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Eigenvalue Expansion of Nonsymmetric Linear
Compact Operators in Hilbert Space

Ludwig Kohaupt'*

Abstract

For a symmetric linear compact resp. symmetric densely defined linear operator with compact inverse, expansion
theorems in series of eigenvectors are known. The aim of the present paper is to generalize the known expansion
theorems to the case of corresponding operators without the symmetry property. For this, we replace the set of
orthonormal eigenvectors in the symmetric case by a set of biorthonormal eigenvectors resp. principal vectors in
the case of simple eigenvalues resp. general eigenvalues. The results for the operators without the symmetry
property are all new. Furthermore, if the operators are symmetric, the generalized results deliver the known
expansions. As an application of the results for nonsymmetric operators with simple eigenvalues, we obtain a
known expansion in a series of eigenfunctions for a non-selfadjoint Boundary Eigenvalue Problem with ordinary
differential operator discussed in a book of Coddington/Levinson. But, we obtain a new result if the eigenvalues
are general, that is, not necessarily simple. In addition, for a differential operator of 2nd order with constant

coefficients, the eigenfunctions and Green’s function are explicitly determined. This result is also new, as far as
the author is aware.

Keywords: Applications to non-selfadjoint boundary eigenvalue problems, Densely defined operator with
compact inverse, Eigenvalue expansion of nonsymmetric compact operator, Hilbert space, Nonsymmetric
compact operator

2010 AMS: Primary 65J05, Secondary 34L10, 47A10, 47A12

1. Introduction

The paper is structured as follows.

Section 2 is of preparatory nature and of utmost importance for the subsequent sections; it discusses functions of an operator
in a Banach space.

Section 3 is on the expansion of a linear compact operator and of a pertinent projection operator in a series of eigenvectors
resp. principal vectors in a Hilbert space.

Section 4 treats densely defined linear operators T = L with compact inverse G = T~' = L™!, derives for it expansions in
series of eigenvectors resp. of principal vectors and shows that G = G* not only for simple, but also for general eigenvalues,
where G4 = Ljrl and L. is the formal adjoint of L.

In Section 5, applications of the results of Section 4 are made to a non-selfadjoint BEVP taken from [2, Chapter 12],
delivering relation [2, Chapter 12, (5.6)]. Here, not only the expansion in a series of eigenfunctions is obtained in the Hilbert
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space H = Ly(a, b) if the eigenvalues are simple, but also a corresponding expansion in a series of principal functions if the
eigenvalues are general.

In Section 6, beyond this, for a differential operator L defined by Lu(x) = L, g,u(x) = —u" (x) + pou’ (x) +qou(x), 0 <x <1
with real constants pg and go, the eigenvalues t; and pertinent eigenfunctions x;(x) as well as the associated eigenvalues 11 =M
and eigenfunctions y;(x) of the formally adjoint operator L defined by L v(x) =L_p, 4,v(x) = —V"(x) — pov/(x) +gov(x), 0 <
x < [ with the biorthonormality property are explicitly determined. Furthermore, the Green’s functions G(x,s) = G(x, s; po,qo)
pertinent to the operator L = L, 4, as well as the associated Green’s function G (x,s) = G” (x,5) = G(s,x) = G(s,x;—po,q0)
pertinent to the formally adjoint operator L, = L_ 4, are also explicitly determined confirming the general result G, = G"
for the linear compact operators G and G defined by the corresponding Green’s functions. In Section 7, we compare the
present expansion results in abstract Hilbert spaces with known ones. Finally, Section 8 contains the conclusions.

2. Functions of an Operator in a Banach Space

This section contains the basis for the convergence of the studied expansions and is thus of utmost importance for the whole
paper.

The method of deriving the expansions for symmetric linear compact operators is no longer applicable when the symmetry
property is missing. See, for example the derivation for a symmetric linear compact operator in [14, Theorem 6.4-B, pp.336-337].

A hint what can be done in the nonsymmetric case is found in [2, Chapter 12, 1. Introduction, p.298, first paragraph]. As
stated there, an appropriate approach is furnished by the Cauchy integral method. There, one can read: “The method ... yields
complete information about the convergence of the expansion for any integrable function.”

We mention that most theorems of the classical Theory of Functions can be carried over to functions of a complex variable
z with values in a complex Banach space.

So, in particular, Cauchy’s integral method can be applied to functions with values in a Banach space, that is, in a complete
normed space, where the completeness property of the space is essential.

In [2], the special case of the Hilbert function space H = L, (a,b) is used, that is, a specific complete function space with
scalar product.

This is not general enough for our purposes, however. What we need is Cauchy’s integral method in a general Banach
space. This is treated in the book [6, Chapter I, §5]. However, there Kato assumes that the underlying normed space be
finite-dimensional. Then, of course, the space is complete. But, the assumption of finite dimension can be replaced by the
completeness of the space since this is the important condition to allow the transition from complex-valued functions of a
complex variable to vector-valued functions of a complex variable, as we have already mentioned above. This is done, for
instance, in Stummel’s paper [13], where Cauchy’s integral method is used to show the existence of the resolvent integral for a
pair of linear bounded operators A, B € B(E,F) where E and F are Banach spaces and where it is proven that the completeness
property is even not necessary if the operator B is compact.

Here, we study only a single operator T € B(E), i.e., the pair (A = T, B = I) with the identity operator [ in F = E where,
for the time being, we assume that the space is complete. In a subsequent paper, we shall investigate whether the completeness
property of the space for the series expansion of 7 can be dropped if T is compact.

For the study of asymptotic expansions for discrete approximations of eigenvalue problems, we refer the reader to [4].

After these preliminary remarks, we turn to functions of an operator in a Banach space as announced in the heading of this
section.

We mention that here we use verbatim and almost verbatim passages from [6, Chapter I, §5].

Let {0} # E be a Banach space over the field F = C . Whereas in [6, Chapter 1] it is supposed that dimE < oo, here we
assume that dim E = oo. As already mentioned several times, the following results taken from [6] are valid for dimE < o and
dimE = o if the space is complete.

Let p(&) be the polynomial

pl)=+oul+-al", LeC 2.1)
with oj € C, j=0,1,--- ,n. Then the polynomial p(T) € B(FE) is defined by

p(T)=o+oT+---0,T", { €C, (2.2)
see [6, Chapter I, §3.3]. Making use of the resolvent

RE):=(T-¢)" ¢ecC, 2.3)
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one can now define the function ¢(7') of T for a more general class of functions ¢(§).

Before we do this, we mention that linear compact operators need not have eigenvalues. For example, Volterra integral
operators have no eigenvalues. On the other hand, consider a symmetric linear compact operator. Then, such an operator has at
least one eigenvalue, and all eigenvalues are real and simple. It may happen that there exits only a finite number of eigenvalues.
Further, there is at most a countable set of eigenvalues with the only possible accumulation point zero, and there exists a set of
pertinent pairwise orthonormal eigenvectors. Further, it is known that the non-zero elements of the spectrum consist solely
of eigenvalues and that, if there is a countable set of eigenvalues, the assocated sequence tends to zero. For all this, see [14,
Chapter 6].

Further, according to [5, Theorem 44.1, p.191], one has 6(T') \ {0} = op(T) \ {0} where o(T) is the spectrum of T and
op(T) the point spectrum consisting of the eigenvalues of 7'

Taking this into account, for our general linear compact operator T € B(E), we suppose that the spectrum o(7') of T has a
countable set of non-zero eigenvalues A4 ; and that the sequence of eigenvalues tends to zero.

Additionally, we suppose that 0 € o(7') so that N(T') = {0} since without this condition, we cannot obtain relation (2.11)
resp.(2.14) below.

Now, suppose that ¢ () is holomorphic in a domain D of the complex plane containing all the eigenvalues A; # 0 of T, and
let C C D be a simple closed smooth curve with positive direction enclosing all the eigenvalues A; in its interior. Then, ¢ (T') is
defined by the Dunford-Taylor integral

o) =~ [0@R@)ag =~ [9(&)T-0) " at. 4

27i Jo

This is an analogue of the Cauchy integral formula in the Theory of Functions, see [7, Part I, §15, p. 61]. More generally, the
curve C may consist of several simple closed rectifiable Jordan curves Cy having positive direction with interiors D) such that
the union of the D; contains all the eigenvalues of 7. We note that (2.4) does not depend on C as long as C satisfies these
conditions. For the Cy, we can use the circles Cy = {z € C ||z — 4| = r} with sufficiently small radii ry.

It can be verified that for the polynomial

o) =pl)=+oul+ 8", {eC (2.5)

witho; € C, j=0,1,---,n, the Dunford-Taylor integral (2.4) is equal to (2.2).
For the special case

¢(&)=p(&)=2¢, (2.6)

we obtain
s frr@ac =1 (<50 [R©a) = (5 [R©ac) T e
Now, we set
P= —ZLM/CR(g)d(;. (2.8)

According to [6, Chapter I, §5, Section 3], P is a continuous projection operator onto the algebraic eigenspace X = P(E) = R(P),
where R(P) means the range of P. Thus, from (2.7) and (2.8), one obtains

T =TP=PT =PTP. 2.9)

Now, let the radii r; be chosen such that

CiNCe=0, j#k jk=1273 . (2.10)
Then,
1 > 1 -
:_%/C (g)dg:j:zl (—m/ch(C)dC) :;Pj @11
with
1 o
P =g Jo RO =123, (2.12)
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At this point, we needed the assumption 0 ¢ o(7T') since otherwise any circle Cy about Ay = 0 would eventually intersect with
the circles Cy for sufficiently large k so that we would not have (2.10) for j,k € (1,2,3,---). Let J be the sequence

J:=(1,2,3,---). (2.13)

Then, (2.11) can be written as

p_ ilpj -y P, (2.14)
=

jer

Because of (2.10), one has

PijZPkPjZPj(Sjk, Jj.keld. (2.15)
Herewith,
Pj(E) ZZXj (216)

is the algebraic eigenspace of T associated with the eigenvalue A;.
From (2.9), (2.11), and (2.15), we obtain

T=PT=TP=PTP=) PT=) TP;=) PTP, (2.17)
JjeJ jeJ JjeJ
and so
R(T)=T(E) = (PT)(E)=(TP)(E)=(PTP)(E)

= Y.(PT)(E)=Y.(TP)(E) = Y. (P,TP)(E). 2.18)

JjeJ jes jeJ

3. Expansion of a Linear Compact Operator and of a Pertinent Projection Operator in
Hilbert Space

The aim of the present section is to specify the relation (2.17), i.e.,

T=PT=TP=PTP=) PT=) TPi=) PTP,
jels jes jes

in more detail. This can best be done in a Hilbert space since, for example, the orthogonal projection Pu of a vector u € H onto
a unit vector e € H can be written as

Pu=(u,e)e,

that is, by using a scalar product.

In our case, the projection operators P; are not orthogonal, however. But, the dimension of R(P;) = P;j(H) is finite-
dimensional and represents the geometric eigenspace Nj:= N(T — A;) if the eigenvalue A; is simple and the algebraic
eigenspace X := X;LJ.(T) if A; is not simple. Now, for finite-dimensional spaces, the author constructed, in earlier work, a
set of biorthonormal eigenvectors resp. principal vectors pertinent to a finite-dimensional mapping (usually represented by
a matrix with respect to a fixed basis of vectors); here, the mapping is given by T; = TP; = P;T = P;TP;. Thus, using these
biorthonormal sets, it is possible to specify the expressions T;u = T Pju = P;Tu = P;T Pju for elements u € H in more detail
by using a scalar product. This leads to the desired expansion for 7u. Now, the announced details follow, first for the case of
simple eigenvalues, and then for the case of general, not necessarily simple eigenvalues.
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3.1 The Case of Simple Eigenvalues

In this subsection, in the case of simple eigenvalues, expansions in a series of eigenvectors are treated; it is organized as follows.
First, the conditions for the expansions to hold are stated. Then, the series expansions of Tu as well as of Pu are derived. Finally,
the known expansions for a selfadjoint operator 7 = A are retrieved from the more general result obtained in this subsection.

(i) The Conditions (CI) - (C4)
We assume the following conditions:

(C1) {0} # H is a Hilbert space over the field F = C with scalar product

(C2) 0+#T € B(H) is compact (or completely continuous) having countably many simple non-zero eigenvalues A, Az, A3, - - -
with lim;_,., A4 = 0 pertinent to the eigenvectors X1, X2, X3, - -. Further, 0 & o(T).

(C3) The eigenvectors of the adjoint 7* of T with the eigenvalues Il ,12,13, coeare Y, Yo, Y,

(ii) Series Expansions of Tu as well as of Pu

One has the following theorem.

Theorem 3.1 (Biorthonormality relations for A; # Ax, j # k)

Let the conditions (C1) - (C4) be fulfilled. Then, with appropriate normalization, the eigenvectors X1,X2,X3, -+ and
Vi, Wo, Y3, -+ are orthonormal, that is,

(%> W) = Sk, j ke d. 3.1

Proof: Define the operators

P =Y P (3.2)
j=1
as well as
T :=17P" =Y TP, 3.3)
j=1

Here, R(T") = (T")(H) is finite-dimensional with dimension . From [8, Theorem1], one has

(Xj> W) = 8jx, j.k=1,---,n. (3.4)
and

Ty =%, j=1,--,n. (3.5)
Now, letting n — oo, relation (3.4) entails (3.1) since 7 = lim;, o T according to Section 2. o

Furthermore, we obtain the following theorem.
Theorem 3.2 (Expansions of Tu as well as of Pu in a series of eigenvectors)
Let the conditions (C1) - (C4) be fulfilled. Then,

Tu= Z)»j(u,l//j)xj, ueH 3.6)
jeJ
as well as
Pu= Z(u,y/j)xj, ucH. 3.7
jeJ

Proof: Let u € H. Then, due to (3.1),

n

Py =Y (u,y;)x (3.8)
j=1
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and thus

TWy =T1p" Z (u,w))x (3.9)

Now, from Section 2, the limit

Mx

Pu = lim P™y =

n—eo

(i)=Y (w,v))x; (3.10)

1 jeJ

J

exists entailing also the existence of the limit

=

Tu=1limT"Wu=1lim TP™u= Y L;(u,y;)x; = Y A;(u, w))x (3.11)

— —
n—oco n—oo i

~.
Il
—

Remark: From (3.6) we conclude that

Further,
P:HH[xlax27x3a"']' (313)
o
Theorem 3.3
Let the conditions (C1) - (C4) be fulfilled. Then, we obtain
u:Pu:Z(u,l]/j)xj,MEH (3.14)
=

and the projection operator
Ph=1-P:H—N(T)={0} <= P =0. (3.15)

Proof: Evidently,

u=Pu+(I—Pu,ucH. (3.16)
Further,

T(Pou)=T(I—Pu=Tu—TPu=0 (3.17)
where the last equal sign follows from (2.17). So, Pou € N(T) = {0}, i.e., Bu=0, u € H or By = 0. o

If condition (C4) is not fulfilled, one can remedy this by using a biorthonormalization pre-process, as the next lemma shows.
Lemma 3.4
Let the conditions (C1) - (C3) be fulfilled, and let, for instance, Aj ,Aj, -+ , A;, be eigenvalues of T with linearly independent

eigenvectors Xj,, Xj,**  Xj,s further, let W, . ;) -+, y; Dbe linearly zndependent eigenvectors pertinent to /'L,l ,ljz, . ljp
of T*. Then, these eigenvectors can be biorthonormalized such that

(xjkaWjj)zskhkal:1727"'ap' (318)

Proof: See [9, Theorem 3]. o

After appropriate application of the biorthonormalization pre-process, condition (C4) is satisfied.
(iii) Special Case of a Selfadjoint Compact Operator T = A

If T = A is selfadjoint and compact and if there is a countable set of non-zero eigenvalues A;, j € J, then it is known that
the relation

lim A; =0 (3.19)

J—re
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is fulfilled. Further, the eigenvalues are real, and the pertinent eigenvectors @; can be chosen real so that one has

P=2i=VjJeJ (3.20)

meaning that the biorthonormality relations (3.1) turn into the orthonormality relations

(0, @) =6jx, j,kel. 3.21)
Thus, if 0 & 6(A), the relations (3.6) and (3.14) turn into the known results
Au=Y Aj(u,9;)p;, uc H (3.22)
jel
and
u=Pu=Y (u,0;)p;, ucH. (3.23)
jel

3.2 The Case of General Eigenvalues
In this subsection, we do not assume that the eigenvalues of 7 be simple. Then, we obtain expansions in a series of principal
vectors.

