(T]) !

Note that it is decreasing with respect to each of its variables (and under addition of
further variables), and p,(e) = 2 is easily seen to be maximal among all trees. Hence we
can deduce the following theorem as a consequence of Theorem 30.

Theorem 35 ([1]). Given a degree sequence D, the Merrifield-Simmons index is maz-
imised by M(D).

3.5 Solvability

Let G be a graph and v a vertex in G. The open neighbourhood of v, denoted N (v), is the
set {u € V(G) : uwv € E(G)}, and the closed neighbourhood of v is N{v] = N(v) U {v}.
Let Fy be the field with two elements. The solvability of G, introduced in [15] and
denoted s(G), is the number of pairs (a, b) € Fy @) % Fy (%) such that there exists a vector
S IF;/(G) that satisfies
(A + diag(a))z = b,

where A is the adjacency matrix of G and diag(a) is the diagonal matrix whose diagonal
is a.

This can be interpreted as a domination problem with parity constraints. We are
looking for a set S of vertices satisfying, for each of the vertices of the graph, one of
four possible conditions: the open/closed neighbourhood has to contain an even/odd
number of vertices in S. Here, a encodes the open/closed neighbourhood condition and b
encodes the required parity. The solvability of a graph measures how many instances of
the problem have solutions. It turns out that the solvability of trees can be calculated by
a recursion involving a second auxiliary quantity ¢ associated with rooted trees, as stated
in the following lemma.
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Lemma 36 ([15]). Let T be a rooted tree. If T = [11,Ts, ..., Ty], then
k k
s(T) =8 [ s(T) — 5[ t(To),
i=1 i=1

{(T) :81‘[5@) —GHt(n),

with initial values s(o) = 3 and t(e) = 2.

We remark that the value of the parameter ¢ generally depends on the choice of root,
unlike s. Note also that s(T") and ¢(T") are both positive, and that s(7") > ¢(7") holds for
every rooted tree T

It was shown in [15] that the path has the greatest solvability among all trees (in fact
all graphs) of a given order, while the star has the least solvability, but no other extremal
results for the solvability of trees are available. Let us show that our general results apply

to the solvability as well. To this end, define p5(7") to be the ratio p5(7") = i((%) >1. IfT

can be decomposed as [T1, ..., T], then by Lemma 36 we have:

_ 8IIi,ps(T) =5
81Ti—1 ps(T3) — 6
Note that this is a symmetric and decreasing recurrence rule, so ps satisfies condi-
tions II.1 and I1.2. Moreover, I1.3 is also satisfied by (13), since

ps(T) (13)

1 1 3
: <1 -
8Hi:1 ps(1;) — 6 8—6

ps(T) =1+

for every tree rooted tree T" with more than one vertex. Let us now prove the main lemma
of this subsection.

Lemma 37. Let T be a tree with degree sequence D for which s(T') attains its minimum.
Then, for any two disjoint complete branches A = [Ay,..., Ax] and B = [By,..., B/] in
T, we have

o cither k > ( and min{ps(A;) : 1 < j < k} > max{ps(B;) : 1 < j < (},

o ork </ and max{ps(A;):1<j <k} <min{ps(B;):1< </}

Proof. Let P = wguy ... u, be the path between r(A) = uy and r(B) = u,,. For 1 <

j<mletU;=[Uj,..., U;d(Uj)] be the component containing u; (rooted at u;) when we
remove all the edges of the path P. We also denote by X; the component containing u;
in T'— w;_qu;, rooted at u;. We consider the tree 1" as rooted at r(A). Using Lemma 36,

we can write s(7') and ¢(7) in terms of matrices as follows:
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Figure 9: Decomposition of T" in the proof of Lemma 37.

(0 = (3Ias(a) ST A (o000
t(T) 8ITiy s(A:) —6IT=, t(A)) \1(Xy)
Moreover, for 1 < j < m, we have
(s<Xj>> (8T s(U;) —5TTS (U <s<Xj+1>) |
t(X;) ST s(Ui) —6 [T ¢(U?) ) \tH(Xj41)
Let us denote the 2 x 2-matrix on the right side of this equation by M;. Empty
products (if rd(U;) = 0) are defined to be 1, which is consistent with the recursion. Then

we have
(S(T)) _ (8 [T, s(4) =5 Hflt(Az')) u (S(B))
t(T) 81Ti—y s(Ai) —6IT, t(Ay) t(B))’
where M = My x My x My x --- x M,,_1, My being the identity matrix. If we set
M = (%00 Mm), then we can write the solvability of T as
10

Mll
k l k ¢
s(T) = [ s(A) [ s(B:)(64Moo + 64Moy) — [ [ s(Ai) [ ] £(8B:)(40Moo + 48M)
i=1 i=1 i=1 i=

— [Jt(A4) [ s(B:)(40Mig + 40M1y) + [ [ (As) [ ] £(B:)(25M10 + 30Myy)

i=1 i=1
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k k l
H H )| (6400 + 64001) TT ps(A0) T o5(B:)
i=1 i=1 i=1 i=1
k 4
— (40M00 —f- 48M01) Hp5(Az) — (40M10 + 40M11) H ,05(31) + (25M10 + 30M11) .

i=1 =1

Since [0, t(A;) T, t(B;) and (64 Moo + 64 Moy ) TT1_y p5(Ad) TTi_, ps(Bi) + (25Myq +
30M ;1) remain invariant under any rearrangements of the A;s and B;s, s(T) attains its
minimum under permutations of the A;s and B;s if and only if

k l

a]rs(A) + B8] ] ps(B)

i=1 =1

attains its maximum, where oo = 40Myg + 48 Mo, and 3 = 40M9 + 40M;;.

Next we show that o and § are positive. For m = 1, M is equal to the identity matrix.
Soa =L =40 > 0.

Now, for m > 1, let us prove by induction on m that 5Myy+6Mqy; > 0, 5M19+6M71; > 0
and My, M7; < 0. Note that the positivity of 5Myy+6My; implies the positivity of a since
a = 8(bMyy + 6My;), and the positivity of 5M;g + 6My;, combined with the inequality
My, < 0, implies the positivity of 8 since 8 = 8(5Myg+ 5Mi1) = 8(5Mio + 6Mi;). Let us

write
|:M00 (m) MOl (m

) - m) = X X -oo X
Mip(m) Mn(m)] = M(m) = Mo x M My—1.

For m = 2, we have, since s(U}) > t(U?) > 0 for all 4,

rd(Uy) rd(Uy)
Moy (2 _—5HtU1 0, My(2 ——6HtU1
rd(Uy1) rd(U1)
5Moo(2) + 6 Mo (2) = 40 H (U7) =30 ] tvi) > o,
1=1
rd U1) l”d(Ul)
5Mi0(2) 4+ 6M;1(2) = 40 H (Ui) 36 J[ twi) >o.
=1

Suppose now that the statement is true for m = d. For the induction step, we take
m=d+1,and M(d+ 1) = My x My X --- x My = M(d) x My. We have

rd(Ug1)
Moo(d + 1) = (8Moo(d) + 8Moi(d)) [ s(Uiy),
=1
rd(Ug41) ‘
Moy (d+1) = =(5Moo(d) + 6Mn (d)) [] #(Ui1),

=1
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I‘d(Ud+1)

Mio(d + 1) = (8Mio(d) + 8Mi1(d)) H s(Ugs1)s
liCT(lUdﬂ)
Myi(d + 1) = =(5Myo(d) + 6Mu(d)) ] t(Uks)-

By the induction hypothesis, we have M, (d), M1;(d) <

i=1

O, 5M00(d) +6M01(d) > (0 and

5Mio(d) 4+ 6My1(d) > 0. For all i, s(UL, ;) > t(Ui,,) > 0, so

Moy (d+1)

Moreover, we get

5Moo(d + 1) + 6Mpi (d + 1)

< O, and M11<d—|— 1) < 0.

rd(Ugy1) ' rd(Ug41) ‘
=8 (5Moo(d) +5Mn(d)) ] s(Uis1) —6- (5Meo(d) +6Mu(d)) [ Uiy,
i—1 i=1
I‘d(UdJrl) rd Ud+1
> (5Moo(d) + 6Mor (d)) |8 [ s(Uipy)—6 H HUL ) | >0
=1
and
5Mio(d+ 1) + 6Myy(d + 1)
rd(Ugy1) ' rd(Ugy1) 4
=8 (5Myo(d) +5Mni(d)) ] s(Us) —6- (5Mio(d) +6Mu(d)) [ #Uiy)
i=1 i=1
rd(Ud+1) rd Ud+1
> (5Mio(d) +6My(d) |8 [ s(Uip)—6 H t(UL,) | > 0.
=1

This completes our induction. Since we know now that o and 3 are positive, and that

p5(A1), - ps(Ax), ps(Br), - -
and shows that s(7") can only be minimal if

a > f, k> ¢ and min{ps(4,) : 1
e or a < f3,

This completes the proof.

< J <k} = max{ps(B;

k < ¢ and max{ps(4;) : 1 < j < k} < min{ps(

, p5(By) are all greater than 1 by definition, Lemma 8 applies

) 1<y <

O

So a tree that minimises the solvability, given the degree sequence, must be ps-
exchange-extremal. Applying Theorem 30, we immediately get the following theorem.