This subsection is organized in a similar way as the preceding one.

So, first the conditions for the expansions to hold are stated. Then, the series expansions of Tu as well as of Pu are derived.

(i) The Conditions (C1') - (C4')
In the general case when the eigenvalues need not be simple, we assume the following conditions:

(C1") {0} # H is a Hilbert space over the field F = C with scalar product (-, -)

(C2") 0#T € B(H) is compact (or completely continuous) having countably many non-zero eigenvalues A1, 4,43, - -+ with
limy_,. A« = 0 and the pertinent algebraic eigenspaces P;(H) = X, (T') spanned by the principal vectors
(), (/)

X175 X xm; for j € J, where xm is of stage i. Further, 0 € o (T).

(c3h yll(j >, éj ), SN w,S{J ) are .the principal vectors corresponding to the eigenvalues A j» J €J, spanning the algebraic eigenspaces
P;(H) :ij(T*) forjelJ
(C4/) A’j 7£ )’ka ]#k7 ]7k eJ

(ii) Series Expansions of Tu as well as of Pu

As a preparation of the expansions in series of principal vectors, we begin with the detailed biorthonormalization process.
According to (C2') and (C3'), we have

TZ;Ei> _ liX/Ei) +X;E?1, k=12, ,m (3.24)
and

T*Wl(j) :xj %(J)+W(i)]’ 1=1,2,--- ;. (3.25)
Then, the fact can be used that the principal vectors of stage k are determined only up to a linear combination of principal
vectors of stages less than k which was applied in [8] to the chain l//l(" >, 2(1 >, e l//,(,,]_ j) leading to

(X]Ei)’wl(i)):Ql#mi_k+1’k:]7...’mi (3.26)
and

(xlii)’ wxg_k+1) £0, l=mi—k+1,k=1,--- m. (3.27)
So, with

v/ii) = ‘//r(rfi)—kﬂv (3.28)



Eigenvalue Expansion of Nonsymmetric Linear Compact Operators in Hilbert Space — 62/74

one has
(X/Ei)a U]Ei)) 7é 07 k= 17 cee M.
Further, according to [8],
o) =0,i# ]

k=1, my, [ =1, ,mj.

Now, replace v,Ei) in (3,29) by

ﬁ}@ = Wkt 1 = Byilii)—k{»l Ymi—k+1 = B,E,i.)karl D]@

and determine the factor ﬁrsl )7 x41 such that
o) =1.

Then,

B i =1/ o) = 1 () Wi, k=1,

or

ﬁz(l) = 1/(%}'(;,-)71+17vr(nji)71+1) = 1/(Xr(nll‘>fl+1>llll)7 =1,

From (3.31), we obtain

or

with Béj) :=1and lf/(()j) :=0as well as

7 =B BY  1=1,2, mi.

This means that in the canonical Jordan form of T restricted to the subspace spanned by the principal vectors l/?l(j ), 1172(j ), S

the ones are to be replaced by the 7@17 [=2,--- ,m.
Due to the above, one has the following lemma.

M

Lemma 3.5 (Biorthonormality relations for principal vectors)

Let the conditions (C1') - (C4') be fulfilled. Then, with the above notations,

(X/Ei)7 5;(j>) = 0y 6ij,

k=1,--- mj, l=1,--- .mj, i,je€J with

f’z(j) = ‘T’r(n],-)fm = Bri]j)fm ‘lf,gljj)fm = ﬁ,ijj)fm vl(”,

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.38)

(3.39)



Eigenvalue Expansion of Nonsymmetric Linear Compact Operators in Hilbert Space — 63/74

I=1,---,mj, j€Jaswell as
By o =1/ o) = 17007 Wy 1), (3.40)
[=1,---,mj, je. o

At this point, we mention that
(u,v) = (®?u,e®v), u,veC", 0< @ <21
which also applies to the pairs of vectors u = x(i) V= ﬁl(j Jin (3.38).
Remark: We note that the matrix

(N ki1 m (3.41)

has the form

(3.42)

which is called cross-diagonal in [12, p.3] and anti-diagonal by other authors. As opposed to this, the matrix ( ( x,gl) , f)l(l)) Ved=1, m;»
is equal to the identity matrix and thus diagonal. o
With Lemma 3.5, we can derive the next theorem that is an analogue to Theorem 3.2.
Theorem 3.6
Let the conditions (C1') - (C4') be fulfilled. Then,

”lj
T“—ZZ u oA + 2] uen (3.43)
JjeJ k=

as well as

Pu=}), Z o), weH. (3.44)

jeJk=

Proof: Define

Py = ipj = Zn:P,l.(T). (3.45)

n mj
:ZZ uvk Xk LucEH. (3.46)
This leads to
n mj . .
TWu: = TPWu=Y Y (u,0)Ty
n mj Jj=lk=1 (3.47)
_ MUNPON0 I H
Z (u,D n ) Jxk +Xk 1] uei.
j=1k=1

From this, it follows, based on Section 2,

P = lim P (3.48)

n—yoo
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as well as
T = lim 7™ (3.49)
n—soo
in the Banach space B(H). From (3.45) - (3.49), the relations (3.43) and (3.44) follow. o
Using (3.44), we obtain the next theorem.
Theorem 3.7
Let the conditions (C1') - (C4') be fulfilled. Then,
mj . .
u=Pu=YY (u, 5%, ueH, (3.50)
jeJ k=1
Proof: The proof is done in the same way as for Theorem 3.3 o

Remark: As in the case of simple eigenvalues of 7', under the conditions (C1’) - (C4') the relation N(T') = {0} is equivalent
to the property that Ay = 0 is not an eigenvalue of 7 which, in turn, is equivalent to Ay = 0 is not an eigenvalue of T* or that

N(T*) ={0}. o
Remark: If condition (C4') is not fulfilled, this again can be remedied by a biorthonormalization pre-process described in [9,
Theorem 4]. o

4. Series Expansions for a Densely Defined Linear Operator with Compact Inverse

The results on linear compact operators in Section 3 can be carried over to densely defined linear operators with compact
inverse. The obtained expansions have important applications to BEVPs for ordinary and partial differential equations, where in
Section 5, we restrict ourselves to BEVPs for ODEs. Again, it is natural to first handle the case of simple eigenvalues and then
the case of general eigenvalues.

4.1 The Case of Simple Eigenvalues
In this subsection, in the case of simple eigenvalues, expansions in series of eigenvectors are treated.

It is structured as follows. We begin with the conditions on the densely defined linear operator L, its formally adjoint
operator L, and their pertinent compact inverses G and G. Then, it is shown that G, = G* where G™ is the adjoint operator of
G. Next, the expansions for Gu and Pu in series of eigenvectors are derived.

(i) The Conditions (C1,) - (C5,)
We assume the following conditions:

(C1,) {0} # H is a Hilbert space over the field FF = C with scalar product (-, -)
(C24) {0} # Hp and H, are pre-Hilbert spaces with
Hp CHrCH,Hp=Hp=H
and where
L:D(L):=Hpw— Hg

is a linear operator with the countably many simple non-zero eigenvalues
Wi, Mo, U3, --- and the property lim;_,.. i1; = oo as well as pertinent eigenvectors x1, X2, X3, - - € Hp. Further, L possesses
a compact inverse

G:=L"'cB(H)
(C34) {0} # Hp 4 and Hg are pre-Hilbert spaces with
Hpy CHRCH,Hp.=Hr=H
and where
Ly:D(Ly):=Hpy— Hg

is a linear operator with the countably many simple non-zero eigenvalues
Wi+, Mo 4+, 3 +,- - and the property lim;_,., lt; 1 = oo as well as pertinent eigenvectors Y1, Y, y3,--- € Hp . Further,
L, possesses a compact inverse

G :=L;'€B(H)
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(C4;) (Lu,v)= (u,Lyv), u € Hp, vE Hp 1

(C54) Wj# M, j# ks jkeT

We mention that due to the above conditions, 0 ¢ 6(G).
(ii) Series Expansions of Gu and Pu
The first theorem reads as follows.
Theorem 4.1
Let the conditions (Cly) - (C5;) be fulfilled. Then,

Hj+=Hj jed @.1)
and

G, =G 4.2)
where G* € B(H) is the adjoint operator of G defined by

(Gu,v) = (u,G*u), u,v € H. 4.3)

Further, the operator G has the eigenvalues Aj = 1/u; as well as the eigenvectors X, and G = G* has the eigenvalues
Aiv=A;=1/uj4= l/ﬁj as well as the eigenvectors yj for j € J. In addition, limj_,., A; = 0.
Proof: Let ii, ¥ € Hg and

L 'i=Gi

u:
as well as

vi=L' =G,
Then,

uc€Hp,veHp.
Substituting this in (C4,) gives

(i1,G4v) = (Gii,v), i, v € Hg
or, with new denotations,

(u,G4v) = (Gu,v), u, v € Hg,
i.e.,

(Gu,v) = (u,G1v), u, v € Hg,
and thus, because of Hg = H, also

(Gu,v) = (u,G4v), u,v€ H.
On the other hand,

(Gu,v) = (u,G*v), u,ve H
and consequently

G, =G".

The rest of the proof is obtained in a simple way. o
From Theorem 4.1 and the results of Subsection 3.1, we obtain the following corollary.
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Corollary 4.2
Let the conditions (Cly) - (C54) be fulfilled. Then,
Gu= Z 7Lj(u, l[/j)x]', ucH, 4.4
jet
u=Pu=Y (u,y)x, ucH. 4.5)
jeJ

Proof: Because of

Gxj=AiX;
and
Gy =Gy = Ajs ¥ = A,
j € J, from Section 3.1 we obtain the relations (4.4) and (4.5). o

4.2 The Case of General Eigenvalues
In this subsection, we do not assume that the eigenvalues of L be simple. Then, we obtain expansions in a series of principal
vectors.

This subsection is organized in a similar way as the preceding one.

So, first the conditions on the densely defined linear operator L, its formally adjoint operator L. and their compact inverses
G and G are stated. Next, the expansions of Gu and Pu in series of principal vectors are derived.

(i) The Conditions (C1!)) - (C5/))
We assume the following conditions:

(C1),) {0} # H is a Hilbert space over the field F = C with scalar product (-, -)
(C2,) {0} # Hp and Hg are pre-Hilbert spaces with
Hp CHrCH,Hp=Hp=H
and where
L:D(L):=Hpw— Hg

is a linear operator with the countably many general non-zero eigenvalues

Wi, Uo, U3, --- and the property lim;_ .. {1; = oo as well as pertinent principal vectors xl(j)7 Z(j), e ,(,112 € Hp j €J, where

xl.(j ) is of stage i. Further, L possesses a compact inverse

G:=L"'€B(H)

(C3!)) {0} # Hp 4 and Hg are pre-Hilbert spaces with
Hp CHrRCH,Hp . =Hg=H
and where
Ly:D(Ly):=Hpy— Hg

is a linear operator with the countably many general non-zero eigenvalues

Wi+, Mo 4+, U3 4, - and the property lim;_,. 1; + = oo as well as pertinent principal vectors l//l(j), l//z(j), e l//,(njj) €Hpije
J. Further, L, possesses a compact inverse

G :=L;'€B(H)
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(C4))) (Lu,v)= (u,Lyv), u € Hp, ve€ Hp 4

(C5)) Wj# s J# Kk, jked
Again, we mention that due to the above conditions, 0 € o(G).

(ii) Series Expansions of Gu and Pu

The next theorem reads as follows.

Theorem 4.3

Let the conditions (Cld) (CS ) instead of (C1) - (C54) be fulfilled. Then, the relations (4.1) - (4.3) as well as lim . A; =0
of Theorem 4.1 hold.

Proof: The proof of Theorem 4.3 is the same as for Theorem 4.1 since it does not depend on the condition that the
eigenvalues be simple. o

From Theorem 4.3 and the results of Subsection 3.2, we obtain the following corollary.

Corollary 4.4

Let the conditions (Cld) (CS ) be fulfilled. Then,

GM—ZZ u o)At + 20\, ue H, 4.6)
JjeJ k=
u—Pu—ZZuv xk, €H. 4.7)
jeJk=
<&

5. Application to a General Non-Selfadjoint BEVP with Ordinary Differential Operator of
nth Order

In this section, we apply the results of Section 4 to a general non-selfadjoint BEVP for an ordinary differential operator L of nth
order. In doing so, we not only obtain the expansion (1.7) for simple eigenvalues, but also, in addition, those for Pu and Gu in
series of eigenfunctions, and further those for general eigenvalues in series of principal functions, which is much more than
what is obtained in [2] before.

We mention that this section contains a series of verbatim and almost verbatim passages from [2, Chapter 11].

Now, the details follow.

Let a < x < b be a closed bounded interval, and let L be the linear differential operator of nth order with n > 1 defined by

(Lut) (x) == an (x)u™ (x) + ap_ 1 ()" (x) + - -+ @y (x)ud (x) + a0 (x)u(x) (5.1)

where a; are complex-valued functions of class C¥[a,b] and a,(x) # 0 on [a,b]. Given any set of 2mn complex constants
o;j, Bij, i=1,2,---,m, j=0,1,--- ,n—1, define the m boundary operators or boundary forms Ry,--- ,R,, for the functions u
on [a, b, for which ul/), j=1,2,--- nexist at a and b by

Riu = Z{a,, a)+Biju (b))} =0,i=1,2,---,m (5.2)

Ru=0. (5.3)

We suppose that R has rank m. Corresponding to any homogeneous boundary value problem (for short: BVP) is a well-defined
“adjoint” problem (which should better be called formally adjoint problem) with the Lagrange ”adjoint operator” given by

(L) () = (=1 (@)™ () + (= 1) @1 (x)9) D () + -+ 5
D)@ ) (x) + a0 (x)v() |

and a set of adjoint boundary conditions

Riv=0 (5.5)
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complementary in a sense to those for the problem pertinent L.

We mention that some authors denote the formally adjoint operator by L*, see for instance [10]. But, we do not follow
this usage since this paper is functional-analysis-oriented and since L* could be misinterpreted as the adjoint of a densely
defined linear operator L, see [1, No.44]. Instead, as in [2], we use a plus sign to denote the formally adjoint operator, here as a
subscript instead of a superscript there.