Theorem 38. Given a degree sequence of a tree D, the solvability is minimised by M(D).
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4 Majorisation of degree sequences

Recall that a sequence B = (by, by, ..., b,) is said to majorise D if by+- - -+b,, = di1+- - -+d,
and dy + -+ dp < by + -+ b, for every k with 1 < k& < n. In this case we write B> D.
Let T, be the set of n-vertex trees. In this section we study the class of trees whose degree
sequence is majorised by a fixed degree sequence B of a tree, i.e.,

Tog={T €T, : B> D, where D is the degree sequence of T'}.

Definition 39. Let p be an invariant of rooted trees which satisfies a recursive relation
as in Equation (2), and let S,, denote the set of permutations of 1,2,... ,n. We say that
the tree invariant I is maximum-p-compatible if for every tree H and every choice of two
of its leaves v and w), every collection of rooted trees Ty, Ty, ..., T, with p(T7) = p(T3) >
... =2 p(T}), and every integer s with r/2 < s < r, the maximum value of I among all
trees in the set

KS = {[Ta(l), c. ,To(k)]UHw[Ta(k+1), ce ,TU(T)] NS ST and r — s < k < S}
is attained by (at least) one of the following two trees:
Ty,..., TJvHw[Tsyq, ..., T, or [Tsyq, ..., T JoHW[TY, ..., Ty

In words, among all possibilities to attach T},7T5,...,T, to v and w in such a way that
their degrees are not greater than some fixed bound s + 1, the maximum value of [ is
reached when the s trees T; with largest p-values are attached to one of the two vertices v
and w, so that its degree is s + 1. Note here that if s < s’ then K; C K. In the same
way, one defines an invariant I to be minimum-p-compatible (replacing “maximum value”
by “minimum value” in the definition).

Several examples from the previous sections fit this scheme. In each case, the proof is
essentially the same as the proof that extremality with respect to I implies p-exchange-
extremality.

e The Wiener index is minimum-pg-compatible, and this extends to the generalisations
discussed in Subsections 2.5 and 2.6.

e The number of subtrees is maximum-p-compatible with respect to the invariant
p(T) =n(T,r(T)) defined in Subsection 2.3.

e The weighted number of rooted spanning forests rf(7’, x) discussed in Subsection 2.4
is minimum-p;-compatible with respect to the invariant p; defined there.

e The Hosoya index is minimum-ps-compatible (see Subsection 3.1), and this extends
to the matching generating polynomial M(T’, x).

e The Merrifield-Simmons index is maximum-ps-compatible (Subsection 3.4).
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e The solvability is minimum-ps-compatible (Subsection 3.5).

We note that for any maximum-p-compatible invariant I, a tree with degree sequence
D that attains the maximum value of I is necessarily p-exchange-extremal, since the
compatibility condition is an extension of p-exchange-extremality.

Theorem 40. Let I be a maximum-p-compatible tree invariant, for some p that satisfies
(2), and let B be a degree sequence of a tree. Then

i) max{I(T):T € Topg} = I(G(B)) if p satisfies properties 1.1, I.2 and 1.3,
i) max{I(T):T € Tog} = I(M(B)) if p satisfies properties I1.1, I1.2 and II.3,

Proof. We only prove part i), the proof of part ii) is analogous. As mentioned earlier,
by definition of maximum-p-compatibility of I, max{I(T) : T" € T p} is reached by a
p-exchange-extremal tree, say F. It is only left to prove that E can be chosen to have
degree sequence B. Let T' € T p, with a degree sequence D (thus D < B), such that
D = (dy,dy,...,d,) # B = (b1, by, ...,b,). Let r be the smallest index for which d, > b,
(such an index must exist, since B and D have the same sum), and let ¢ be the largest
index less than r such that dy < by (such an index must exist, since by + by + -+ - b, >
dy + dy + -+ + d, by majorisation). Observe that d; = b; for £ < i < r. Now define
By = (b, by, ...,0,) by b, =0b; fori ¢ {{,r}, b, =b,— 1 and b, = b, + 1. We note that B,
is still non-increasing, thus a valid degree sequence: 0, = by — 1 > dy > dyp11 2 b, 4+ and
bl =b.+1<d, <d,_; <b._;. Moreover, it is easy to verify that D < By, since b, > d; for
i <7, while by +-0+- -+ = by +by+- - - +b; for j > r. Clearly, we also have B; <B. We
can repeat this procedure with By and D to obtain a degree sequence By with D <1 By <1 By,
and so on. This yields a sequence of degree sequences B = By, B, By, ..., B, = D such
that
B=DBy>B>--->B,=D,

and B; and B, always only differ in two entries (by exactly 1 each). We therefore restrict
ourselves first to the case that B and D only differ in two entries: by =d,+1, b, =d, — 1
and b; = d; for i ¢ {{,r}.