We note that an adjoint boundary condition is not unique, see [2, Theorem 2.1].

Now, we define the pre-Hilbert spaces

Hp:=D(L) :={uecC"[a,b]|Ru=0} (5.6)
and

Hp 4 :=D(L;):={veC"[a,b]|Riv=0}. 3.7
Then,

(Lu,v) = (u,Lyv), u€ Hp, vE Hp 4. (5.8)

We mention that
Cg’[a,b} C Hp C Hg := Cz[a,b] C Lz(a,b) = H 5.9)

where C»[a, b] is the function space C|a, b] endowed with the norm

1
b 2
|””2:</a Iu(x)lzdx) : (5.10)

and where the integral is taken in the sense of Riemann which is equal to the Lebesgue integral for u € C;[a,b]. The space
Ly(a,b) is the space of measurable functions such that the above integral (taken in the sense of Lebesgue) is finite.
Corresponding to (5.9), one has

C(o)o[a,b} CHp CHR:CQ[a,b} CLg(a,b):H. (5.11)
It is known that

Cyla,bl = Ly(a,b).

If R is a boundary form of rank m, the problem

Tw: Lu=0, u € Hp =D(L) (5.12)
is called a homogeneous BVP of rank m.
The problem
On—m,+ : L+V = O, S HD,+ = D(L+> (513)

is called the adjoint BVP.
One has the following:
7, and 7,  have the same number of independent solutions. see [2, p.293, last line].
The BEVP pertinent to 7, is given by

Tyt Lu=pu, uc Hp=D(L) (5.14)
and that associated with 7, | by
Tog+: Lyv=Hv,vEHp  =D(Ly). (5.15)

Now, let G(x,s) be the Green’s function pertinent to the BVP 7, and G (x,s) the Green’s function associated with 7, .
Then, the pertinent compact operators G = L~! and G = L;l are given by

b
(Gu)(x) :/a G(x,s)u(s)ds, u € Ly(a,b) (5.16)
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and
b
(Giv)(x) = / G (x,s)v(s)ds, v € Ly(a,b) (5.17)

Ja

where

G (x,5) = G(s,x), x,5 € [a,b], (5.18)
see [2, (4.15)] implying for the pertinent operators G in (5.15) and G in (5.17) the relations

G, =G". (5.19)

If the conditions (C1y) - (C54) for Lin (5.1) and for L. in (5.4) are fulfilled, then (5.19) follows also from the abstract results
of Section 4, and beyond this, one obtains also the expansions in series of eigenvectors (4.4) and (4.5) in Corollary 4.2 with
convergence in the norm || - ||2, whereas in [2, Chapter 12,(5.6)] only the relation (4.5), i.e.,

8

u= ) (u,y;)xj, ucH=1Ly(a,b)
=1

is given.

Beyond this, if the conditions (C 1&) - (C5'd) are fulfilled, then the expansions in series of principal vectors (4.6) and (4.7)
are valid in the norm || - ||,. This case when the eigenvalues are general is not treated in [2] and means a considerable progress
in the theory of non-selfadjoint BEVPs.

6. The Case of a Non-Selfadjoint BEVP of 2nd Order

In this section, we further specialize the BEVP discussed in Section 5 by restricting the order of L to n = 2 and by employing
very simple boundary values. The considered problem is often used as an example in books on Mathematical Physics and is
treated there in a special weighted norm. But when it comes to specific examples, the term with the first derivative usually is
omitted so that one obtains a selfadjoint problem. Here, we keep this term, and so we get a non-selfadjoint problem of 2nd
order.

This section is split up in two subsections.

In Subsection 6.1, the BEVP of 2nd order with real continuous coefficients is established. It goes without saying that the
series expansions obtained in Section 5 are valid if the corresponding conditions are fulfilled.

In Subsection 6.2, we further specialize the BEVP of 2nd order to the case when the coefficients are constant. Then, it is
possible to explicitly determine the eigenvalues, biorthonormal eigenfunctions, and the Green’s functions defining the inverse
operators G of Land G of L.

6.1 The BEVP of 2nd Order with Real Continuous Coefficients
As a special case of the general differential operator of nth order in Section 5, in this subsection we consider the differential
operator of 2nd order

Lu(x) == ax (x)u” (x) + a1 (x)u (x) +ap(x)u(x), 0 <x <1 (6.1)
with real functions a; € C'[0,1], i = 0,1,2 and the boundary conditions
Ru=0 < u(0)=u(l) =0, (6.2)
cf. e.g., [11, §75, p.362] where ay(x) = —1, a;(x) = p(x), ao(x) = q(x), [ = 1.
We mention that we have chosen here the interval [0, ] since, in applications to mechanical problems,  means a length.
The formally adjoint operator L reads
Liv(x) := (aa(x)v)" (x) — (a1 (x)v)(x) +ap(x)v(x), 0 < x < L. (6.3)
As adjoint boundary condition, we choose

Riv=0 < v(0)=v(l)=0 (6.4)
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so that R;v = Ru = 0 holds. Here, we have

Hp = {u € C*0,1]|u(0) = u(l) =0} = Hp (6.5)
and

Hg = G2[0,1] (6.6)
as well as

H =L,(0,1). (6.7)
Herewith,

(Lu,v) = (u,Lyv), u € Hp, vE€ Hp + (6.8)

so that condition (C4,) is fulfilled.

We further suppose that the differential operator L in (6.1) has a countable set of simple non-zero eigenvalues g, ty, U3, - -
with lim_,e, f1; = co. Then, the conditions (C1,) - (C5,) are fulfilled, and one has the expansions in series of eigenfunctions
(4.4) and (4.5).

6.2 The Special Case of Constant Coefficients
In this subsection, we treat the BEVP of Subsection 6.1 when ay(x) = —1, a;(x) = p(x) = po, ao(x) = g(x) = go are constant
in the interval [0, /], that is, when Lu = —u” + pou’ +gou and thus Ly v = —v" — pgv' +qov .

In this special case, it is possible to explicitly determine the eigenvalues p; of L resp. ; of L, and the pertinent
eigenfunctions x; resp. y;, as the case may be. Further, the Green’s functions G(x,s; po,qo) and G4 (x,s; po,qo) defining the
inverse compact operators G and G = G are explicitly determined. As far as the author is aware, these results have not been
obtained, before.

For the sake of brevity, the details of the derivation of these quantities are left to the reader. However, we give some hints
for obtaining these results.

(i) The Differential Operators L and L, and Pertinent BEVPs

As already announced, in this subsection, we choose constant coefficients in the differential operator L. More precisely, we
set

ax(x) = ~1, a1(x) = p(x) = po, ao(x) = 4(x) = o 69)
with real constants pg and gq so that

(Lu)(x) = —u" (x) + potd (x) + qou(x), 0 <x <1 (6.10)
and

(Lyv)(x) = =" (x) = pov/ (x) + gov(x), 0 < x <1 (6.11)

with the same boundary conditions (6.2) and (6.4) as in Subsection 6.1.
We restrict the constant gg to gg > 0.
The pertinent BEVPs read

Moy Lu=pu, uc Hp=D(L) (6.12)
and that associated with 7, 4 by
Do+ Liv=uv,veHp = D(L+). (6.13)

(ii) The Eigenvalues and Eigenfunctions
The eigenvalues of L and L are given by

j27r2
u:ﬁ:ujzﬁj:l—z+D,jeJ (6.14)
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with the quantity

D=D(po,qo)=(%)2+qo>0 (6.15)
so that
1
limA; =lim — =0 (6.16)
J—roo J—roo ‘u]-
is fulfilled.
The biorthonormal eigenfunctions are found to be
2 po .. . X .
xi(x) = Yexp(7x)sm]7tj,0§x§l,]€] 6.17)
and
2 po .\ ., X
Yi(x) = jexp(—Tx)smkﬂ:T0§x§l,k€] (6.18)

so that we have

! 2 /b X X .
(s vi) = /0 2 W) dx = 7 /0 sin(j 3 )sin (k2 7) dx = 8, jk €. (6.19)
Hint: To derive these results, use the ansatz u(x) = ce® in order to solve the BEVP
Ly gout = Hat, u(0) = u(l) = 0. (6.20)

The eigenfunctions y;(x) are obtained from x;(x) by just replacing pg by —po. o
(iii) The Green’s Function of Lp, gou =0, u(0) = u(l) =0
A set of fundamental solutions of the BVP L, , u =0, u(0) = u(l) =0, i.e., when u = 0, is given by

up(x) = exp (%x) sinhv/Dx, 0 < x <1, (6.21)

1 (x) = exp (%x) coshv/Dx, 0 < x <1, (6.22)
with

D = D(po,qo0) = (%)2 +4q0 (6.23)

which is also obtained with the ansatz u(x) = ce* by setting ¢ = 1 and taking into account it = 0 where here D is a discriminant.
Based on these fundamental solutions, we have calculated the Green’s functions by the method described in [10, pp.311].
Thus, one gets

sinhv/Dx sinhv/D (I —s)

Po
Gi(x,s) = exp| —(x—s)),0<x<s<]|,
. 1(5:9) VDsinhv/Dl p( 2 ! >)
G(x,s) = (6.24)
Ga(x,5) = smh\/l»)(l.—x) sinhv/Ds exp (Q(x—s)) 0<s<x<]
v Dsinhv/Dl 2

For G (x,s), we obtain

sinhv/D (I —x) sinh/Ds Po
exp (

G+,1(xas) = \/ESIHh\/El
Gi(x,s) = (6.25)

inhv/Dx sinhv/D (] —
Gyt = VB D=0 i
/Dsinhv/Dl
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so that, because of D = D(po,qo),

G(x,s) = G(x,53po,40) (6.26)
and

G (x,5) = G" (x,5) = G(5,x) = G(5,%—po, ) (6.27)

in accordance with the fact that, for the pertinent operators, one has G, = G'.

7. Comparison of Present Expansion Results
with Known Ones in an Abstract Hilbert Space

The oldest expansion result for compact operators in an abstract Hilbert space being of formal similarity to our results the
author found is that in [1, Section 64, pp.172-174]. There, under certain conditions, the expansions of the form

h=ho+Y (hej)ej, heH (7.1)
jeJ

with an element hg € Hy := N(T) as well as

Th=Y uj(he;)g;, heH (7.2)
JjeJ

can be found. Here, the vectors e; are the pairwise orthonormal eigenvectors of A := T*T. The associated eigenvalues A; can
be written in the form

/lj = (Aej,ej) = (T*Tej,ej) = (TEJ', T@j) > 0. (7.3)

Therefore, one has ?Lj = ,ujz-, where (i > tp > --- > 0.
The vectors g; are defined by

Tej = ‘Lngj (74)
leading to
(8),8k) = Sjk- (7.5)

Applying T to (7.1) and using (7.4), we obtain (7.2).

As opposed to this, our result is an expansion in series of eigenvalues and eigenvectors/principal vectors of the compact
operator T itself whereas in [1] one has an expansion in series of eigenvalues u; = p;(T*T) and eigenvectors e; = ¢;(T*T') of
T*T and the vectors g; defined in (7.4) that are left singular vectors in the denotation of [3, p.2].

The most recent publication on expansions of a compact operator in an abstract Hilbert space the author has found is [3].
There, it is used that the singular values and singular vectors of T are related to the nonzero eigenvalues and corresponding
eigenvectors of T*T and TT*. More precisely, one has

T ¢ = Ox Wk, (7.6)
T*T ¢ = o ¢, (1.7)
TT* y = 62 . (7.8)

The quantities oy are called singular values, the vectors ¢ are called right singular vectors and ; left singular vectors in [3,
p.2]. Herewith, it is proven that the expansion

T=) oty @ (7.9)

k=1

is valid in B(H). The difference to the present paper is that, in [3], the expansion is not in eigenvalues and eigenvectors/principal
vectors of the compact operator 7 itself.
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8. Conclusions

In this paper it is shown that expansions in series of eigenvectors valid for symmetric linear compact operators and symmetric
densely defined linear operators with compact inverse can be carried over to corresponding nonsymmetric operators where,
in the case of general eigenvalues, the expansions are in series of principal vectors. These results are all new and mean a
considerable progress in the Spectral Analysis of Nonsymmetric Linear Compact Operators in a Hilbert Space. The expansions
discussed in Section 7 are not in series of eigenvectors resp. principal vectors and thus are different from ours. Further, in
Natural Sciences and Engineering, expansions in series of eigenvectors and principal vectors are of particular importance.
Our results are applicable to general non-selfadjoint BEVPs pertinent to an ordinary differential operator of nth order and
deliver even there new results when the eigenvalues are general, that is, not necessarily simple. In a special example of a
differential operator of 2nd order with constant coefficients, the eigenvalues, eigenfunctions and the Green’s functions are
explicitly determined which also seems to be new, as far as the author is aware.
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Abstract

In this paper, we obtain closed formulas for the number of reachable vertices in labelled plane trees by paths
lengths, sinks, leaf sinks, first children, left most path, non-first children, and non-leaves. Our counting objects
are plane trees having their edges oriented from a vertex of lower label towards a vertex of higher label. For
each statistic, we obtain the average number of reachable vertices. Moreover, we obtain a counting formula for
the number of plane trees on n vertices such that exactly k < n are reachable from the root.
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1. Introduction

Plane trees (or ordered trees) have been studied extensively in the literature. These trees on n vertices are counted by the
(n— 1) Catalan number

Coi— 1<2n 2>.
n\n—1

So if the vertices are labelled with labels 1,2, ..., n then the total number of these trees is n!C,,—1. A vertex j is reachable from
a vertex i if there is a sequence of oriented edges (paths) from vertex i to vertex j, and a path is of length ¢ if there are ¢ edges
on the path. In this context, degree of a vertex is the number of edges that come out of a vertex if the edges are oriented away
from the root. A vertex in which there is no edge that is oriented away from it is called a sink whereas a leaf sink is a vertex
with only one edge oriented towards it but no edge oriented away from it. The vertices with the same parent are called siblings.
Since the siblings are linearly ordered, they are always drawn in a left-to-right pattern where the leftmost sibling is referred to
as first child. At a given level /, the left most child is the eldest child. A left most path refers to a sequence of edges joining
eldest children at each level in a plane tree. In this work, we examine the number of reachable vertices from a given root i. We
also determine a formula for the number of labelled ordered trees on n vertices such that exactly k vertices are reachable from
the root. Plane trees considered here have their edges oriented from a vertex of lower label towards a vertex of higher label.
This orientation was introduced in [1]. Equivalent results for ¢-ary trees have been obtained by the present authors in [3]. We
will now refer to these plane trees simply as trees. In Section 2, we use path lengths to count the trees. The number of sinks and
leaf sinks are the statistics used in Section 3 while in Section 4, we use left most paths and first children. We enumerate trees by
non-first children and non-leaves in Section 5. We use mainly generating functions and Lagrange Inversion Formula [5] to
prove our results. In most cases, we give asymptotic results as well. Lastly, in Section 6 we give a bijective proof of a formula
for the number of trees in which a given number of vertices is reachable from the root.
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2. Enumeration by path lengths

In the sequel, we enumerate trees by path lengths. We start by proving the main result of this section.

Theorem 2.1. The number of trees on n vertices rooted at vertex i such that vertex j of degree d is reachable from the root in £
steps is given by

204+d (j—i—1\ (2n—d -3
S ( (-1 ) ( n+l—2 ) '
Proof. Let P(x) be the generating function for plane trees where x marks the number of non-root vertices. Consider a plane
tree rooted at vertex i such that there is a path of length / starting at vertex i and ending at vertex i + ¢ of degree d. This path
decomposes the tree into left and right plane subtrees upto length £. Thus (P(x)xP(x))f is the generating function for the
number of the trees with a path of length ¢ starting at i and ending at i + /. Vertex i + £ is joined to d other vertices which
are connected to other plane trees hence we have x(xP(x))d, to represent the vertex and the subtrees of its children. Putting
everything together, we obtain (P(x)xP(x)) x(xP(x))? = x/T4+1P(x)2+4 a5 the generating function of the unlabelled plane tree

rooted at vertex i with a path of length / starting at i and ending at vertex i + ¢ of degree d. The decomposition is represented by
Figure 2.1.

length ¢-

d subtrees

Figure 2.1. Unlabelled plane tree with path length ¢.

The generating function for unlabelled plane trees is P(x) = %P(x)' We let xP(x) = F(x) so that F(x) = T=F0 - Applying
Lagrange Inversion Formula, we get
[xil]xi+d+lp(x)2(4+d — [xn]xfﬁJr]F(x)Zé’er

_ [xn+/j7l]F(x)2é+d

2+d 4 it
:n+£71[t {—d 1](1—[) (n+0-1)
2£+d —l—d—1 7(714»671) i
=—["] , (—1)
n+/f—1 §) i
2€+d n—~l—d—1 n+€+l—2 i
= are-it ],-226 i !
_ 2+d 2n—d—-3
T ntl—1\n—l—d—-1)"

This formula counts the number of unlabelled plane trees in which vertex i + £ of degree d is reachable from the root in £ steps.
The number of ways of choosing a path of length ¢ from vertex i to vertex j is (/ zj'). Once the ¢+ 1 vertices on the path are
labelled, there are (n — £ — 1)! choices for labelling the remaining vertices. Thus, the number of plane trees in which vertex j of
degree d is reachable from root i in ¢ steps is given by

2td (j—i-1\(2n—d—3
e
(n—t l)'n+€1< -1 )(nJer)'

This completes the proof. O



Reachability Results in Plane Trees — 77/88

Setting ¢/ = 0 in the just proved theorem, we get that there are

(n—l)!nil (2””__‘12_ 3) =d(n—2)! (2”;fl2_3>

trees in which a root of any label has degree d.
Quite a number of corollaries of Theorem 2.1 follow:

Corollary 2.2. The total number of trees on n vertices rooted at vertex i such that vertex j is reachable from the root in { steps
is given by:

2041 (j—i—1\ (2n—1
R/ DY P
(n—t l)'Zn—l( -1 ><n+€)' 2.1)
Proof. The result follows by summing over all d in Theorem 2.1. O

By summing over all j in Equation (2.1), we get that

Corollary 2.3. The number of vertices in trees of order n that are reachable from root i in £ steps is given by

20+1 (n—i\ (2n—1
oot 2 () (1), e

Moreover, summing over all i in Equation (2.2), we get the total number of reachable vertices:

Corollary 2.4. There are a total of

20+1 n 2n—1
<"—f‘1>’2n_1(e+1)(n+e> 23

vertices that are reachable from the root in { steps, in trees with n vertices.
Now, summing over all ¢ in Equation (2.3) we obtain
Corollary 2.5. The total number of vertices in trees on n vertices that are reachable from the root is given by

n! ’EM—H 2n—1
2n—1=(+ )\ ntet )

20+1
(+10)-

Proof. Dividing the total number of vertices that are reachable from the root in ¢ steps in plane trees (See Equation (2.3)) by
the total number of labelled plane trees, we get

2l [0 2n—1
(==t (e+ 1) (n—@— i
A= -2
n—
Y
(n—1)! ( 1 )
as the average number of vertices that are reachable in ¢ steps from the root in trees with n vertices. We simplify the average to
get

Corollary 2.6. On average, the number of vertices that are reachable from the root in { steps in a random tree is

Lo 2HL (1)
I+ (n+0)(n—t-1)1
Now, taking limits as n — oo, we get
. 241 (n—1)In!
JimA = (C+ D) nse (nt O n—E— 1)1
2041 . (n—=1)(n—=2)(n—3)---(n—10)
lim
L+ D nse (n+0)n+L—1)---(n+1)
_ A+l (nf+~-->
(1) nsoo \ pl -
20+1
S+

Hence the desired result. O
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Corollary 2.7. The number of trees of order n in which there is a path of length ¢ starting at the root and ending at a vertex of
degree d is given by

20+d n 2n—d—3
=T
S <€+1)(n+€2>' @4)
Proof. We obtain the result by summing over all i and j in Theorem 2.1. O
Setting ¢ = 0 in Equation (2.4), we get
nld (2n—d-3
n—1 n—2 ’
as the formula which counts the number of trees on n vertices such that the root is of degree d. Also setting £ = 1 in Equation
(2.4), we obtain

(d—|—2)(n—1)!(2n—d—3>.

2 n—1

This formula counts the total number of children of degree d, in all trees of order n.

3. Enumeration by sinks and leaf sinks
In this section, we enumerate trees with respect to sinks and leaf sinks.

Proposition 3.1. The number of trees of order n in which vertex j, a sink of degree d, is reachable from a root i in € steps is
given by

24d [j—i—1\[j—t—1\ (2n—d—3
<"‘€‘d‘”!n+zu1(e_1>< d ><n+£—2>' (3.1

Proof. From the proof of Theorem 2.1, it follows that there are

20+d (2n—d -3
n+l—1 <n+€—2)

unlabelled trees with a path of length ¢ starting at a root i and terminating at vertex i + ¢ of degree d. Now, consider a path of

length ¢ starting at root i and ending at vertex j. There are (j Zfll) such paths. Since vertex j is a sink of degree d, the labels of

the d vertices must be less than j. Thus there are (j 7;71) choices for the labels. Once the ¢+ 1 vertices on the path and the d

children of j are labelled, there are (n — ¢ —d — 1)! choices for the other labels in the tree. Collecting everything, we arrive at

the required formula. O

As seen in the previous section, a number of corollaries follow. We obtain the following result by summing over all j in
Equation (3.1).

Corollary 3.2. The total number of sinks of degree d that are reachable, in { steps, from the root i in trees with n vertices is
given by

24d & (j—i-1\ [(j—t—1)\[2n—d -3
— WV —d-1)! ——
(n—t-d 1)'n+£1j§+i( (-1 )( d )<n+€2>'

Moreover, setting £ = 0 and j = i in Equation (3.1) we obtain that the total number of trees with n vertices such that root i
is a sink of degree d is given by

d (i—1\ (2n—d-3
—d—1)!
(n—d 1)'n—l(d)( n_2 >, (3.2)
and also by setting setting £ = 1 in Equation (3.1), we get that there are
2+d (j—2\ (2n—d -3
—d—2)
a2 (172) (0 9) o

children of the root labelled j having degree d in trees on n vertices.
Summing over all j in Equation (3.3) we obtain the number of children of the root, which are also sinks of degree d, in
trees of order n. By summing over all i in Equation (3.2), we obtain
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Corollary 3.3. The total number of trees of order n with root sinks of degree d is given by:

d n 2n—d -3
(ndl)!rl_l(d+l)< . ) (3.4)

Next, we find an asymptotic result:

Corollary 3.4. On average there are

d

—_—— 35
24+ (d +1)! (3-5)
root sinks of degree d in a random tree.

Proof. Diving the total number of labelled plane trees of order n with root sinks of degree d (Equation (3.4) ), by the total
number of labelled plane trees we get,

(n—d—1)-4 (dL) <2nn_—dz_3)
(1)1 <2nn_—12> )

as the average number of root sinks of degree d in a random plane tree on n vertices. Simplifying the average and tending » to
infinity, we obtain the required result. O

Setting d = 0 in Equation (3.5) we get that the average number of root sinks of degree O is zero. This implies that there is
no leaf sink which is also a root. For the remainder of this section, we enumerate the trees by leaf sinks.

Proposition 3.5. The total number of trees of order n in which vertex j, a leaf sink, is reachable from a root i in { steps is given
by the formula,

0 (j—i=1\ [ 2n-2
(n£1)!n_1< o )(n+£—1)' (3.6)

Proof. The result follows by setting d = 0 in Proposition 3.1. However, to show the decomposition we will construct the proof.
Let P(x) to be the generating function for plane trees where x is marking a non-root vertex. Consider a plane tree rooted at
vertex i such that there is a path of length £ starting at vertex i and terminating at a vertex of label i + ¢ which is also a leaf sink.
The path decomposes the tree into left and right plane subtrees upto length ¢. See Figure 3.1.

i

length /-

i+t

Figure 3.1. Unlabelled plane tree with path length ¢ with vertex i + ¢ as a leaf sink.

Vertex i+ ¢ is not connected to any other tree thus vertex is represented by x in the generating function. So we have
x(P(x)xP(x))" = x(xP(x)?)" as the generating function of the unlabelled trees rooted at vertex i with a path of length ¢ starting at
the root and ending at a leaf sink i+ ¢. The generating function for the number of unlabelled plane trees satisfies P(x) =

We set xP(x) = F(x) so that F(x) =

1
1—xP(x) "

717;‘,()() . By Lagrange Inversion Formula, we obtain

[xn]x(xP(x)Z)é _ [xn+€fl}F(x)25 _ nﬁ%[ﬂkl*l] ((1 _t),(,,+g,l))

= Tl +2;_ 1 [tnféfl] Z ((” Jrief 1)) (—l‘)i

i>0
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which reduces to

W) = ()

n—1

This formula counts the number of unlabelled plane trees with a path of length £ starting at a root / and ending at a leaf sink
i+ £. Consider a path of length ¢ starting at vertex i and ending at vertex j. There are (] ;fl]) possible paths. Once the £+ 1
vertices on the path have been labelled, there are (n — ¢ — 1)! ways of labelling the remaining vertices. Therefore, the total
number of labelled plane trees of order n in which vertex j is a leaf sink reachable from vertex i in ¢ steps is

£ [(j—i—1 2n—2
)
(n=" 1)‘n—1< (-1 )<n+£—1)'
This completes the proof. O

We obtain the following result by summing over all j in Equation (3.6).

Corollary 3.6. The total number of leaf sinks that are reachable, in { steps, from root i in trees with n vertices is given by

l n—i 2n—2
—f—1)
e () (22 o
Corollary 3.7. There are
14 n 2n—2
B Y P
(n—¢ 1)'n—1<£+1) (n+£—1)’ (3.8)

leaf sinks at step { that are reachable from the root in trees with n vertices.

Proof. The result is evident by summing over all i in Equation (3.7). O
The formula below follows by summing over all ¢ in Equation (3.8).
Corollary 3.8. The formula for the number of leaf sinks in trees of order n that are reachable from the root is
n! il l < 2n—2 )
n—1& {+1)! \ntl—1)"

Corollary 3.9. The average number of leaf sinks that are reachable from the root in { steps in a random tree is

4
(+1)r

Proof. The result follows by dividing the total number of leaf sinks that are reachable from the root in a labelled plane tree, i.e
Equation (3.8), by the total number of labelled plane trees, and tending n — oo. 0

4. Enumeration by left most paths and first children

In this section, we continue our investigation of reachable vertices but now according to lengths of left most paths and first
children. We begin by left most paths. Recall that a left most path refers to a path that joins the eldest children at each level in a
plane tree.

Proposition 4.1. The number of trees of order n in which there is a left most path of length { from a root i to a vertex j is given

by
0+1 (j—i—1\ (2n—0—=2
(n—t—1)!— (5—1 ><n—12—1>' (4.1)
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Proof. Let P(x) be the generating function for plane trees. Here again, x marks vertices in unrooted plane trees. Figure 4.1
gives the decomposition of these trees by left most path.

length ¢

Figure 4.1. Unlabelled plane tree with left most path of length ¢.

The decomposition shows that (xP(x))‘*! = x‘*1P(x)**! is the generating function for the number of unlabelled trees in
which there is a left most path of length £. It now remains to extract the coefficient of x” in the generating function x‘*!P(x)+1.
We set xP(x) = F(x) so that F(x) = %F(x) and by Lagrange Inversion Formula we get

W] (P () ! = [)F (0!

=l

:Hil n—{—1 —-n _\k
L 1]§0(k)< 0

e n—1+k\ x
e ()

A+l (2n—t-2
B n n— f —1 ’
There are (j Zfll) choices for paths of length £ between vertices i and j. After the £+ 1 vertices on the path have been labelled,

by choice of paths, the remaining vertices are labelled in (n — ¢ — 1)! ways. Therefore, we find that the number of trees of order
n in which there is a left most path of length £ is given by

C+1 (j—i—1\ (2n—0-2
(n—t—1)1 n (6—1 )(n—ﬂ—l)'

Thus the proof. O

By summing over all j in Equation (4.1) we find that there are

41 (n—i\ (2n—4—-2
—f—1)
n—e-1ptt (6 )(n£1> (42)
trees on n vertices in which there is a left most path of length ¢ from root i. Also, summing over all i in Equation (4.2), we
obtain the formula for the number of trees of order n in which there is a left most path of length ¢ from the root as

l+1/( n 2n—{0—2
(n_f_l)!n(€+1><n€1>' 43)

Setting £ = 0 in Equation (4.3) we rediscover the formula for the number of labelled plane trees, that is n!C,,_; where C,, is the
n'" Catalan number.

1

Corollary 4.2. The average number of eldest children at length { from the root in a random tree is -

Proof. As before, we divide the total number of labelled plane trees of order n in which there is a left most path of length ¢,
Equation (4.3), by the total number of labelled plane trees. We then simplify the resultant and tend n — oo. O

We now switch our attention to leaf sinks and left most paths.
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Proposition 4.3. The number of trees of order n rooted at vertex i in which there is a left most path of length { such that the
final vertex j is a leaf sink is given by

0 (j—i—1\ (2n—t=3
(”_5_1)!,“( (-1 )(ne1>' “.4)

Proof. Let P(x) to be the generating function for plane trees where x is marking a non-root vertex. Consider a plane tree rooted
at vertex i such that there is a left most path of length ¢ starting at vertex i and ending at vertex i+ ¢ which is also a leaf sink.
The path decomposes the tree into right plane subtrees upto length . See Figure 4.2.

i

length ¢ — 1

i+/’I

Figure 4.2. Unlabelled plane tree with left most path of length ¢ and the final vertex is a leaf sink.

Vertex i + £ is not connected to any other subtree. So we have x(xP(x))é = x!*1P(x)" as the generating function of the unlabelled
plane tree rooted at vertex i with a left most path of length ¢ starting at the root and ending at leaf sink i + ¢. We set xP(x) = F(x)
and apply Lagrange Inversion Formula, to get

W P)" = WF () = ) F ()

_ nfg[tnﬂ”fl](l _t)f(nfl)
_ b —(n=1)\, .k
L () e

U (2n—0-3

B n—1\n—¢—-1)"
as the formula for the number of unlabelled plane trees with a left most path of length £ starting at a root and ending at a leaf
sink. Consider a path of length ¢ starting at vertex i and ending at vertex j. There are (’ Zjl) possible paths. Once the ¢+ 1

vertices on the path have been labelled, there are (n — ¢ — 1)! ways of labelling the remaining vertices. Therefore, putting
everything together we obtain the desired formula. O

By summing over all j in Equation (4.4) we get the total number of trees on n vertices in which there is a left most path of
length ¢ from root i and a final vertex is a leaf sink as

£ (n—i\ (2n—L-3
—{—1)
(n—¢ 1)'n—1< , )(n—ﬁ—l)' 4.5)
Also, by summing over all i in Equation (4.5) we get that the total number of trees on n vertices in which there is a left most
path of length ¢ from the root and the final vertex is a leaf sink as

Y4 n 2n—¢—3
(==t = <z+1)(n—e—1>' (4.6)

Moreover, if we sum over all ¢ in Equation (4.6) and then simplify, we obtain the formula for number of trees of order 7 in
which there is a left most path starting from the root and the ending vertex is a leaf sink:

0 (-3
(=21 Y (ne1 )

=0

% eldest children which are also leaf sinks in random tree.