Let v and w be distinct vertices in T" such that d(v) = d; > d, = d(w). Then T
can be decomposed as [T, ..., Ty,—1|JvHw[Ty,, ..., T4, +a4,—2) for some tree H and branches
0,71, ... 7ng+dr—2~ Let o € Sdﬁ-dr—Q such that p(Tg(l)) = p(Ta(g)) = ... 2 p(Tg(dﬁ_dT_g)).

By the definition of maximum-p-compatibility, we can find a tree 7", which is either

[Ta(l), e ,Tg(dé)]va[Ta(dz+1), Ce ,Tg(d2+dr,2)] or
Tsdgt1)s - - > To(drar—2) VHW[ T 1y, - - - Togay)],

such that its degree sequence is B and I(T) < I(7”). In the general case, we can find a
sequence of trees Ty, Ty, ..., T, = T whose degree sequences are B = By, By,...,B, = D
respectively, such that

I(Ty) > (1) > - > I(T,) = I(T).
This shows that the extremal tree F mentioned earlier can indeed be chosen to have

degree sequence B. The statement of the theorem follows. O
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Corollary 41. Let A C T, be a class of trees with n vertices and B a degree sequence
such that for every tree T' € A, its degree sequence D satisfies D <\ B. If I is a maximum-
p-compatible tree invariant, then

e max{[(T):T € A} = I(G(B)) if p satisfies I.1, I.2 and 1.8 and G(B) € A,
e max{[(T):T € A} = I(M(B)) if p satisfies II1.1, II.2 and II.8 and M(B) € A.

Again, an analogous statement holds if I is minimum-p-compatible (replacing max by
min ).

Proof. The degree sequence condition implies that A C T_pg, so the statement is imme-
diate from Theorem 40. O

We conclude this paper by discussing different applications of Corollary 41.

e The first example is the class of all trees of order n, A = T,,, where we can take
B = (n—1,1,...,1). The only tree with this degree sequence is the star S, =
G(B) = M(B). Therefore, we obtain the following known results as immediate
corollaries: among all n-vertex trees, the star minimises the Wiener index [9], the
Hosoya index and the energy [11], the quantity rf(T,x) [43] for every = > 0 (thus
also the incidence energy) and the solvability [15], while it maximises the number
of subtrees [30] and the Merrifield-Simmons index [28].

e Next, we take A to be the set of all n-vertex trees whose vertex degrees are at most
equal to d. Here, we can take B = (d,...,d,r,1,...,1), where 1 < r < d and
r=n—1 mod d— 1. The greedy tree G(B) is in this case called a Volkmann tree.
Again, several extremality results now follow as direct applications of Corollary 41.
For example, the Volkmann tree minimises the Wiener index [10] and the polynomial
tf (T, z) for every x > 0 [20] (thus also the incidence energy), while it maximises
the number of subtrees [23]. On the other hand, the M-tree M(B) is known to be
extremal for the Hosoya index, the energy of a graph and the Merrifield-Simmons
index [18, 16]. We also obtain new results for the Steiner Wiener index (which is
minimised by G(B)) and the solvability (which is minimised by M(B)).

e Next, let A be the set of n-vertex trees with exactly ¢ leaves. Now we can take
B=((2,...,2,1,...,1) (n—¢—1 copies of 2, £ copies of 1) and find that either G(B)
or M(B) is extremal for each of the invariants we considered in the previous sections,
thus recovering several known results (and adding some new ones). For instance, the
greedy tree G(B) is known to minimise the Wiener index [9, 34] and the polynomial
rf(T,z) as well as the incidence energy [19]. On the other hand, it maximises
the number of subtrees [3]. Similarly, the extremal tree for the Hosoya index, the
Merrifield-Simmons index and the energy is known to be M(B) [38, 36, 37]. We
find now also that G(B) minimises the Steiner Wiener index, while M (B) minimises
the solvability.
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e Finally, let A be the set of n-vertex trees having r branching vertices, i.e., vertices of
degree greater than or equal to 3. Here, we can take B = (n—2r+1,3,...,3,1,...,1)
(r — 1 copies of 3, n —r copies of 1). It was shown in [26] that the greedy tree G(B)
minimises the Wiener index in this class of trees if r < ”T”, while the case r > ”T”

was left as an open problem. Minimality of G(B) with respect to the Wiener index

is a consequence of our results for arbitrary » now, and we also obtain extremality

of G(B) or M(B) for all the other invariants mentioned in this paper.
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