Corollary 4.4. On average, there are )
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Proof. We divide the total number of labelled plane trees in which there is a left most path of length ¢ from the root and the
final vertex is a leaf sink (See Equation (4.6)), by the total number of labelled plane trees to obtain

ot [ m 2n—{—3
(n= =)t (€+1> <n£1
2n—2
—1
(n—1)! ( 1 )
as the average number of labelled plane trees in which there is a left most path and a final vertex is a leaf sink. We then simplify
and tend n — oo to obtain the desired result. 0

Recall that in ordered trees, the children (or siblings) are linearly ordered and are drawn in a left-to-right pattern where the
left most child is called the first child to the parent. Enumerating the trees by first children we find that,

Proposition 4.5. The number of trees of order n with vertex i as a root and vertex j as a first child reachable from root in ¢
steps is given by

1 j—i—1 2n—2
(== ( (-1 )(n+£—1)'

Proof. Let P(x) be the generating function for the plane trees where x represents non-root vertices. Consider a plane tree rooted
at vertex i such that there is a path of length £ starting at vertex i and terminating at vertex i + ¢ which is a first child. The path
decomposes the tree into left and right plane subtrees upto vertex £ — 1. See Figure 4.3.

i

length £ —2

Figure 4.3. Unlabelled plane tree of order n with first child at length £.

Since vertex i + ¢, which is the (¢4 1)’ h vertex, is a first child it’s parent has no left subtree. Vertex i+ ¢ can either have
children or not. Thus the decomposition gives (x(P(x)?)"~'xP(x)xP(x) = x*1P(x)? as the generating function for unlabelled
plane trees rooted at vertex i such that there is a path of length ¢ starting at the root and ending at a first child i + ¢.

Since P(x) = 1/(1 —xP(x)), we set xP(x) = F(x) and apply Lagrange Inversion Formula, to obtain

[xn] (xﬂJrlP(x)ZZ) — [xn+(ffl]F(x>2Z

_ +2; ; [tn—é—l](l _t)—(iH-é—l)

n _
o ZZ n—~0—1 n+£+l—2 i
o n+€fl[t ]g( i )t

o u 2n—3
Cn+l—1\n+l=2
! 2n—2
Cn—1\n+l—-1)°
as the formula for unlabelled plane trees with a path of length ¢ starting at a root and terminating at a first child. The formula

then follows by choosing the choices of paths between i and j, and labelling the vertices which are not on the path. O

By summing over all j in Equation (4.6), we see that the number of first children that are reachable from root i, at length ¢,
in trees on n vertices is given by

( (n—i\[{ 2n—2
(n—g—l)!n_1< ' ><n+€—1)' %))
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In addition, we have: The number of first children at level £ in trees of order n that are reachable from the root is given by

y4 n 2n—2
(=== (Hl) <n+£—1>' “.8)

This is arrived at by summing over all i in Equation (4.7). Also, by summing over all £ in Equation (4.8) and simplifying, we
obtain the formula for the total number of first children that are reachable from the root in trees of order n:

n! ”i:l 14 2n—2
n—1&n—1\n+l-1)"

Corollary 4.6. The average number of first children that are reachable from the root in ¢ steps in a random tree is

¢
&

Proof. By dividing the total number of first children in a labelled plane tree that are reachable from the root (See Equation
(4.8)), by the total number of labelled plane trees we obtain,

(n—f—1)-L (ﬂl) <”2+n€_21>
- (7)

as the average number of first children in a labelled plane tree of order n that are reachable from the root in ¢ steps. We tend
n — oo to obtain the required result. O

Remark 4.7. Unlabelled plane trees with a path of length / starting at a root i and terminating at a leaf sink j has similar
generating function as unlabelled trees with a path of length /¢ starting at a root i and terminating at a first child j. Therefore,
they pose similar results if we sum over i, j and £. Asymptotic results are also the same.

Remark 4.8. If the terminal vertex j is a first child which is also a leaf, then the generating function for trees with root i such
that there is a path of length ¢ from i to j is given as (xP(x)?)‘~'xP(x)x. Thus there are

20—1 2n—3
n+l—1\n+¢-2
such trees on n vertices.

5. Enumeration by non-first children and non-leaves

In plane trees, any vertex (child) which is not leftmost child of the parent vertex is called a non-first child. A vertex which is not
a leaf is a non leaf. In this section, we enumerate trees with respect to number of non-first children as well as number of non
leaves.

Proposition 5.1. The number of trees on n vertices rooted at vertex i and having vertex j as a non-first child which is reachable
from i, at length ¢, is given by

C+1 (j—i—1\ (2n—2
/N Y
e () (22) s
Proof. We obtain the generating function by considering a plane tree rooted at vertex i with a path of length ¢ starting at i and
terminating at a non-first child i + £. The path decomposes the tree into left and right plane subtrees as shown in Figure 5.1.

i

length £ —1

Figure 5.1. Unlabelled plane tree with non-first children at length £.
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2042

The decomposition gives x/™2P(x) as the generating function for unlabelled plane trees, with a path of length ¢ starting
1

at a root and terminating at a non-first child. The generating function for unlabelled plane trees P(x) = TP0 We set

xP(x) = F(x) and use Lagrange Inversion formula to obtain

[xn]x€+2p(x)2€+2 _ [xn+l]F(x)22+2 _ zngi_; [tnfl,‘fZ] ((1 _ t)fl(nw%'))

2042, ., n+l+i—1\
— [1‘1 0 2] Z i ¢
n+/¢ =

4+ (202

S n—1\n+l)’
as the formula for the number of non-first children that are reachable at length ¢ from the root in trees of order n. Upon
considering the choices for labels on and not on the path, we obtain the desired formula. O

By summing over all j in Equation (5.1), we get that the total number of non-first children at level ¢ in trees of order n that
are reachable from vertex i is

C+1 (n—i\ (2n—2
—/—1)
e () (22) o
Also, by summing over all i in Equation (5.2), we obtain the following result: The total number of non-first children at level ¢
that are reachable from the root in a tree on n vertices is given by

£+1 n 2n—2
e () ()

Moreover, the total number of non-first children in trees of order » that are reachable from the root is given by

n =11 fon—2
n—l%é!(ﬂ—kﬁ)'

This formula is arrived at by summing over all ¢ in Equation (5.3), and simplifying. In a similar fashion as before we have:

Corollary 5.2. The average number of non-first children that are reachable at length ! from the root in a random tree is given
1
For the remainder of this section, we enumerate non-leaf sinks.

Proposition 5.3. The number of trees of order n with vertex i as a root and vertex j as non-leaf, which is reachable from the
root at length £ is given by

041 (j—i—1\ (2n—2

Proof. Consider a tree rooted at vertex i with a path of length ¢ from the root to vertex i + ¢ which is non-leaf. This path
decomposes the tree into left and right subtrees upto step £. Moreover, since vertex i+ ¢ is a non-leaf, there must be a subtree
of i+ ¢ which may be empty and a subtree, rooted at a child of i 4 ¢. This subtree may also be empty. The decomposition is
therefore given by Figure 5.2.

length ¢

Figure 5.2. Unlabelled plane tree with a non-leaf vertex at length £.
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The generating function for the trees is thus (xP(x)?)‘xP(x)xP(x) = x'+2P(x)?*2, where P(x) is the generating function for
unlabelled plane trees with x marking non-root vertices. The required result therefore follows by applying Lagrange Inversion
formula, upon setting xP(x) = F(x), and giving the number of choices for the labels on the path and those that are not on the
path. O

Remark 5.4. The number of trees with a non-leaf vertex j which is reachable at length ¢ from a root i have similar generating
functions (though different decompositions) as for the case of non-first children. The results in the case of non-first children
therefore hold for non-leaf vertices.

6. Enumeration by exact number of vertices

The number of exact vertices that are reachable from a given vertex has been studied for the case of labelled ordinary trees.
Quite a number of results were obtained by Okoth in his PhD thesis, [2]. Similarly, Seo and Shin [4] established a formula for
rooted Cayley trees of order n in which there is a maximal increasing subtree of order k. In this section, we obtain a formula for
the number of ordered trees in which a given number of vertices are reachable from the root.

Theorem 6.1. The total number of trees of order n such that exactly k vertices are reachable from the root is given by

m—k-+1
Onk= Y ( " )z fot———— (n— k)=l (6.1)
! k<m+1<n m+1 " n—k

for 0 <k <n, O,, = (2n—23)!!, where nlr) = n(n+1)(n+2)---(n+r—1) is a rising factorial and z, is the number of
ordered trees on m+ 1 vertices with additional (m — k) decreasing leaves attached to an increasing tree with k edges.

A subtree of a rooted tree is said to be increasing if the labels in the subtree are increasing as one moves away from the root.
A maximal increasing subtree of a v-rooted tree is an increasing subtree rooted at v and having the highest number of vertices.
Seo and Shin [4], showed that Equation (6.1) gives the number of ordered trees on [n] with its maximal decreasing subtree
having k vertices. Now, orienting the edges of the ordered tree with n vertices from vertices of lower label towards vertices of
higher label, we obtain an ordered tree in which exactly k are reachable from the root if its maximal increasing subtree has k
vertices. This proves Theorem 6.1.

Corollary 6.2. The number of trees of order n having exactly k > 2 vertices reachable from root 1 is given by
(2k—3)0p—1 k-1 6.2)
where O, is given by Equation (6.1).

Proof. Consider an ordered tree P of order n — 1 such that the vertices are labelled 2,3,--- ,n. Let the root be of label v;.
Moreover, let the number of vertices that are reachable from v be exactly k — 1. We follow the following steps in obtaining
trees in which exactly k vertices are reachable from root of label 1:

Step 1: Let Py be the maximal increasing subtree having vertex set {vy,va,...,v_1 } where v; < vy for all i. In P, delete all
the edges in Py to obtain non-single vertex subtrees Py, P, -, Py,.

P

Ry Py
Figure 6.1. Diagram showing Step 1 in the proof of Corollary 6.2

Step 2: Relabel the vertices of the maximal increasing subtree Py with the vertex v now as 1, v, as vy, v3 as v, and so on. The
maximal increasing tree Py still has k — 1 vertices. There are 2k — 3 positions in the new maximal increasing subtree rooted at 1
to attach vertex v;_;. For each maximal increasing subtree previously rooted at v; we obtain 2k — 3 new subtrees rooted at
vertex 1 with k reachable vertices.
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2 10

Py P P

Figure 6.2. Diagram showing Step 2 in the proof of Corollary 6.2

Step 3: Identify vertex v; in the subtrees Pj,Ps,..., P, with vertex v; in the new maximal increasing subtree, for all
i€{l,...,k—1}. for which v; occurs in one of the P;.

Figure 6.3. Diagram showing Step 3 in the proof of Corollary 6.2

Theorem 6.1, gives the total number of ordered labelled trees of order n such that exactly k vertices are reachable from the
root. Now, for maximal increasing subtrees with k — 1 vertices we substitute k and n in the Equation (6.1) above with k — 1 and
n— 1 respectively to obtain the formula for the number of labelled trees of order n having exactly k vertices reachable from
vertex 1 as

(2k—3)0p—1 k—1-
Thus the proof is complete. 0
Corollary 6.3. There are

Cn=2i+1)n—i+H(n+1)(n+2)---(n+i—2)
trees on n vertices such that exactly n — i+ 1 reachable vertices from root i.

Proof. There are (2n—2i+ 1)!! recursive trees on n— i+ 1 vertices (See Lemma 2 in [4]). Since there aren— (n—i+1) =i—1
vertices which are not reachable from vertex i, then all the i — 1 vertices have labels less than i. The number of ways of
adding the i — 1 vertices to recursive tree successively is given by (n—i+1)(n+1)(n+2)---(n+i—2)(See Lemma 2 in [4]).
Therefore the total number of trees on n vertices with exactly n — i — 1 vertices reachable from vertex i is given by

@n—2i+ DN(n—i+1)(n+1)(n+2)-- (n+i—2).

Hence the desired formula. O
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Abstract

Mathematical trees are connected graphs without cycles, loops and multiple edges. Various trees such as Cayley
trees, plane trees, binary trees, d-ary trees, noncrossing trees among others have been studied extensively.
Tree-like structures such as Husimi graphs and cacti are graphs which posses the conditions for trees if, instead
of vertices, we consider their blocks. In this paper, we use generating functions and bijections to find formulas for
the number of noncrossing Husimi graphs, noncrossing cacti and noncrossing oriented cacti. We extend the
work to obtain formulas for the number of bicoloured noncrossing Husimi graphs, bicoloured noncrossing cacti
and bicoloured noncrossing oriented cacti. Finally, we enumerate plane Husimi graphs, plane cacti and plane

oriented cacti according to number of blocks, block types and leaves.

Keywords: Noncrossing tree, Plane tree, Tree-like structure, Husimi graph, Cactus, Oriented cactus, Enumera-
tion
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1. Introduction

Husimi graph is a connected graph whose blocks are complete graphs. These graphs were introduced and enumerated by
Japanese physicist Kodi Husimi in [5]. If the blocks of a connected graph are polygons then the graph is called a cactus. Cacti
were introduced by Harary and Uhlenbeck in [4] where they appeared as Husimi trees. In 1996, Collin Springer [12] introduced
and enumerated oriented cacti. These are connected graphs whose blocks are oriented cycles. Formulas counting these tree-like
structures as well as their coloured counterparts, i.e. structures coloured with the property that blocks of the same colour are not
incident to one another, have been obtained. See [1,3-5,7,8, 10, 12] for details. In this paper, we enumerate their noncrossing
and plane counterparts. The degree of a vertex in a tree-like structure is the number of blocks that are incident to it.

This paper is organized as follows: In Section 2, we enumerate noncrossing Husimi graphs, cacti and oriented cacti by
block type and number of blocks. A bijection between these structures and certain polygon dissections is also presented here.
Noncrossing tree-like structures whose blocks are coloured using two colours such that no blocks of the same colour are
incident to one another are enumerated in Section 3. Lastly in Section 4, we enumerate plane tree-like structures according to
block sizes, block types and number of leaves. Some of the results presented here were part of the author’s PhD thesis [10].

2. Noncrossing tree-like structures

In this section, we obtain equivalent results for Husimi graphs, cacti and oriented cacti whose blocks do not cross. We shall call
these structures as noncrossing Husimi graphs, noncrossing cacti and noncrossing oriented cacti respectively. The simplest of
the noncrossing structures is a noncrossing tree. This is a tree drawn in the plane with vertices on the boundary of a circle such
that the edges do not cross inside the circle. Marc Noy [9] showed that the number of noncrossing trees on n labelled vertices is
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given by

1 3n—3
2n—1\n—-1)"
This result was later generalised to connected graphs by Flajolet and Noy [2]. Before we embark on the enumeration of
noncrossing Husimi graphs, let us review the notion of butterfly decomposition of noncrossing trees that was introduced in [2].

A butterfly is an ordered pair of trees that share a root. If a vertex v in a tree has degree d, then the tree can be decomposed into
d butterflies hanging from v.

2
=

Figure 2.1. Noncrossing tree

In Figure 2.1, there are 4 butterflies rooted at w,x,y and z. The aforementioned authors showed that if 7'(x) is the generating
function for trees and B(x) is the generating function for butterflies then we have the following equations:

TZ
T@):lmeMB@y:;<

Theorem 2.1. Let (n2,n3,...) be a sequence of non-negative integers satisfying the condition that n =Y. j=,(j — 1)n;j+ 1. The
number NHG,(n2,n3, . ..) of noncrossing Husimi graphs on [n] having n; blocks of size j is given by
(2n+k—2)!

NHG,(ny,n3,...) = (2n—1)!T]j>2n;!

2.1)

where k =Y j>on;.
Proof. Let F(x) be the generating function for noncrossing Husimi graphs. Let y; mark the number of vertices in each block.
Adopting the butterfly decomposition of noncrossing trees to noncrossing Husimi graphs, we have that
X
Fx)=—————
1 =Yis1yiq1B'
and
F2
B(x) = —
(1) ="

where B(x) is the generating function for butterflies.
Therefore the generating function F(x) satisfies

X
F(x)= N
Lo (%)
_ i [ —
i>1 X
Thus forG:%we have
NG
G(x):izi.
1=Y yinG

i>1
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By the Lagrange Inversion Formula, we obtain

| (2n—1)
WIF) = 6w = 5 <1zyl+1t )

i>1

k
1 2n — 1
L pyy ( ) "
2n—1 k>0 l;

1 2n+k—2
——Y ( ) yent
2n—1 0 ;

Lp (Y oy e o
2n_]kZO k ny+n3+--=k 112!113! :
ny+2n3+---=n—1
Therefore,
1 2n+k—2 k!
NGz = 5 (M )

Corollary 2.2. The number of noncrossing Husimi graphs on n > 2 vertices is given by

1 ”i <2n+k—2) (n— 1)
n—1/4= k—1 k
Proof. We need to show that the number of noncrossing Husimi graphs on n vertices with k blocks is given by the generalised
Narayana number,

1 2n+k—2\ (n—1
n—1< k—1 )( k ) @3

Let [[n, k]] denote the set of all types of partitions of [1] of length k. Since

y k! (n—Z)
Pelinm14] mlnz!--- k—1)’

the result follows from Equation (2.2). O

The formula (2.3) appears in [11] and [14] as the number of dissections of a convex polygon on 2n vertices with k — 1
noncrossing diagonals such that the number of edges enclosing each interior region is even. We now construct a bijection
between the set of these dissections and the noncrossing Husimi graphs.

Lemma 2.3. There is a bijection between the set of dissections of a convex polygon on 2n vertices with k — 1 noncrossing
diagonals such that the number of edges enclosing each interior region is divisible by two and the set of noncrossing Husimi
graphs on n vertices with k blocks.

Proof. Consider a convex polygon on 2n vertices such that the vertices are labelled in clockwise direction as 1,17,2,2,...,n,7’.
Let the number of noncrossing diagonal edges be k — 1 and the number of edges of each interior region be divisible by 2. There
are k such regions. Create an edge between any two vertices of label 1,2, ... n that are in the same region. A vertex which is
incident to more than one region is considered to belong to all the incident regions. The resultant graph is a noncrossing Husimi
graph on n vertices with k blocks. See Figure 2.2 for an example. The process can easily be reversed. O
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6 U

4
Figure 2.2. Diagram showing the bijection in the proof of Lemma 2.3.

We obtain further corollaries of Theorem 2.1.

Corollary 2.4. Let (ny,n3,...) be a sequence of non-negative integers satisfying the condition thatn =Y, j22( j—1U)nj+1. The
number NC,,(na,n3, ...) of noncrossing cacti on [n] having nj blocks of size j is given by

(2n+k—2)!

NC,(no,n3,...) = (2n— 1) 520,

2.4)

where k =Y j>on;.

Proof. In the noncrossing setting, there is only one way to turn a complete graph into a cycle thus the required equation follows
from Equation (2.1) i.e.,

NC,(ny,n3,...) = NHG,(ny,n3,...).

O
Corollary 2.5. The number of noncrossing cacti on [n), where n > 2, is
1 i <2n+k—2) <n— 1)
n—15~ k—1 k)
Proof. We obtain the formula by summing over all possibilities of ny,n3, ... and k as in the proof of Corollary 2.2. O

Corollary 2.6. Let (n2,n3,...) be a sequence of non-negative integers satisfying the condition thatn =Y. j~,(j—1)n;+ 1. The
number NOC,,(n2,n3, ...) of noncrossing oriented cacti on [n] having n; blocks of size j is given by

(2n+k—2)12k—m

NOC,(n2,n3,...) = (2n— 1) jzan,!’

where k =Y j>on;.
Proof. Since any polygon of size > 3 has 2 orientations, we have
NOC,(n,ns,...) = 2k=na -NC,(na,n3,...).

The formula thus follows from Equation (2.4). O
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Corollary 2.7. The number of noncrossing oriented cacti on [n], where n > 2, is

2n+k—2)12k"
y ¥ (2n+k—2)

_ | . i
50 mimtom @n=1)HIjzon;!
ny+2n3+--=n—1

3. Bicoloured noncrossing tree-like structures

In the next proposition, we obtain a formula for the number of noncrossing Husimi graphs on n labelled vertices such that the
degrees of the vertices are less than or equal to 2. This will make 2-colouring possible. Recall, from Section 1, that the degree
of a vertex v in a Husimi graph is the number of blocks that are incident to it.

Proposition 3.1. Let NHG, »(n2,n3,...) be the number of noncrossing Husimi graphs on [n] having n; blocks of size i such
that Y;~,(i— 1)n; +1 = n and all the vertices have degree less than or equal to 2. Then

n!2k-1

NHGn’Q(nQ,VB, .. ) = (nkar 1)11_[]22’”!

3.1)

where k =Y j>on;.

Proof. Let F(x) be the generating function for 2-colourable noncrossing Husimi graphs with root degree 1 (or 0). Let y; mark
blocks of size i. Since each vertex in the block is to have degree less than or equal to two, the generating function satisfies
F(x) =x(1+ Y yip1(2F —x)'). (3.2)
i>1
The butterflies of these graphs must be rooted at vertices of degree 1 (or consists of a single vertex). We subtract x to cater for
cases in which a butterfly consists of a single vertex.
Setting G = 2F — x in Equation (3.2) we obtain
G=x(1+2Y yin1G).
i>1
G is the generating function for 2-coloured Husimi graphs with root degree 1 (in the case of a single vertex, there are no
blocks, thus nothing to be coloured; otherwise there are precisely two colourings). When y, = y3 = --- = 1, then we obtain the
generating function for the large Schroder numbers.
Now, for arbitrary root degree, root degree 2 Husimi graphs are obtained by merging two root degree 1 Husimi graphs. We
subtract F for double counting root degree 1 Husimi graphs. The generating function is thus
F? G* «x
Hx)=——-F=——-.
=7 4 4
This implies that

W'H = %[X"H]Gz.

By the Lagrange Inversion Formula, we have

n+1
L2 1 n—1 i
4[x" l€; _2(n+l)[t [l 1+2) yiat

i>1

k
1 e n+1 o
— l]kgo( : )(zizz]ylﬂt)

(1) LI i
2(”+ 1) k no+nz+=k nylnz!---

k>0
ny+2n3+--=n—1

Therefore,

21 fnt 1 k!
NHG,,’Q(HZ,I?},...) = n+1 < k ) . W (33)
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Corollary 3.2. There are n-2"~3 noncrossing trees on n > 2 vertices such that all the vertices have degree less than or equal
to 2.

Proof. The result follows from Equation (3.3) by taking (ny,n3,...) = (n—1,0,...) sothatk=n— 1.
Observe that these trees are also noncrossing paths. The corollary thus follows by a simple counting argument as well: first
choose a root (in n ways), then 2 choices for each step. O

Corollary 3.3. Let NHG,,» be the number of noncrossing Husimi graphs on [n] in which all the vertices have degree at most 2.
Then

1l —1
NHG,y = —— z“( " )(” ) (3.4)
n—1/4= k—1 k

Proof. To prove Formula (3.4), we need to show that the number of noncrossing Husimi graphs on n vertices with k blocks in
which each vertex has degree < 2 is given by

)0

Since

y (n—z)
Pe[[n—1,k] nz'l’l:;’ k—1 s

the result follows from Equation (3.3). O

Lemma 3.4. The number of bicoloured noncrossing Husimi graphs on [n] having n; blocks of size i such that ¥ =, (i—1)n;+1 =
n is equal to

n!2k

where k =Y j>on;.

Proof. Consider a noncrossing Husimi graph on [n] having n; blocks of size i such that };~, (i — 1)n; + 1 = n and with vertices
having degree less than or equal to 2. Let b be a block in the graph. There are two choices for colouring block b and one choice
for the remaining blocks. The result thus follows from Equation (3.1). 0

Corollary 3.5. The number of bicoloured noncrossing Husimi graphs on n vertices is given by

1 on n—1
n—1k);12 (k_1>( ' ) (3.5)

We obtain the following special case by setting k = n — 1 in Equation (3.5).

Corollary 3.6. There are n-2"2 bicoloured noncrossing trees on n > 2 labelled vertices.

Corollary 3.7. The number of bicoloured noncrossing cacti on [n] having n; cycles of size i such that ¥ ;>,(i — 1)nj+1 =n is
equal to
n12k

where k =Y j>on;.

Corollary 3.8. The number of bicoloured noncrossing cacti on [n], where n > 2, is

1 n n—1
2k .
S0
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Corollary 3.9. The number of bicoloured noncrossing oriented cacti on [n] having n; cycles of size i such that Y ;~,(i—1)n;j+1=
n is equal to

n!22k7n2

where k=3 ;>on;.
Corollary 3.10. The number of bicoloured noncrossing oriented cacti on [n], forn > 2, is

n!22k—n2

L )y (n—k+1)js2n;!

k>0 np+n3+--=k
ny+2n3+--=n—1

4. Plane tree-like structures

A plane Husimi graph (resp. plane cactus) is a Husimi graph (resp. cactus) drawn on the plane such that its blocks are ordered

(see, Figure 4.1 for plane cactus).
% cl

Figure 4.1. Plane cactus on 32 vertices.

In this section, we shall call the number of blocks coming out of a vertex as the degree of that vertex. A leaf is a non-root
vertex which is incident to exactly one block. A non-leaf vertex is referred to as internal vertex.

Theorem 4.1. Let (ny,n3,...) be a sequence of non-negative integers satisfying the coherence condition: n=Yy. 20— nj+1.
The number PHG,(ny,n3, . ..) of plane Husimi graphs on n vertices having n; blocks of size j is given by

(n+k—1)!

PHGn<n2,n3,...) = n']_[»>2n-' y
j>on;t

“.n

where k=13 ;>on;.

Proof. Let P(x) be the generating function for plane Husimi graphs. Let y; mark the number of vertices in each block. Then we
have

X

Px)=—r——.
) 1 =Yis1 Y1 P

By the Lagrange Inversion Formula [13], we obtain

i>1

= ;[t"‘l}k;) (kn> (;)’iﬂti)k

k
| (n+k—1) ;
= —|t i1t
n[ ]kgf) k (;YH )
— 213
:12(”+i 1) y K 4.2)

1nal...
n >0 nytmy b=k 1122113
np+2n3+--=n—1

"] P(x) = %[IVH} (1 - Z)’Hlti)
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Therefore,
1 k—1 k!
PHGy(na,m3,...) = (”* )
This completes the proof. O

In the proof of the following corollary, we get a formula for the number of plane Husimi graphs with a given number of
blocks.

Corollary 4.2. The number of plane Husimi graphs on n > 2 vertices is given by

y’z—f n+k—1\(n-2
n &= k k—1)

Proof. We need to show that the number of plane Husimi graphs on n vertices with k blocks is given by,

1/n+k—1\/n—-2
n( k )(k—l)' 43)

Let P(n,k) denote the set of all types of partitions of {1,2,...,n} of length k. Since

k! n—2
- = 44
yminsl (k—l)’ (4.4)

then the formula follows from Equation (4.2). O

PeP(n—1k

Setting k = n— 1 in Equation (4.3), we recover the formula for plane trees on n vertices. Similarly, setting n =dn+1,
ng+1 =nand n; = 0 for all i # d + 1, in Equation (4.1), we rediscover the formula

dnl—&-l <(dtll)n>

for the number of d-tuplet trees on dn + 1 vertices obtained in [6]. Here, if d = 1 we get the number of plane trees on n+ 1
vertices.

Corollary 4.3. Let (np,n3,...) be a sequence of non-negative integers satisfying the condition thatn =Y j22( j—1)nj+1. The
number PC,,(ny,n3,...) of plane cacti on n nodes and having n; blocks of size j is given by

(n+k—1)!

PC,(ny,n3,...) =
n( 2,13, ) n!szznj!v

4.5)

where k=13 ;>on;.
Proof. Since there is only one way to turn a complete graph into a cycle, the required equation follows from Equation (4.1) i.e.,

PCn(n2,n3, .. ) = P[‘IG,l(nz,l/B7 .. )

O
Corollary 4.4. The number of plane cacti on n nodes, where n > 2, is
1"21 <n+k— 1) (n—2)
n &= k k—1)°
Proof. We obtain the formula by summing over all possibilities of ny,n3, ... and k as in the proof of Corollary 4.2. O

Corollary 4.5. Let (ny,n3,...) be a sequence of non-negative integers satisfying the condition that n =Y. j~,(j — 1)n;j + 1. The
number POC,,(nz,ns, ...) of plane oriented cacti on n vertices and having nj blocks of size j is given by
(n+k—1)12km

POCn(nz,n3,...): n'H<>2n-‘
ljson;:

)

where k =3 j>on;.
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Proof. Since any polygon of size > 3 has 2 orientations, we have
POC,(ny,n3,...) =22 . PCy(ny,n3,...).
The result follows from Equation (4.5). O

Corollary 4.6. The number of plane oriented cacti on n vertices, where n > 2, is

y v (n+k=1)1257

| . .
20 mimpe—k  MHIzan!
ny+2n3+---=n—1

For the rest of this paper, we are interested in the number of plane tree-like structures with a given number of leaves.

Theorem 4.7. Let (n2,n3,...) be a sequence of non-negative integers satisfying the coherence condition: n =7y, >, (j—1)n;+1.
The number of plane Husimi graphs on n vertices with { leaves and having n; blocks of size j is given by

1/n k—1 k!

where k=13 i>on;.

Proof. Let F(x,u) be the bivariate generating function for the number of plane Husimi graphs such that x and u are marking
vertices and leaves respectively. Again y; will mark the number of vertices in each block.
Now,

X
- — X.
1= Y1 yir1 F(x,u)

F(x,u) =xu+

For convenience, let w = F (x, u) so that w = x (u + %) . We extract the coefficients of x" and ' in the generating
function. 2
1 vt O\
W' JF (x,u) = [ Tw = ~[u'1"] (u+ Zl>1y:+1)
n =Yyt
— Ly (”) iy (szﬂ>
" =0 \J I=Yiz 1yt
i —t
_1 ) ) W)
n\{ =Y yint!

(
n—t ~(n—0)
"] <i>1yz'+lti> <1—l;yl'+1fi)
4 (_(nj_é)) (‘%yi+11i>j (;yi+11i> .
g () ()

i>1
Letk=n—/{+ j so that

1/n 2n—24 k—1 k!ynzyn3 e
n 0 _ 273
[”]F(x’”)_n<z> )y <n—e—1) )y

nale-.
k=n—{ ny4nz+---=k na:n3:
ny+2n3+--=n—1

This completes the proof. O
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From Equation (4.6) and summing over all n; as in Equation (4.4), it follows that there are

0] [y @

plane Husimi graphs on n vertices with k blocks and having exactly ¢ leaves. Setting k = n — 1, we rediscover the famous
Narayana number for the number of plane trees with a given number of leaves. Summing over all /, making use of Vandermonde
convolution, we obtain Equation (4.3) for the number of plane Husimi graphs on n vertices.

The expected number of leaves in plane Husimi graphs on n vertices with k blocks is

"ig n\( k=1 \(n=2\ (n+k—2\(n-2
En\t)\n—t—-1)\k-1) k k—1
and upon division by Equation (4.3), we get that on average there are (n> —n)/(n+k — 1) leaves in the aforementioned plane

graphs.
Setting r = n — £ in Equation (4.7), we obtain the following result.

Corollary 4.8. There are

1/n\ (k—1\/n—-2
n\r)\r—1/\k—-1
plane Husimi graphs on n vertices with k blocks and having r internal vertices.
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In this paper, we consider contact Hamiltonian description of 1D frictional dynamics with no conserved force.
Friction forces that are monomials of velocity, and the sum of two monomials are considered. For that purpose,
quite general forms of contact Hamiltonians are taken into account. We conjecture that it is impossible to give a
contact Hamiltonian description of dissipative systems where the friction force is not in the form considered in
this paper.
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1. Introduction and Preliminaries

We already know that the fundamentals of many applications used in physics go through mathematical calculations. Since the
theory of manifolds is used as configuration space in both mathematics and physics, the differential geometric methods used in
the theory of manifolds are very important.

The geometry of the contact manifolds is done with the help of odd-dimensional manifolds. The fact that contact geometry
can be applied in odd-dimensional manifolds has earned a prominent place in physics as well as differential geometry. Both
contact and symplectic manifolds have found application in classical mechanics. In line with these studies, contact geometry
was found to be under many physical phenomena and related to many other mathematical structures. Andrew Mclnerney’s
“First Steps in Differential Geometry” (Ref. [1]) is an important resource for the history of contact geometry and its significance
in physics.

Lie [2] was the first to study contact structures systematically. Contact structures were considered in Gibbs’ study of
thermodynamics [3], Huygens’ theory of light, geometric optics and Hamiltonian dynamics [4, 5].

Although the study of mathematical methods in classical mechanics dates back to old times [6], the issue of expressing
Hamiltonian dynamics with contact equations is quite new. If we mention some works on Hamiltonian systems with contact
equations, in 2016 contact Hamiltonian mechanics have been introduced by Bravetti and et al. [7]. In that paper, authors have
focused on the major features of standard symplectic Hamiltonian dynamics and they have showed that all of them can be
generalized to the contact case. Later, in Liu’s work, the connections between the notions of Hamiltonian system, contact
Hamiltonian system and nonholonomic system from the perspective of differential equations and dynamical systems have
been described [8]. Also in [9], Diindar has provided a simple contact Hamiltonian description of a system with exponentially
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vanishing (or zero) potential under a friction term that is quadratic in velocity.

In the light of these previous studies with this present paper, we have provided for contact Hamiltonian description of
1D frictional dynamics with no conserved force. In this way, we have applied contact geometric methods in systems with
frictional force (where friction force is not linearly dependent on velocity or where it is a polynomial of velocity). Friction
forces that are monomials of velocity, and the sum of two monomials are considered. For that purpose, quite general forms of
contact Hamiltonians are taken into account. Furthermore, we have given a conjecture that it is impossible to give a contact
Hamiltonian description dissipative systems where the friction force is not in the form considered.

In this article we consider a 1D frictional system. The independent variables are ¢, p,S. The contact 1-form is given
as follows: n =dS+ pdq [7]. It is easy to check that this expression satisfies the nondegeneracy condition n Adn =
dS Ndp Ndq # 0. Moreover, the readers may recognize the pdq term in the contact form as presymplectic potential.

In order to define contact system, we need a contact Hamiltonian. Contact Hamiltonian is a function of positions, momenta
and an extra variable S as opposed to usual Hamiltonian function which is a function of positions and momenta. The extra
variable, S, helps one describe dissipative systems. Now, we give a basic definition that we will use throughout this study. Let
H be a contact Hamiltonian, depending on three variables: g, p,S. The equations of motion are then as follows [7]:

_on
q_gpa
,— _OH _ JH
. JH

In this paper, we will investigate various forms of contact Hamiltonians to account for friction terms with no potential
function. The organization of the paper is as follows: In Section 2 we consider a friction term that is a monomial of ¢, in
Section 3 we handle the case where the friction term is a sum of two monomials of ¢, in Section 4 we give an applciation of
Section 3 to a friction term that has linear and quadratic dependence on ¢, and finally in Section 5 we conclude the paper by
also giving a conjecture.

2. Friction term that is a monomial of ¢

The goal of this Section is to find a contact Hamiltonian that will yield a friction term which is a monomial of ¢, that is an
equation of motion as seen in Equation (2.4). We consider a contact Hamiltonian of the following form:

p2
H=_—+ApSs°.
2m

The case a = 1 gives a quadratic dependence on ¢ for the friction term, which is investigated in Ref. [9]. As an ansatz, we
let p = amg and S = S(§). The contact equations of motion are as follows:

=L a8, @2.1)
m
p=—aip’s!, 2.2)
2
_r
= (2.3)

Using the ansatz for p in Equation (2.1) gives us AS? = (1 — a)g. We want our contact Hamiltonian to produce the
following equation of motion:

mg+vq" =0. @4

Let §'(¢) = 9;5(¢). Using Equation (2.3) yields:

1
qS/ = Emazq.z,



Use § = —(y/m)q"
/__lmzaz 2

2y
__lmzach*”
2 y 3—n

—n
)
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We omit the integration constant. With an extra integration constant, the form we found here would not match A5 =
(1 — a)q. Let us use the result we found so far in Equation (2.2) and obtain:

ami = —alp*s*!,

a

S

= —a(omg)?

)

=2ay(1-a)(3-n)¢",

Use § = —(y/m)q"

o 1
2a= -2
ST "an-3

Choose ¢ =2

1
3—n

We finally obtain A in terms of m, n, ¥ using the expression for S and A5 = (1 — a)g:

x=—<2’”2 ! )13
Y n—=3

The contact Hamiltonian is as follows:

" P’ ( 2m? 1

“2m \y n-3

1
) "~ p§1/G),

This contact Hamiltonian gives us the following equation of motion:

mg+vq" =0,

forn=2andn > 3.

3. Friction term that is the sum of two monomials of ¢

Our aim in this Section is to find a contact Hamiltonian that will yield a friction term that is a sum of two monomials of ¢, that
is, an equation of motion of the form mg + y4¢"™ + yp¢"® = 0. However we will soon see that the only allowed combination is
Equation (3.1). Let us consider the following contact Hamiltonian:

p’ b
H="" 1y ypbrsa
m +Zk: 194 ;

where k runs over natural numbers (or any other countable set). The extra terms includes all analytic functions of p, S as
well as other type functions with singularities. One can also absorb the first term into the sum, so this form is very general. This
type of contact Hamiltonian, though seems quite general, can only model the following type of a differential equation:

mii+1ag"™ +ysg" ' = 0.

3.1
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Let us write down the equations of motion for g, p, S:
. o p bk—l aAj
G="=+Y bidp™ ' S%,
m- %
p=—Y akp" 'S4t
k

2
S p by qa,
S———i—z by — 1) Ay pkS%,
2 k(k )kp

As an ansatz, let us write p = amgq for some constant o. Then the first equation becomes:

qg=0qg+ Zbklk(amQ)bkilSak.
k

Then let S = B4° for some constants 3,c. We obtain:

(1—a)g="Y bi(amg)™ " (Bg°)™.
b0

So we obtain the following condition by equating the powers of ¢:

car+by =2, ifb,#0,
and the remaining equation is the following:
1—a=Y b(am) ' p%.

The Equation (3.3) becomes:

amg = = ¥ ahi(amg)’+ (B,
k

=_ Z aklkamﬁ“kflqlﬂ(“k*l)
br=0

o Z aklk(ocm)b”lﬁ”"_lcf_c.
b #0

Hence we obtain:

mij = — Z aklkmﬁak—lql—kc(ak—l)

by=0
bk+1
_ Z al ((Xm) ﬁakflq&fc_
b0 @
3.1 When ¢ #0

In this Subsection we suppose ¢ # 0.! Then Equation (3.4) yields:

ST 1) (B4
Bed® "4 = 3mo? + Y by — 1) 2 oama) (B4 )™
k

I'The case where ¢ = 0 is investigated in Subsection 3.2 and causes a vanishing Hamiltonian, but included in this article for completeness.

(3.2)

(3.3)

(3.4)

3.5)

(3.6)

3.7
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From this, we obtain:

1(X22

2 Be

When collected as a sum over by = 0 and by, # 0 we obtain:

mij = 3 -4 Z(bkf 1))Lk(am)bk?ﬁak—lqcak-&-bk—kl—c.
k

1 o? bi .
mij = E (XBm 3 Z 2{ ﬁak 1. 1+Lk ap—1) _|_ Z P — 1 2{ (am) mﬂakflqﬁfL. (3.8)
b= b0 ¢

We now have two equations of motion m¢. They need to be consistent with each other. So we equate (and suppose
1+c(ax — 1) # 3 —c or cay # 2.) Equation (3.7) and Equation (3.8):

Z Aem (ak — i) ﬁakilqprc(akil) =0, 3.9

bi=0

from which we obtain:

aj = 1/6, ifbk = 07 (310)
and

1 oa2m? o am)it!

LU oY MG VS T P W) oy 7SS

2 P b0 ¢ )
which yields

1
—3= Z Ax(om) Pk 2m B,
b0

Since c is a constant, we see that we can only obtain two powers of ¢ in the equation of motion. The first is a power of 3 —c¢
(when by, # 0) and the second is a power of 1+ c¢(a; — 1) =2 — ¢ (when b, = 0). As a result, it is sufficient to consider two
types of variables (by,ar) € {(0,a4),(bp,ag)}. In this case the contact Hamiltonian is as follows:

2
H=2" 2,5 4 appsses.
2m

We equate Equation (3.7) to —y4¢"*4 — ¥3¢"8 and obtain:

by+1

=Y B tgt e Y aklk%ﬁ“"_léf_c =—1q" — 184"
br=0 b 20 «

Putting the relations between the constants we found and their values we get:

n=2—c 3.11)

ng=3—c. (3.12)

Ay = %[31*1/6, (3.13)
l—ap

v P (3.14)

= agm (am)bs’
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Moreoever for Az we have one more equation, namely Equation (3.6), which gives us the following constraint:

1—a (om)' b5
qy = 2lom 7
bp ﬁaB

By equating Equation (3.14) and Equation (3.15) we obtain:

(3.15)

ﬂimz(x(lfa) ap _m*a(l—a) agp
47 bg /] 2—cap
All in all we have the following relations:

1 1
as = =
A 2—n4 3—ng’
ng=na+1,
1
nA:2——,
as
Ay = 7 Bl_aAa
maa
,yB BlfaB

B mag (om)bs”
Only A4 can vanish. By letting A4 = 0 one can model a system where frictional force is proportional to a monomial of g.
3.2 Whenc¢=0

In this Subsection we consider the case ¢ = 0. Under this situation we have S = 8. Hence § = 0. Equation (3.5) yields the
following:

if by £ 0,by = 2.

When used in Equation (3.4) we obtain the following two equations:

Y aB%=o0, (3.16)
br=0

Y ap = 1 (3.17)
b=2

2m
Since there are two options, we can restrict the set of (by,ay) to two values: (by,ay) € {(0,ap),(2,ar)}. Equation (3.16)
gives us Ap = 0. So the contact Hamiltonian is of the following form:

r

H=
2m

+ lEpzSaEa

with Ag = —B % /(2m) obtained from Equation (3.17). Let us write the equation of motion derived by p (Equation (3.7)):

b+l
mi = — Z akkaﬁ“kflqlﬂ'(ak*l) _ Z aklkmﬁ“kflcf*c,
be=0 b0 a
3
o
= —ClD/leﬁanlq—aE/lEi( ;n) B4

First term vanishes since Ap = 0. The second term is proportional to the derivative of Ag € = 1/(2m) (see Equation (3.17))
with respect to 3 and is thus zero.

=0.

Finally we obtain the dynamics of a free particle in 1D. As a result, this case is not interesting and does not cause frictional
dynamics to appear.
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4. Friction term that has linear and quadratic dependence on g

In this Section, we give an application of Section 3 to the case where there are linear and quadratic dependencies of the friction
force on speed (¢). The equation of motion is the following:

méj +yad + 84> = 0.

The contact Hamiltonian is the following:

p2
= —— + s 8 + )qubBSaB.

H
2m

Using the results of Section 3 we obtain:

I/ZAZI,
nB_za
aa 17

aB—l,
bg=1,
a=2,

Then we obtain:

A=A

m

B
A,B—Tm2.

So the contact Hamiltonian is the following:

2

p Ya Y8
H=L Ag, B g

2m+m +2m2p’

and it yields the following equation of motion:

méi+ g+ v8g° = 0.

This is an important step, because in classical mechanics when the speed is low the friction is linear in velocity and when
the speed is high the frictional force is quadratic in velocity due to effect of turbulence.

5. Conclusion

In this paper, we mainly focused on contact Hamiltonian description 1D frictional systems. The contact Hamiltonians of the
form H = p? /2m+ A pS® can describe a situation where friction force is a monomial of ¢:

mg+yq" =0, (5.1

for n =2 and n > 3. The case for n = 1 is given in Ref. [7] and the contact Hamiltonian for that case is H = p2 /2m+
V(g) + ¥S and it is the only contact Hamiltonian found so far to include an arbitrary potential. An exponentially decreasing
potential in the case of quadratic dependence on velocity of the friction term is found in Ref. [9].
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On the other hand, what we found is that a quite general contact Hamiltonian of the form H = p? [2m~+ Y A pPeSa% (which
includes all analytic functions of p,S) can at most describe a dissipative system in the following form:

mg+yag"™ + g™ =0. (5.2)

In order to solve the contact equations of motion, we considered p, S to be functions of ¢ and used two different ansatzes
for this purpose. We conjecture that it is impossible to model a dissipative system with no potential that is not of the form
appearing in Equation (5.1) or Equation (5.2).

We also have given the contact Hamiltonian description of the following equation of motion:

mg+ g + vsg* = 0.

This form of frictional force is the most prevalent in nature. When the speed is low the linear term is dominant, and when
the speed is high the quadratic term becomes dominant due to turbulence.
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We define GBS operators of Durrmeyer operators for bivariate functions on simplex and we give their approxima-
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1. Preliminaries

Polynomial approach and the classical approximation theory constitute a basic research area in applied mathematics. The
development of the approximation theory played an important role in the numerical solution of partial differential equations,
data processing sciences, and many other disciplines. For example, it is widely used in geometric modeling in the aerospace
and automotive industries to calculate approximate values with basic functions. Work in this field goes back to the 18th century
and still continues as a powerful tool in scientific calculations. Furthermore, it is used in civil engineering projects to analyze
the energy efficiency and earthquake resistance data of different types of buildings in thermography calculations and earthquake
engineering. The purpose of the approximation theory is to provide an approach between function spaces. In this context, the
best approximation uses a linear positive operator. An operator that brings a function of positive value in one function space to
another function of positive value in another function space is called a positive operator; whereas the operators that are both
positive and linear are called linear positive operators. We will introduce a generalization of Bernstein operators that form the
basis of linear positive operators. This new generalization to be defined will be a better version of Bernstein operators that
contribute to all of the above mentioned fields of study. In this way, it is aimed to have a better approach. Before introducing
the operator, if we need to talk about previous studies. Weierstrass, who laid the foundations of the approach with a linear
positive operator, said in 1885, that each continuous function as an element of C [a, b] was a sequence that could be approached
with a polynomial in the same closed range, but he did not specify the properties of these sequences. In 1912 Bernstein, proved
that the sequences in the Weierstrass theorem were the polynomials referred to by his name and exposed them as follows:

By(hix) = Z <Z)xk(l —x)"kp (’;) .

k=0
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The modified Bernstein polynomials,

|
Dy(fi) = (4 D) Y, gb) | [ obferdr | .(n> 1),
k=0 0

where @f(x) = ( Z > *K(1—x)"7* (0 < x < 1), were introduced by Durrmeyer [1] and Deriennic [2] gave some results

on approximation of function f on [0, 1] by (1)
In [2], it is shown that,for m € N

m. _ (l’l—|—1)' 2 m m' I’l' r
Dy (t ’x)_(n—i—m—l—l)!rzb( . )r!(n—r)!x'

Denoting by A= {(x,y) : x>0,y > 0and x+y < 1}.Singh [3]defined new class of positive linear operators of order n
on A by

n+2|nnk

Sn(fix,y) = i —=Y Y Pl ,y//P,,kjuv (u, v)dudv (1.1

k=0 j=0

where P, ¢ j(x,y) = < Z > < n]— k > x*y/(1 —x—y)"~*=J . Singh proved some results on approximation of function f

on A by (1.1). ‘ '
Define e; :=e;(x)=x', E; := E;(u, x) = (u—x)', ¢;; :=e;;(x, y)=x'y’ and E;; := E;;j(u, v x, y) = (u—x)'(v—y)’.
Lemma 1.1: ([3])

(n+2)! L& q plq!
Py4. r
Su(WPvi;x, y) = CETITES) ,ZOIZO TR

In particular,

Sn(e()();x7y) = 17

nx+1
Sn(eio3x,y) = i3
Sn(eorsx,y) = n i
n@()],x7y)_ n+37 ()
n(n—1)x*+4nx+2
| ) 1.3
Su(e20;x,y) (n+3)(n+4) ) (1.3)
n(n—1)x> 4 4nx +2
| ) 1.4
Sn(eo;x,y) (n+3)(n+4) (1.4)
(= 1)(n—2)x 4+ 9n(n— 1)x + 18nx+6
Sn(e305x,y) = (n+3)(n+4)(n+5) ’
) _n(n=1)(n—=2)y’ +9n(n—1)y* +18ny+6
Sn(eoz:x,y) = (n+3)(n+4)(n+5) 7
Sa(es0sx,y) = B SR el

(n+3)(n+4)(n+5)(n+6) ’
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0 (3)y* +1604,(2)y + 720, (1)y + 24

Sn(eoasx,y) =

(n+3)(n+4)(n+5)(n+6)
. . 2[1+(n_4)x_2(n—6)x2]
Sl faix2) = (n+3)(n+4) ’
: 2[1+ (n—4)y —2(n—6)y?]
i) (T I
axt —2b.x3 +a,x? n—2)x
Sn(E4();X,y) _ 12[ n 2bn +ay +6( 2) +2]

(n+3)(n+4)(n+5)(n+6) ’

and

12[a,y* — 2b,y° +a,y* +6(n—2)y+2
S,l(E()4;x, y)z [ ny ny ny ( )y }

(n+3)(n+4)(n+5)(n+6)
!
where o, (p) = ﬁ, a, = (n* —31n+30),and b, = (n* —28n+20). For all x € [0, 1] we have,
n—p—1)!
1
E 5 n==~6
4
Sn(Ex0;x,y) < 3 , n<6
(n+3)(n+4)’

The situation for S, (Egp;x, y) is the same (11). It is easy to see that

24 12
n+3)n+4) " 5(n+3)

forall n > 6.
And also for all x € [0, 1] we have,

15
ﬁ 3 n< 30
Sn(Es03x,y) <
24 > 30
- n
(n+3)(n+4)

The situation for S, (Eo4;x, y) is the same (12). It is easy to see that

24 12
3)(n+4d) ~17(n+3)

for all n > 30.

Our aim is to extend the operator (1.1) to case B-continuous (Bogel continuous) functions. The term ”B-continous” first
was introduced by K. Bogel ([4], [5]). And then we shall present a GBS (Generalized Bégel Sum) operator of (1.1) and
some approximation of properties of this operator. The term GBS(Generalized Boolean Sum) operators were introduced by
Dobrescu and Matei [7]. The analogous of the well-known Korovkin theorem for approximation of B-continuous functions
using GBS operators was given by C.Badea, I. Badea and H. Gonska [8]. The analogous of first modulus of continuity for
bivariate B-continuous functions which is named “mixed modulus of smoothness” was introduced by I. Badea[9]. (see Also H.
H. Gonska[10] , C.Badea and C. Cottin [11]).

We show that the operators (2.1) (GBS type the operators of (1.1)) have better approximation than the operators (1.1) in
fligures and numerical values.

Definition 1.1:
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a) ([4], [5]) A function f is called a B-Continuous function in (xg,yo) € X x Y if

lim  Af[(x,y),(x0,y0)] = 0.

(x,y)=(x0.Y0)

where Af[(x,y), (x0,¥0)] = f (x,¥) — f (x0,¥) — f (x,y0) + f (x0,¥0) represents the mixed difference of f.
b) ([9]).Let f € B,(X xY). Forany (8;,0,) € ]R(z), + » the mixed modulus of smoothness is the function @yixeq(f;61,82) :

R%’ + — R defined by

a)mixed(f;slaaZ) = SuP{Mf[(%)’)a(”aV)” : |u*x| < 617 ‘nyl § 52} (15)

where Rg 1 := [0, ).
¢) ([6]) A function f is called a B-Differentiable function in (xo,yo) € X x Y if the following limit is exist and finite,

lim Af[(x,y),(meo)] )
(e3)=(x030)  (x =) (X0 — o)

This B-Differentiable of f in (xq,yo) is denoted by Dg f(x0,¥0)-
Let F be the class of all functions f : X x Y — R. Then we use subsets of F' which are given in the following:

B(XxY)={f€F : fboundedonX xY}

with usual sup-norm |||, -

Bb(XXY) :{fEF: |Af[(x7y)a('x01y0)]| SK,OHXXY,K>O}

is called B—bounded functions class with the norm

I, = sup IAf[(x,y), (x0,30)]] -
(xy):(x0.70) EX XY

Cp(XxY) = {feF: fisB—ContinuousonX XY},
Dy(XxY) = {f€F: fisB—Differentable on X x Y}

If f: X xY — R is a continuous function in (xg, o), it is also B-Continuous function in (xp,yp). A B-continuous function
is not necessarily continuous(in usual sense), but the converse is true.

The approximation theorems for bivariate functions were first given by Volkov in [12] and approximation of the GBS
operators of associate with operators of two variables were established by [8].

The term GBS(Generalized Boolean Sum) operators were introduced by Badea and Kottin as the following [11]

Definition 1.2. Let L: Cp(X xY) — B(X x Y) be a linear positive operator. The operator UL : C,(X XY) — B(X X Y) is
defined by

(ULS)(x,y) = (L(f(®,3) + [ (x,%) = f(0,%))) (x.y)

is called the GBS operator associated to the operator L, where " and "+ stand for the first and second variable respectively.
From now on, we write L(f(u,v);x,y) and

UL(f (u,v);x,y) = L((f (,3) + f (x,v) = f(u,v)) 5x,7)

instead of (1.2).

Theorem 1.1. ([8].) Let a, b, c,d be real numbers satisfying the inequalities a < b, ¢ < d and let (T,,,,) (n,m € Z*) be a
sequence of bivariate linear positive operators, applying C([a,b] X [c,d]) into itself. Suppose the following relations hold for
any (x,y) € [a,b] x [c,d].

l) Tn,m(EOO;xay) = 1»

i) Ty m(€103%,y) = X+ ttym (%, ),

iii)Tn,m(eOI ;xv}’) =y+ Vn,m(x7y)a

V) Tom(€20 +€02:X,y) = X* + ¥ + Wy m(x,y)
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If each of the sequence of uym(x,¥), Vnm(x,y) and wy,,(x,y) converges to zero uniformly as n — e, m — oo, then the
sequence (7,",,) (n,m € Z") converges to f uniformly on [a,b] x [c,d], where T}, represent the GBS operator associate with
I;'l.m

Theorem 1.2 ([12]). Let T : C([a,b] X [¢,d]) — C([a,b] x [¢,d]) be a linear positive operator and T* the GBS operator
associate with 7.

Then, for any f € C([a,b] x [¢,d]), (x,y) € [a,b] X [c,d] and &;, 6, > 0, the following holds

1 1
IT*(f(u,v);x,y) = f(x, )] < f(x,y)l|1—T(eoo;x,y)|+{IT(eoo;x,y)l+(Sl T(Ezo;x,y)+g\/T(Eoz;x,y)

1
T (Ezo;x,)’)T(Eoz;X,y)} Opixed (01, 62). (1.6)

616

_|_

Theorem 1.3 ([4], [5], [6]). Let f: [u,v] x [x,y] — R be a function. If f is B—differentiable on [u,v] x [x,y], there exist
(x0,¥0) € (u,v) x (x,y) such that

Af[(u,v), (x,y)] = (u=x)(v = y)Dgf (x0,0)-

Theorem 1.4([13]).Let T : C,(X XY) — B(X X Y) be a linear positive operator and UT : C,(X XY) — B(X X Y) the
associated GBS operator. Then for any f € Dy(X x Y) with Dpf € B(X xY), any (x,y) € X xY and 6;, 6, > 0, we have

UT (f(u,v)s2,9) = Fa)| < [ fOan) 11 =T(e00:x,3) +31Dpfllc /T (E20:%,3) T (Eo2ix,y)

1
+ | VT (Ea0:x,y) T (Eopix,y) + 5 VT (Es0:x,y) T (Eo;x,y)

1 1
+g\/T (E205x,y) T (Eoa3x,y) + mT (E203x,y) T (E02:X,Y) | Omixea(Dpf, 61,02).

2. Representation of bivariate GBS operator of Durrmeyer operator

For any f € Cy(A),( Cp(A) is the class of all B-continuous functions on A) ,representation of bivariate GBS operator of
Durrmeyer operator is

(n+2)!

n
n!kg()

Fu(fixy) =

n—k
i (50) [ [ Pt [ 0) 5 £ 00) = ), @1

Jj=

It is easy to see F,(f;x,y) is linear positive operator. Taking into account the relations (1.3), (1.4) and applying Theorem 1.1
we obtain the following theorem.

Theorem 2. 1: The sequence (F;,), oy converges to any f € Cp(A) uniformly.
It easy t1 see the following relation:

F,(u'v/;x,y) = x'y/ forall i, j=0,1,2, ....
That means there is no approximation for any usual continuous function f on [0,1]. Mean F,(f;x,y) = f for all f € C(A).

Theorem 2. 2 : If f € C,(A), then for any (x,y) € A, the following relation holds for all n > 6:

11 /1 /1
|E1(f(ua")?x7y)_f(xv)’)|§Twmixed(f; Ma n+3)'
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Proof : Applying Theorem 1.2, Lemma 1.1 and (11*) we have

|Fa(f(u,v)ix,y) = fx,y)| < ((51] Sn(EZO;xJ))"_é Sn(E02;x7y)+8]152\/Sn(EZO;x7y)Sn(E02;x>Y)>wmixed(f;51782)

(1\/2[1+(n—4)x—2(n—6)x2]+1\/2[1+(n—4)x—2(n—6)x2]

(n+3)(n+4) &

&1 (n+3)(n+4)
121+ (n—4)x—2(n—6)x"] \/2[1+(n4)x2(n6)x2] o
+5152\/ nimta) VT e | Omied(f301,3)
(51V \/: 52\/7\/11—1— 51525 Vn+ Vn+3 )wm’xe’jf&’ )
1 1
If we choose 6; :\/mand&zwm , we get

(£ (0, v)i,3) — f(5,3)] < (z 2, 12) Opised(f:51.5)

5 5

1212 11
and consider 2 5 + 5 < 5 then the proof is beeing comlated.

Theorem 2. 3: If f € DB(R%&) with Dgf € B(]R%’ ), then for any (x,y) € A and n > 30,

36|Dsf|l /1
F Xy - ) é = —. 0 D
| n(f(”av) X y) f(x Y)l 5(l’l+3) + 10 mtxed Bf n+3 n+3
Proof: Applying Theorem 1.4 and Lemma 1.1 (11* and 12*) ,we have

2[14 (n—4)x —2(n— 6)x?]
(n+3)(n+4)

" 214 (n—4)x—2(n—6)x?]
(n+3)(n+4) ’

[Fa(f(u,v)ix,y) = fx )| < 3[Dgfll., \/

+

\/2[1+(n4)x2(n6)x2] \/2[1+(n4)x2(n6)x2]
(n+3)(n+4) (n+3)(n+4)

g 1 \/IZ[anx by +ap®+6(n—2)x-+2] \/2[1+(n—4)y—2(n—6)y2]
(n+3)(n+4)(n+5)(n+6) (n+3)(n+4)

\/ 2[1+(n— —6)x?] \/ 12(any* —2bny*+any*+6(n—2)y+2]
52 n+3 n+4 . (n+3)(n+4)(n+5)(n+6)

2[14-(n—4)x—2(n—6)x?] 2[1+(n—4)y—2(n—6)?|
8182 (n+3)(n+4) (n+3})(n+4) Y :| wmixed(DBf’ Sla 62)

|Fn(f(”av);x7y)_f(x’y)| <

361D f]|. 12
S+3)

5(n+3) n+3)

+i 12 12 +i 12 12
o1\ 17(n+3)5(n+3) &\ 17(n+3)5(n+3)
n 1 12 12
818, 5(n+3)5(n+3)

/1 [ 1 1
If we choose 0; = and &, = and take into account that < — for n > 30, then we get desired result.
n+3 n+3 +3 33

:| wmixed(DBf’ 61 5 62)
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3. Conclusion

As aresult, it is seen that the operator defined in GBS format takes a better approximation. In order to more visibly show that
this approximation is better, a numerical value table with the margin of error and a graph can be drawn at different points.
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